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Abstract

Laser-wakefield acceleration (LWFA) is a promising, emerging technology for future
accelerator-based X-ray light sources, which are essential tools in various fields of
science, industry and medicine. In laser-wakefield acceleration, an intense laser pulse
drives a plasma wave that supports high accelerating field gradients. This allows
electrons to be accelerated over distances that are orders of magnitude shorter than
in conventional radio-frequency-based particle accelerators. Driving high-brightness,
accelerator-based X-ray sources requires lasers with a peak power around 100 TW,
and well-controlled pulse properties, since of the quality of the accelerated electron
beams is sensitive to the properties of the driving laser pulse. For LWFA to become
truly competitive with current radio-frequency-based accelerators, the stability and
pulse quality of the lasers must be further improved, and their repetition rate must
be increased from the current few Hz to the kHz range, thereby raising the average
power to the kW level. The challenges that need to be solved to achieve this lie in
the design of the laser amplifiers, the pump lasers for those amplifiers, the final pulse
compressor of chirped pulse amplification systems, and an overall improvement of the
pulse quality and stability in all sub-components of the laser.

This thesis outlines a path towards future high repetition rate LWFA drivers by
studying these challenges throughout the amplification chain of Ti:sapphire-based
lasers. This starts with the generation of the seed pulse, which largely determines
the properties of the final, fully amplified pulse. To deliver high quality seed pulses,
a laser front-end based on optical parametric chirped pulse amplification (OPCPA)
is presented. The technology can deliver pulses with high temporal contrast and
flexible spectral properties, which make it an attractive option for seeding Ti:sapphire
amplifiers. However, achieving high beam quality and stability is challenging for
OPCPA. A thorough experimental and theoretical study of the saturation dynamics
of OPCPA, and the use of advanced control methods, allow to combine these features
and as a result, the present an OPCPA system exhibits both, unprecedented long-term
stability and excellent spatio-temporal pulse quality.

Further, the thermal management of high average power Ti:sapphire amplifiers is
investigated, leading to a conceptual design for a Joule-level amplifier that will provide
a high quality beam for the first 100 Hz operation of a high energy laser wakefield
accelerator. For future scaling to kHz repetition rates, the thesis further studies the
high average power frequency doubling of ytterbium:doped multi-core fiber lasers,
a highly scalable technology, which is a potential solution for providing the 10 kW-
level average power pump beams required for future 100 TW, 1kHz Ti:sapphire laser



Systems.

Finally, the thermal limitations of gold-coated pulse compression gratings are studied,
where absorption in the gold coating can cause thermal deformation of the gratings.
A custom numerical model is developed to show that this deformation can degrade
the spatio-temporal quality of the compressed pulses already at the few-Watt level,
and as a result, other grating technologies will be required in future multi-kW drive
lasers for laser-wakefield acceleration.



Zusammenfassung

Die Laser-Wakefield-Beschleunigung (LWFA) ist eine vielversprechende neue Tech-
nologie fiir beschleunigerbasierte Rontgenquellen, die ein wichtiges Werkzeug fiir
verschiedene Bereiche der Wissenschaft, Industrie und Medizin sind. Bei der LWFA
treibt ein intensiver Laserpuls eine Plasmawelle mit hohen elektrischen Feldstérken an,
wodurch Elektronen auf um Gréflenordnungen kiirzere Distanzen beschleunigt werden
konnen als in konventionellen Hochfrequenz-Teilchenbeschleunigern. Der Betrieb von
brillanten, beschleunigerbasierten Rontgenquellen erfordert Laser mit Spitzenleistun-
gen von etwa 100 TW und gut kontrollierten Pulseigenschaften, da die Qualitéit der
beschleunigten Elektronenstrahlen von den Eigenschaften des treibenden Laserpulses
abhingt. Damit die LWFA mit konventionellen Beschleunigern konkurrieren kann,
miissen die Stabilitdt und die Pulsqualitéit der Laser weiter verbessert und die Re-
petitionsrate von derzeit wenigen Hz auf kHz erhoht werden, wodurch die mittlere
Leistung in den kW-Bereich steigt. Die Herausforderungen, die dazu geltst werden
miissen, liegen im Design der Laserverstéirker, der Pumplaser fiir diese Verstérker, des
finalen Pulskompressors von gechirpten Pulsverstéirkersystemen und einer allgemeinen
Verbesserung der Pulsqualitéit und -stabilitdt in allen Teilkomponenten des Lasers.

In dieser Arbeit wird ein Weg zu zukiinftigen LWFA-Treibern mit hoher Repetitionsra-
te aufgezeigt, indem diese Herausforderungen in der gesamten Verstirkungskette von
Ti:Saphir-basierten Lasern untersucht werden. Dies beginnt mit der Erzeugung des
Seed-Pulses, der maflgeblich die Eigenschaften des finalen, vollstindig verstéarkten Pul-
ses bestimmt. Um hochwertige Seedpulse zu erzeugen, wird ein Laser-Frontend auf der
Grundlage der optisch parametrischen gechirpten Pulsverstirkung (OPCPA) vorgestellt.
Diese Technologie kann Pulse mit hohem zeitlichen Kontrast und flexiblen spektralen
Figenschaften liefern, die optimal fiir das Seeden der nachfolgenden Verstérker geeignet
sind. Das Erreichen einer hohen Strahlqualitit und -stabilitdt ist jedoch eine Herausfor-
derung fiir OPCPA. Eine griindliche experimentelle und theoretische Untersuchung der
Sattigungsdynamik von OPCPA und der Einsatz fortschrittlicher Kontrollmethoden
ermoglichen es, diese Eigenschaften zu kombinieren, so dass das vorliegende OPCPA-
System sowohl eine bisher unerreichte Langzeitstabilitéit als auch eine exzellente
rdumlich-zeitliche Pulsqualitét aufweist. Dariiber hinaus wird das Warmemanagement
von Ti:Saphir-Verstéirkern mit hoher mittlerer Leistung untersucht, was zu einem Kon-
zept fiir einen Joule-Verstarker fiihrt, der einen Strahl hoher Qualitét fiir den ersten
100 Hz-Betrieb eines Hochenergie-Laser-Wakefield-Beschleunigers liefert. Im Hinblick
auf eine zukiinftige Skalierung auf kHz-Wiederholraten wird die Frequenzverdopp-
lung der hohen mittleren Leistung von Ytterbium:dotierten Multi-Core-Faserlasern



untersucht, eine hoch skalierbare Technologie, die eine potentielle Losung fiir die
FErzeugung von Pumpstrahlen mit einer mittleren Leistung von 10 kW darstellt, wie
sie fiir zukiinftige 100 TW, 1kHz-Ti:Saphir-Lasersysteme benotigt werden. Schlief3-
lich werden die thermischen Grenzen von goldbeschichteten Pulskompressionsgittern
untersucht, bei denen die Absorption in der Goldbeschichtung zu einer thermischen
Verformung der Gitter fithren kann. Mit Hilfe eines numerischen Modells wird gezeigt,
dass diese Verformung die rdumlich-zeitliche Qualitdt der komprimierten Pulse bereits
bei wenigen Watt verschlechtern kann, so dass in zukiinftigen LWFA-Treiberlaser
andere Gittertechnologien erforderlich sein werden.
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Y hteenveto

Laser-wakefield-kiihdytys (LWFA) on lupaava, kehittyvi tekniikka tulevaisuuden kiih-
dytinpohjaisia réntgenvalonldhteitd varten, jotka ovat térkeitd tyokaluja tieteen, teolli-
suuden ja ladketieteen eri aloilla. Laser-wakefield-kiihdytyksessé voimakas laserpulssi
ajaa plasma-aaltoa, jossa on suuri kiihdyttdva kenttd. Tamé mahdollistaa elektronien
kiihdyttamisen etéisyyksilld, jotka ovat kertaluokkia lyhyempié kuin perinteisissé ra-
diotaajuuspohjaisissa hiukkaskiihdyttimissé. Kirkkaiden, kiihdyttimiin perustuvien
rontgenldhteiden ajaminen vaatii lasereita, joiden huipputeho on noin 100 TW, ja joilla
on tarkasti hallittuja pulssiominaisuuksia, koska kiihdytettyjen elektroniséteiden laatu
on hyvin herkki ajavan laserpulssin ominaisuuksille. Jotta LWFA:sta tulisi todella
kilpailukykyinen nykyisten radiotaajuuspohjaisten kiihdyttimien kanssa, lasereiden
vakautta ja pulssin laatua on parannettava, ja niiden toistotaajuutta on nostetta-
va nykyisestd muutamasta Hz:std khz:n alueelle, jolloin keskimé&rdinen teho nousee
kilowattitasolle. Haasteet, jotka on ratkaistava tdmén saavuttamiseksi, liittyvét laser-
vahvistimien, néiden vahvistimien pumppulasereiden ja lopullisen pulssikompressorin
suunnitteluun seké pulssin laadun ja vakauden yleiseen parantamiseen kaikissa laserin
osakomponenteissa.

Téssa vaitoskirjassa hahmotellaan tietd kohti tulevia korkean toistotaajuuden LWFA-
ajolasereita tutkimalla Ti:safiiripohjaisten lasereiden keskeisié haasteita, jotka talld het-
kella rajoittavat niiden keskimééraista tehoa ja pulssin laatua. Tamaé ldhtee alkupulssin
luomisesta, jota varten esittelemme optiseen parametriseen pulssivahvistukseen (OPC-
PA) perustuvan laserin. Tekniikalla voidaan tuottaa pulsseja, joilla on suuri ajallinen
kontrasti ja joustavat spektriset ominaisuudet, mitkd tekee siité kiinnostavan vaihtoeh-
don Ti:safiirivahvistimien alkupulssin luomiseen. Korkean pulssin laadun ja vakauden
saavuttaminen on kuitenkin haastavaa OPCPA:ssa. Esittelemme OPCPA-jarjestelmén,
joka tayttdd molemmat vaatimukset, tutkimme perusteellisesti vahvistettujen pulssien
spektraalista ja tilallista laatua ja esittelemme kehittyneitd sddtomenetelmié, jotka
mahdollistavat téllaisen laserjérjestelmén ennenndkeméattomén pitkén ajan vakauden.
Tutkimme my6s suuren keskitehon Ti:safiirivahvistimien ldmpohallintaa ja esittelemme
suunnitelman Joule-tason vahvistimelle, joka tuottaa korkealaatuisen sdteen suuriener-
gisen laser-wakefield-kiihdyttimen ensimmaéiseen 100 Hz:n toimintaan. Tulevaisuuden
skaalausta varten kHz:n toistotaajuuksiin tutkimme lisiksi ytterbium: seostettujen
moniytimisten kuitulasereiden suuren keskitehon frekvenssimuunosta, joka on mahdol-
linen ratkaisu 10 kW:n pumppuséteiden luomiseen, joita tarvitaan tulevissa 100 kW:n,
1kHz:n Ti:safiirilaserjéirjestelmissid. Lopuksi tutkimme tavanomaisesti kaytettyjen
kultapinnoitettujen pulssikompressiorhilojen lamporajoitteita. Simulaatioiden avulla
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ndytdmme, ettd absorptio kultapinnoitteessa voi aiheuttaa hilojen termisid muodon-
muutoksia, jotka heikentdvat kompressoitujen pulssien laatua. Osoitamme ettd tdmén
seurauksena tulevissa usean kilowatin ajolaserissa tarvitaan toista hilateknologiaa.
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Introduction

Since its invention [1] and first experimental demonstration [2] in 1960, the laser
has become an indispensable tool for science: It has revolutionised the experimental
methods for understanding the inner workings of atoms and molecules [3-6], the
universe on an astronomical scale [7-10], and the behaviour of matter under the most
extreme conditions [11-13].

A few decades later, these methods were augmented by the development of bright
X-ray sources driven by particle accelerators [14]. Their short wavelength makes it
possible to probe the structure and dynamics of matter at atomic resolution. Through
further development of these two tools, lasers and accelerator-based light sources have
continued to push the boundaries, allowing to study matter at ever shorter length and
time scales down to sub-Angstrom [15] and attosecond [16] resolution, enabling a wide
range of scientific applications [17-22].

However, modern accelerator-based X-ray sources are expensive and large instruments,
that are only available at national-lab-scale facilities. Due to the scarcity of such
facilities, access to high-brightness X-ray sources is limited. A compact and more
affordable alternative to conventional radio-frequency (RF)-based particle accelerators
could help to make these tools more accessible, opening the way to a breadth of
research that is not possible with current instruments.

The invention of laser-wakefield acceleration (LWFA) by Tajima and Dawson in
1979 [23] promised a potential route towards compact accelerators with properties
that made them highly suitable for driving bright X-ray sources [24]. The principle is
based on exciting plasma waves that support strong electric fields, that are about 3-4
orders of magnitude larger than what is reachable in conventional accelerators. As
a result, the acceleration distance required for driving X-ray sources can be reduced
from the 100 m-scale to centimeter distances. The proposed method for exciting such
plasma waves was to use high-power laser pulses with an intensity on the order of
10 W /cm?, further interweaving the paths of these two technologies.

Laser systems capable of delivering such high-intensity pulses only became realistic
in the mid-1980’s with the invention of chirped pulse amplification (CPA) [25] and
titanium-doped sapphire (Ti:sapphire) as a laser medium [26], which enabled the gen-
eration of laser pulses with Joule-level energy and femtosecond duration. After further
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Introduction

refinement, these laser technologies enabled the first experimental demonstration of
laser-wakefield acceleration in 2004 [27-29].

Since then, the technique and quality of the accelerated electron beams have continued
to improve, leading to the development of LWFA-driven X-ray sources [30-35] and
ultimately to the demonstration of an LWFA-based free-electron laser [36, 37]. While
demonstrating the potential of laser-wakefield acceleration to become an important
tool for future scientists, the progress has so far mostly been achieved in few-shot,
proof-of-principle experiments, and LWFA-based X-ray sources are not yet competitive
with sources driven by conventional accelerators.

The main limitation in this regard is the high-energy laser systems that drive the
laser-plasma interactions. The repetition rate of these laser systems needs to be
increased from the current few-hertz level, the stability of the laser pulse properties
must to be improved, and a high degree of control over the spatial and spectral pulse
properties is required to achieve electron beam quality and stability, similar to that
of conventional RF-based accelerators. For reference, experiments at free-electron
lasers driven by conventional accelerators operate with around 100 X-ray pulses per
second, with state-of-the-art superconducting accelerators typically delivering up to a
few thousand pulses per second to an individual experiment [38].

Raising the repetition rate of laser-driven accelerators to the kHz-level would have
two distinct consequences that play a crucial role in making them competitive with
RF-based accelerators. First, the high repetition rate simply results in a comparable
number of pulses per second and therefore a similar acquisition time for high statistics
and precise measurements. In addition, a higher repetition rate allows fast feedback
control, which can compensate most of the lasers — and therefore electrons — fluctuations,
further reducing the disturbances in measurements and improving the experimental
conditions for X-ray users. The majority of these fluctuations are typically caused by
thermal drifts and convective air-flow, as well as mechanical and acoustic vibrations.
The typical timescale on which these disturbances occur is on the order of a few
milliseconds or slower, and they could therefore be compensated by feedback loops in
lasers running at kHz repetition rates.

The KALDERA project at DESY aims to overcome these current limitations in laser-
wakefield acceleration and to construct a laser system that will drive a GeV-level
laser-wakefield accelerator at a repetition rate of 1kHz. A first development stage
of KALDERA will consist of a Ti:sapphire system operating at a repetition rate of
100 Hz. This allows to take advantage of the favorable properties of Ti:sapphire and
the decades of experience with the technology, but will also push the average power
of such lasers into a new regime. This is particularly difficult with Ti:sapphire, as a
large fraction of the average power is converted to heat, which can cause the quality
of the amplified pulses to degrade. To ensure the high pulse quality that is required
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for LWFA, the sources of such degradation need to be well understood, and the laser
system — and all of its subcomponents — must be carefully designed to prevent it.

This thesis has been completed in the context of this first stage of development of
KALDERA and we will address key challenges throughout the amplification chain of
high energy laser systems, that currently limit their spatio-temporal pulse quality,
stability and average power.

In Chapter 1 we will first review the underlying physics of laser-wakefield accelerators
and derive fundamental laser properties that are required to produce the high quality,
GeV-level electron beams that are needed for bright, LWFA-based X-ray sources. In
an overview of the state of the art of high-intensity lasers, we will compare different
technologies and motivate that, despite challenges, Ti:sapphire is indeed the most
feasible option for scaling the repetition rate of such accelerators to the kHz-level
within the next few years.

We will then highlight the key components in the amplification chain of Ti:sapphire
laser systems that are crucial for high quality LWFA, and in particular the problems
that arise in those components, when increasing the average power towards the kW-
level: 1) the generation of stable, high-quality seed pulses, 2) heat management in the
actual Ti:sapphire amplifiers, 3) the generation of pump pulses with kW-level average
power, and finally 4) the compression of ultrafast laser pulses at high average power.

In the following chapters we will then take a closer look at these key components and
present solutions to their specific challenges.

In Chapter 2 we explore the generation of seed pulses using optical parametric chirped
pulse amplifiers (OPCPA) [39, 40]. The seed pulses largely determine the properties of
the final, fully amplified pulses, so it is important to generate them in a way that allows
a high degree of control over their properties. Especially in LWFA, they must also have
high spatio-temporal quality and stability. OPCPA offers a high degree of flexibility in
pulse properties, with high single pass gain and an inherently high temporal contrast,
which in principle allows to generate high-quality seed pulses in a compact setup.
However, delivering such high quality pulses in a stable and controlled manner has
historically been challenging for OPCPA. The main reasons for this are an inherent
trade-off between stability and spatio-temporal beam quality, and a high degree of
coupling between different pulse properties. We will present a laser system — MALCOLM
— that combines these features and provides stable seed pulses with high beam quality
and a high degree of control, which is enabled by a deep understanding of the pulse
degradation in saturated parametric amplification, and the use of machine learning
methods to optimise and control the working point of MALCOLM. The laser system
delivers 50 puJ pulses with a Fourier-limited pulse duration of 25fs and a wavelength
of 800 nm, with excellent spatio-temporal pulse quality and unprecedented long-term
stability.
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In Chapter 3 we'll focus on the main amplifiers of high average power Ti:sapphire lasers.
The main challenges are the generation of high average power pump beams and the
thermal management of the Ti:sapphire amplifier itself. Future kW-level Ti:sapphire
laser systems will require high brightness pump pulses with an average power on the
order of 10kW. As a possible solution for reaching this level, we’ll present a multi-core
fiber (MCF) based approach that has been developed at Helmholtz-Institut Jena, and
we will focus on the specific challenges of the frequency conversion of the MCF lasers
output to the 500 nm range that is required for pumping Ti:sapphire lasers.

We will further present a conceptual design of CoLIMA, the 100Hz, 1J ultrafast
Ti:sapphire amplifier that will be the final amplifier for the first development stage of
KALDERA. The large quantum defect of Ti:sapphire and the resulting large heat load
in the amplifier crystal, make it difficult to scale such amplifiers beyond the current
few-hertz level. We’ll present strategies for efficient heat extraction and the mitigation
of thermal lensing, as well as simulations of the amplifiers gain dynamics.

In Chapter 4 we will finally explore the limitations of the gold-coated diffraction
gratings that are used in the pulse compressors of all current large Ti:sapphire systems
due to the large diffraction bandwidth that they support. The gold coating of these
gratings absorbs a few percent of the incident laser beam, leading to a heating that
can cause the gratings to deform and lead to complex spatio-temporal couplings of the
compressed laser pulses. We will study this phenomenon using numerical simulations to
reproduce and understand the effects observed in the ANGUS laser system, a few-hertz,
200 TW, Ti:sapphire system at DESY. Finally, we’ll present mitigation strategies for
use in future high average power laser systems and investigate the average power limits
up to which conventional gold-based grating technology can be used.
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1 Drive Lasers for Laser-Wakefield Acceleration

The aim of this chapter is to derive fundamental properties required from current
and future drive lasers for laser-wakefield acceleration (LWFA). To understand these
requirements, we will first review the fundamental physics of laser-wakefield acceleration
to motivate the use of high-quality laser pulses with Joule-level energy and tens of
femtosecond duration. We will then compare commonly discussed laser technologies
in terms of their specific suitability for meeting these requirements, and explain why
Ti:sapphire-based lasers are currently the most feasible option. Using the ANGUS laser
as an example, we will introduce the typical layout of a state-of-the-art Ti:sapphire-
based LWFA drive laser and illustrate the key challenges that need to be addressed
in future systems: The stable and flexible generation of high quality seed pulses, the
generation of kW-level pump beams for Ti:sapphire amplifiers, the thermal management
in these amplifiers, and finally the compression of ultrafast laser pulses at kW-level
average power.

1.1 Brief Introduction to Laser-Wakefield Acceleration

1.1.1 Laser-Wakefield Acceleration

The central process in laser-wakefield acceleration is the excitation of plasma waves with
a highly intense laser pulse [53, 54]. A common analogy to describe this mechanism is
that of a speed-boat that moves through water and — due to the shape of its hull —
pushes water away from its path. After the boat has passed a certain point, the water
rushes back towards the boat’s axis of propagation, creating a wave that co-propagates
with the boat behind its stern.

Very similarly, a laser pulse propagating through a plasma pushes electrons out of its
path by the so-called ponderomotive force [56]

- e -

E, = I V(E?), (1.1)

which can be understood as a force caused by a radiation pressure pushing electrons
towards regions of lower intensity. In this equation, w is the angular frequency of the
oscillating laser field, m. is the electron mass, e is the electron charge, and E? is the
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Figure 1.1 — A laser-driven plasma wake in the bubble regime. The top pane shows the local
electron density of a plasma wake in the blowout regime, with an electron bunch
at the rear end of the bubble. The red shows the local electric field strength of
the driving laser. The bottom pane shows the axial, accelerating electric field
E./Ey and the focusing field 9,.(E, — ¢B,) (a.u.). The simulation was done
using FBPIC [55] assuming a plasma density of n, = 1 x 101¥em ™3, ag = 4, a
spotsize of wg = 10 um and a pulse duration of 32 fs.

squared electric field strength, which is directly proportional of the local intensity of
the laser pulse. As we will see later in this section, the laser intensity required to
excite such plasma waves is well above the ionisation threshold of the gases in which
the interaction takes place. As a result, the gas is ionized and can be considered to
be a plasma, with the electrons and ions being only loosely coupled through their
Coulomb-interaction. However, due to their much higher mass, the ions can be
considered stationary and it is sufficient to consider only the motion of the electrons
in the following paragraphs.

The charge separation caused by the laser pulse pushing the plasma electrons away
from its axis of propagation, leads to an electrostatic field which results in a restoring
force acting on the displaced electrons. As a result, these electrons begin to oscillate
around their initial position at the characteristic plasma frequency w, o< /ne. The
collective motion of all displaced plasma electrons forms waves in the electron density
ne that follow the laser pulse as a wake-field, as it is shown in figure 1.1.

The resonant excitation of waves at the plasma frequency can lead to large amplitude
waves in electron density that can sustain electric fields of strength [57, 58]

Eo[V/m] ~ 96+/n¢[cm™3], (1.2)
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which is also called the non-relativistic wave-breaking limit. At experimentally well
accessible plasma densities of 10!® cm™3, Ej can be on the order of 100 GV /m, which
is around three to four orders of magnitude larger than electric fields typically reached
by conventional accelerator technology [59]. This already hints at the large potential
of plasma based acceleration, if one would be able to resonantly excite such waves and
use these large-scale electric fields for the controlled acceleration of charged particles.

Such plasma waves are resonantly excited if the transverse and temporal dimen-
sions of the laser pulse match half a plasma wavelength )\, = 27mc/w, ~ 3.3 x
10*%um/+/ne[em=3]. To understand this resonance condition, we shall take a look at
the temporal intensity profile of a laser pulse. On the leading edge of the pulse, the
intensity gradient of the rising edge of the pulse pushes electrons away from the axis of
propagation through the ponderomotive force, exciting an oscillation of the electrons.
As the falling edge of the laser pulse exhibits an opposite intensity gradient to the
leading edge, the sign of the ponderomotive force is reversed and electrons are pulled
back towards the axis of propagation. If this push and subsequent pull are properly
timed with respect to the natural oscillation of the electrons, i.e. Taser >~ 0.5)\,/c,
the plasma wave is excited resonantly. This relation also applies to the transverse
dimension of the laser, where the diameter of the laser should be matched to the
plasma wavelength: 2wy ~ A,. At the previously mentioned typical plasma density
of 10'® cm™3, the plasma wavelength would be 33 um and the required spotsize and
pulse duration thus 66 pm and 55 fs respectively.

Depending on strength of the ponderomotive kick that the electrons experience, the
plasma wake may have very different behaviour. For relatively low intensity laser
pulses, the electrons behave in a simple non-relativistic manner and the resulting waves
can be described as a sinusoidal low-amplitude modulation of the electron density.

If the wave excitation is however strong enough such that the ponderomotive force
of the laser directly accelerates electrons to relativistic energies, one speaks of the
nonlinear regime. In this regime, the electrons motion is strongly influenced by
relativistic effects, resulting in a distortion of the plasma wave, steepening the density
modulation of the electrons.When further increasing the strength of the wave excitation,
the modulation of the electron density may become strong enough to lead to a largely
depleted electron density right behind the driving laser pulse, commonly called the
plasma bubble (see figure 1.1 for an exemplary depiction). This regime is thus called
the bubble or blowout regime and is generally desired for acceleration of electrons as it
provides the highest accelerating field gradients and an efficient transfer of energy from
the wakefield to the electron bunch, resulting in higher achievable electron energies
over a shorter acceleration length and at a lower laser pulse energy [56]. The laser
intensity needed for the transition from the linear to the nonlinear regime can be
conveniently described by the lasers normalized peak vector potential [56]
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ag ~ 0.86 Ao [um] /Ip[1018W /cm?]. (1.3)

Whenever ag < 1, the electrons behave in a non-relativistic manner, while for ag > 1
the plasma waves behave non-linearly. The bubble-regime is reached when further
increase the laser intensity such that ag > 1. From equation 1.3 we can already derive
a first demand on the drive laser: for efficient acceleration in the nonlinear regime
with ag > 1, a laser peak intensity on the order of at least 10!*W /cm? is needed —
assuming a laser wavelength of approximately 1 ym around which a large number of
high intensity laser technologies exist.

The bottom pane of figure 1.1 illustrates the accelerating and focusing fields in the
bubble regime. In order to use the large-amplitude longitudinal electric fields for
acceleration of electrons, one needs to inject a short electron bunch (Lpynch << Ap)
into the plasma bubble at a phase where the electrons simultaneously experience an
accelerating, and a focusing field that prevents an electron bunch from being dispersed,
i.e. where both fields shown in figure 1.1 have a negative sign. This imposes strict
limits on the distance between the electron bunch and the driving laser pulse, but
several methods for controlled injection at a suitable phase of the wakefield have been
developed and experimentally demonstrated [56, 60-63].

Scaling Laws and Acceleration Limits

The energy that an electron gains when accelerated in a wakefield can be written as

W ~ eFEayg Lace, (1.4)

where Ly is the length over which acceleration takes place and FEyy, is the average
accelerating field gradient given by [56]

2 2\ —3
a Q 2
Eave = Eo (;) <1 + 20) . (1.5)

The acceleration length L,.. — typically on the order of a few millimeters to a centimeter
— is practically limited by one of three dominant effects: 1) diffraction of the laser pulse,
2) depletion of the laser energy, or 3) dephasing of the electrons [56].

While diffraction is typically the overall limiting factor if it is left uncompensated,
a number of methods have been developed to prevent it by optically guiding the
laser pulse [64]. This is typically done by introducing a radial density gradient in the
plasma that results in a radially decreasing refractive index which focuses the laser
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and thus counteracts diffraction. This has been shown experimentally to be effective
enough for the other limiting effects — depletion and dephasing — to ultimately limit
the achievable electron energy [65]. In the following, we will therefore focus on the
limitations imposed by the latter two effects.

The process of pump depletion simply describes the transfer of energy from the laser
pulse to the plasma wave. After a certain amount of propagation of the laser through
the plasma, the laser loses a significant fraction of its energy, leading to a decrease in
peak intensity that prevents a further wakefield excitation.

The third effect — electron dephasing — describes the process of the electrons catching
up with, or even out-running, the laser pulse. As the laser pulse propagates through
the plasma, its group velocity is lowered by the refractive index of the plasma, while
the electrons quickly achieve relativistic velocities close to the vacuum speed of light.
They may therefore catch up with the driving laser pulse and exit the accelerating
phase of the wakefield, effectively stopping the acceleration process.

In the nonlinear regime, dephasing and depletion occur after a similar acceleration
distance [56]

(1.6)

By combining this acceleration length with the accelerating field gradient — and more
specifically its proportionality to /n. (see eq. 1.2) —, we find that the total energy
gain in the electric field is proportional to n;!, i.e. higher electron energies require
lower plasma densities [56].

However, a lower plasma density also implies a larger plasma wavelength (A, o< ne 1 2).

As described earlier, this in turn means that the duration and beam diameter of the
driving laser pulse must be increased according to o< ne 1 2, in order to resonantly
excite the wakefield. This would correspond to a decrease in the lasers peak intensity,
which must be compensated by an increase in pulse energy to maintain a constant
intensity — or correspondingly ag — and remain in the nonlinear wakefield regime.
The scaling between the required laser energy and the plasma density thus follows
Er < ne 3/2
In summary, we can derive the general relationship between the maximum electron
energy and the laser energy:

W Ei/Q, (1.7
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which is valid for an optimal case where the laser diffraction is handled such that
the acceleration length is limited by electron dephasing and laser depletion, and an
efficient acceleration is ensured by resonant excitation of a nonlinear wakefield.

Correspondingly, one can derive a similar relationship between the optimal pulse
duration and the required laser pulse energy:

TLaser X EL. (1.8)

These scaling laws imply that there is ideal relationship between pulse energy, spot size,
and pulse duration of the driving laser pulse, that results in an efficient acceleration
of electrons to a given electron energy. While the spotsize can be easily adjusted in
experiments, the relationship between pulse energy and pulse duration has far-reaching
implications for whether or not a certain laser technology is suitable for laser-wakefield
acceleration.

Electron Bunch Charge

In addition to the electron energy, the bunch charge — i.e. the number of electrons
Nnax that are accelerated in a bubble — is also important for many applications. The
effect that ultimately limits the bunch charge is beam loading, which occurs when the
bunch has enough charge to generate its own electric field of comparable magnitude
to the fields present in the accelerating bubble. The electron bunch’s own field then
distorts the prevailing accelerating and focusing field gradients, possibly to the extent
that no further electrons can be contained in the bubble. In the nonlinear regime, this
limit for the number of electrons can be estimated as [56]

Nmax = 3.1 x 10X [um]/ P, [TW] (1.9)

where Py, is the lasers peak power. However, operation near this limit would degrade
electron beam quality, and typical experimental values for the beamloading efficiency
(the achieved fraction of Npax) are on the order of ten percent [56].

1.1.2 Required Drive Laser Properties

A key application of particle accelerators is the generation of X-ray pulses that can be
used for imaging and spectroscopy in various scientific disciplines. Today, the brightest
X-ray pulses are provided by large-scale free-electron laser [66] facilities such as the
European XFEL [67], LCLS [68], SACLA [15], FERMI [69] or FLASH [70]. To drive
such light sources, electron beams with an energy around 1 GeV and a bunch charge
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on the order of 500 pC, as well as high beam quality in terms of low energy spread and
emittance would be required [71, 72|, which is well within the reach of laser-wakefield
accelerators [73-77].

Using the relationships derived in the previous sections, we can estimate what laser
parameters would be required to provide the necessary electron energy and bunch
charge.

Starting from equation 1.9, we can estimate that a laser with a peak power around
100 TW is needed to provide a bunch charge in the relevant range — when using
a laser with a wavelength around 1pm, at which a large number of high power
laser technologies are available. In addition, equation 1.8 implies that — for efficient
acceleration — such a peak intensity should not simply be achieved through excessive
shortening of the pulse duration, but rather through a moderate pulse duration
combined with a high pulse energy. For plasma densities that allow acceleration to
1GeV (around 1 — 3 x 10 cm™3 [78]), this would imply a pulse duration around
30-50 fs and a corresponding pulse energy of 3-5J.

In addition, the pulses should have a high quality in terms to their temporal and
spatial shape. Our simple considerations of resonant excitation of plasma waves in
section 1.1.1 were based on idealized Gaussian intensity profiles in the spatial and
temporal dimension of the laser pulses. In reality, however, there are a number of
effects in a laser system that can degrade this 3-dimensional pulse profile. The most
common and impactful are spatio-temporal couplings and poor temporal contrast.

With respect to the spatial pulse profile of the laser, in particular deformations that
deviate from a radial symmetry can lead to an asymmetry of the ponderomotive
forces and thus to a deformation of the plasma bubble. This leads to transverse field
components in the plasma bubble that can lead to unwanted steering or oscillations
of the electrons [79, 80]. As a result, the stability of the bunch properties and the
focusability of the electron bunches can be severely degraded. Besides wavefront
aberrations, also spatio-temporal couplings (STCs) can cause such an asymmetry.
A very common first-order STC is pulse front tilt (PFT), which can be caused by
angular dispersion of the laser pulses [81, 82], and can easily be introduced in all
stages of a laser system, but especially the dispersive sections of the laser such as the
stretcher and compressor of a CPA system [83, 84]. The effect of pulse front tilt on
the electron properties has been thoroughly investigated both theoretically [85] and
experimentally [86-88]. Besides such a direct influence on the plasma dynamics, a low
spatio-temporal beam quality also reduces the peak intensity and thus increases the
needed pulse energy to achieve the same amplitude of the plasma wake.

While distortions of the spectrally integrated wavefront and temporal properties of
a pulse can be compensated to some extent using adaptive optics or programmable
dispersive devices, compensating spatio-temporal couplings is much more difficult.
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Minimizing their sources throughout the laser system is therefore an important task
in the design of any laser system, but especially those dedicated to laser-wakefield
acceleration.

The temporal contrast of high intensity laser systems is another important factor to
consider in the laser design. A particularly important aspect is the post-pulse intensity
on a <500 fs timescale, as this would correspond to a laser field that can interact with
electrons trailing the laser pulse in the bubble. Such a pedestal around the main pulse
is inherent in many laser architectures and its mitigation requires special measures
throughout all stages of the laser chain. While there are a number of methods to
actively enhance the temporal contrast, they are often only feasible for low-intensity
pulses, have a low energy transmission or provide only a small improvement that may
not be sufficient to prevent a perturbation of the electrons [89-92]. Ensuring such a
high temporal contrast must therefore also be considered throughout the entire laser
chain [93-100].

Finally, for applications using the electron- or X-ray beams, it is important to have a
high degree of control and repeatability of the beam properties. Due to the direct and
highly nonlinear connection between the electron properties and the laser properties,
this ultimately means that the fluctuations of the driving laser pulses must be as small
as possible to ensure that the fluctuations of the electron properties are also small.
This direct connection between the electron properties and laser pulse fluctuations
has been investigated experimentally in [47] and [48], where it was found that besides
the stability of the laser energy, also the stability of the pulse duration and the laser
wavefront of typical high intensity laser systems can limit the electron stability. As a
result, the laser system has to be built in a way that ensures exceptional reliability,
and stability in all beam properties.

1.2 Typical Setup of LWFA Drive Lasers

Experiments on laser-wakefield acceleration only became possible after the invention
of the chirped pulse amplification (CPA) technique [25] and its combination with
titanium-doped sapphire [26] as a gain medium. Both of these key laser technologies
are now indispensable in the generation of >10TW laser pulses with durations of tens
of femtoseconds.

Especially the invention of CPA in 1985 has led to a leap in the ever-increasing peak
power of laser systems. Without this technology, the intensity of the laser pulses in
TW-level systems would be sufficient to damage optical components of the laser, and
nonlinear interactions between the laser pulses and the optical components would
result in degradation of the laser beam quality. Figure 1.2 shows the basic principle
of CPA: a short, low-energy seed pulse is generated and stretched in time — chirped
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Figure 1.2 — Basic principle of chirped pulse amplification (CPA): 1) A broadband, high
quality seed pulse is generated 2) It is temporally stretched to reduce the peak
intensity 3) it is amplified to high pulse energy and finally 4) it is re-comrpessed
to short duration and high peak power.

— before amplification. This reduces the peak intensity of the pulses and thereby
prevents damage of optical components during the subsequent amplification. After
amplification, the pulses are compressed to finally achieve the peak intensity required
for experiments. In high energy laser systems, the chirping and recompression are
typically performed using highly dispersive optical assemblies based on diffraction
gratings. CPA is ubiquitous in all high intensity laser systems that are capable of
producing pulses suitable for laser-wakefield acceleration.

The key property of Titanium-doped sapphire (Ti:sapphire) is its large emission
bandwidth centered around 800 nm, which allows amplification of pulses with Fourier-
limited pulse durations well below 50 fs [26]. In addition, the material properties allow
for an efficient energy extraction and thus the amplification to pulse energies of several
tens of Joules!.

One such Ti:sapphire-based CPA laser system is the ANGUS system at DESY, which is
used to drive the Lux laser-wakefield accelerator [46]. The main achievements at Lux
include the continuous operation of the laser-wakefield accelerator over unmatched
durations >30h and with unprecedented long-term stability [47]. In addition, exper-
iments at LUX have enabled substantial advances in the reproducible generation of
high-quality electron bunches [48], partly with the help of machine learning meth-
ods [101]. Enabling such advances, ANGUS can be considered a prime example of a
state-of-the-art LWFA drive laser, and we will therefore use it to review a typical setup
of such laser systems.

ANGUS is a Tisapphire laser system with a double CPA [95] architecture that delivers
pulses with up to 6J energy and 30fs duration at a repetition rate of up to 5 Hz.
However, for reasons discussed later in this section, the repetition rate is typically
limited to 1 Hz. The amplification chain of the system — shown in figure 1.3 — starts

'See chapter 3 for more details on Ti:sapphire.
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Figure 1.3 — Overview of the amplifier chain of the ANGUS laser system

with a Kerr-lens mode-locked Ti:sapphire oscillator, producing 6 nJ pulses with a 12fs
Fourier limit at 83 MHz repetition rate. The pulses are stretched to a duration of
approximately 220 ps duration and then picked down to a 1 kHz repetition rate through
selective incoupling into a regenerative amplifier that amplifies the pulses to 400 uJ.
After this first amplifier, the pulses are recompressed and sent into a cross-polarised
wave generation (XPW)-based pulse cleaner that enhances the temporal contrast
of the pulses by suppressing the low intensity background on a ns-timescale that
is inherent to regenerative amplifiers by roughly three orders of magnitude [89]. A
subsequent ()ffner-type stretcher and two-pass booster amplifier prepare the pulses for
the subsequent high energy amplifier section. The pulse duration after the stretcher
is roughly 400 ps, but varies between 260 ps and 440 ps in the later amplifiers as a
consequence of spectral shaping that is caused by gain narrowing and red-shifting in
the high-gain Ti:sapphire amplifiers [102]. An acousto-optical programmable dispersive
filter (AOPDF) [103], DAZZLER, is used to partially pre-compensate gain narrowing
through active spectral shaping, and to fine-tune the spectral phase of the pulses after
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recompression. The booster amplifier raises the energy from 3 uJ to about 100 uJ,
before a Pockels-cell-based pulse picker reduces the repetition rate to the final 1-5 Hz.

The high energy amplification is started by a 5-pass preamplifier that increases the
pulse energy to 45 mJ, which is then amplified to about 1.3 J in a first power amplifier,
Ampl. The final amplifier, Amp2, boosts the energy to 6 J with a pump energy of
12J.

All pulsed pump lasers are frequency doubled, Q-switched neodymium-doped lasers.
The pump laser for the regenerative and booster amplifiers is a diode pumped solid
stage laser — Coherent Revolution — emitting at 527 nm. The high energy pump lasers
for the later, low repetition rate amplifiers are flashlamp pumped Nd:YAG lasers
emitting at 532 nm.

After the final amplifier, an attenuator based on a waveplate and thin-film polarisers
allows to adjust the on-target pulse energy. A deformable mirror allows the correction
of errors in the lasers wavefront. Finally, a two-grating in-vacuum compressor recom-
presses the pulses close to the 30 fs Transform-limited pulse duration, producing the
>100 TW peak power required for LWFA experiments.

Special care has been taken to diagnose relevant pulse characteristics such as energy,
spectral shape, beam position, beam pointing and beam profiles after each of the
described amplification stages. The online diagnostics and monitoring of the laser
performance is enabled by a far reaching integration into the accelerator control system
DOOCS (Distributed Object-Oriented Control System) [104, 105], which has been
extended for use in laser systems. The beam position and pointing diagnostics are
also used for drift compensation after each amplifier.

The 30 W average power that would be achieved at the lasers full 6 J, 5 Hz operation
already leads to significant degradation of the beam quality in particular after the
compressor where a fraction of the incident average power is absorbed in the gold
coated in-vacuum diffraction gratings. This heatload leads to a deformation of the
grating substrates, that — due to the spatial dispersion on some of the grating passes —
leads to a spectrally dependent wavefront deformation that can not be precompensated
with the deformable mirror. A thorough investigation of this behaviour will be given
in chapter 4.

Similar thermal issues are also observed in other sections of the laser system, where
heatload on optomechanics leads to a deformation of mechanics and subsequent drifts
in beam pointing. These pointing drifts are largely compensated by the previously
described beam stabilisation after each amplifier, but drifts within individual amplifier
stages are not compensated, leading to potential drifts in other coupled laser parameters
such as the pulse energy. While this active monitoring and drift compensation of the
lasers performance has enabled successful operation of LUX over durations >30 hours,
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there are still challenges that need to be handled for future long-term accelerator
operation.

In particular drifts in spectral properties originating from the XPW-based frontend are
difficult to compensate in the current setup due to the lack of tuning knobs and the
nature of the material degradation of the BaFs that is used for the XPW process.

1.3 Demands for Future Laser Systems and Potential
Laser Technologies

Although there has been rapid progress in the quality of electron beams from laser-
wakefield accelerators, they are not yet competitive with conventional accelerator
technology. In order to bring the capabilities towards a regime, in which they are
interesting for user applications, a number of key challenges need to be overcome. In
particular, the repetition rate, stability and quality of the driving laser pulses need to
be improved. These requirements are to some extent in conflict with one another, since
an increased repetition rate also results in an increased average power and thermal
load on laser components, which in turn can lead to a degradation of beam quality,
similar to that observed in ANGUS. However, a high spatio-temporal beam quality can
be ensured through an appropriate choice of laser technology and the optical design of
the laser system.

A major improvement to the overall stability of such high energy laser systems can be
achieved by actively stabilizing laser properties using feedback loops. However, their
effectiveness is limited in today’s few-hertz laser systems, because most fluctuations
occur on time-scales much shorter than the time between laser pulses and therefore
cannot be easily compensated. The most common causes of such unwanted changes in
laser properties are drifts induced by temperature changes within the laser system,
convective airflow due to temperature differences around the lasers beampath, as well
as mechanical and acoustic vibrations of the mechanical structure of the laser system.
Most optomechanical components have resonant frequencies of a few hundred Hertz,
above which the vibrations are passively dampened. As a result, the most sources
of laser fluctuations could be compensated with feedback loops that operate at a
repetition frequency above a few hundred Hertz. With a repetition repetition rate
of 1kHz, a feedback speed close to the Nyquist frequency of 500 Hz is in principle
possible, such that the repetition rate of future laser systems should ideally be at or
above 1kHz.

Incidentally, a laser repetition rate of 1kHz also pushes the number of accelerated
electron bunches to a level that is comparable to the number of bunches available at a
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single experiment at modern superconducting free-electron laser facilities [38], thus
providing comparable experimental conditions for users of such a facility.

While Ti:sapphire has until now been the architecture of choice for the generating
the highest peak power pulses with pulse durations below 50 fs duration, there are
significant challenges in scaling Ti:sapphire technology towards high average power.
The key drawback of Ti:sapphire in this regard is the quantum defect of roughly 30%,
which is caused by the ratio of the required pump wavelength near 500 nm and the
center wavelength of the gain spectrum at roughly 800 nm. This is much larger than in
other common gain materials that are doped with for example with ytterbium (Yb) or
neodymium (Nd). The large quantum defect implies that roughly 30% of the incident
pump power is converted directly into a heat load in the amplifier crystal, which must
be extracted from the crystal to prevent effects such as thermal lensing that could
degrade the beam quality. The high thermal conductivity of the host sapphire crystal
helps to remove heat efficiently to some extent, but the thermal load still remains the
main limitation for scaling Ti:sapphire technology to high average power.

In addition, the short upper-state lifetime of only 3.2 us and the required pump
wavelength in the blue-green spectral range make Ti:Sapphire difficult to pump. Any
energy contributing to the gain must be delivered in a time much shorter than the
fluorescence lifetime. Direct diode pumping would be the most efficient way to pump
Ti:sapphire, but due to the limited peak power of commercially available laser diodes
at a wavelength close to the required 500 nm, this approach is only feasible in low-
energy, high-repetition rate laser systems. Instead, high-energy Ti:sapphire systems
are typically pumped using frequency doubled, Q-switched Nd-lasers that are pumped
by flashlamps. While this method can indeed provide high energy pump pulses capable
of driving PW-laser systems, it is inefficient and limited to low repetition rates. A
better alternative would be to use diode pumped Nd- or Yb-laser systems, but these
would also need to be scaled up to deliver the 10 kW-level pump power needed in
future 1kHz, 100 TW Ti:sapphire lasers.

More details on the thermal limitations and pump generation will be given in chapter
3, but as a consequence of them, it is worth considering alternative technologies to
circumvent the disadvantages of the Ti:sapphire-technology. The most promising such
alternatives are spectrally broadened, high average power Yb-systems, OPCPA based
amplifiers and thulium-based laser amplifiers. However, each of these technologies
have its own unique challenges that also prevent them from being immediately viable
as LWFA drive lasers.
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Post-Compression of Yb-based Laser Systems

While Yb-based laser systems are capable of delivering very high average power beams
—up to 10kW in low energy, coherently combined fiber lasers [106] — they face two
major challenges: The pulse energies above 1J, that are required to drive laser plasma
accelerators have only recently been achieved at kHz repetition rates [107], and such
high energy Yb-lasers only support pulse durations of around 1 ps or longer, which
raises the need for post-compression of the pulses to the sub-50fs range. While this
is possible [108], it becomes increasingly difficult at higher pulse energies due to
practical limitations in the damage thresholds and peak intensities that multi-pass
post-compression cells can support [109]. In addition, pulses from such nonlinear
post-compression schemes typically have a degraded temporal contrast [110, 111] —
especially on the < 1ps-timescale — which can lead to low electron beam quality and
stability. Nevertheless, this technology has been shown to have great potential as a
complementary method for applications that demand very high repetition rate electron
beams at slightly lower energy than is achievable with Ti:sapphire based laser systems.
It is expected that the capabilities of these two technologies will converge over the
next few years, making them complementary approaches for different applications.

This role as a driver laser for lower energy, high repetition rate accelerators can be
supported by the use of coherently combined fiber lasers, which have been shown to be
scalable to extremely high repetition rate and average power [106], but scaling in pulse
energy is a challenge for fiber technology. The highest pulse energy currently achieved
in such a laser system is 32mJ [112] at a repetition rate of 20 kHz. Such coherently
combined fiber lasers are typically also able to support pulse durations well below
500 fs, which reduces the required amount of pulse shortening and thus simplifies the
post-compression to suitable pulse durations.

Optical Parametric Chirped Pulse Amplification (OPCPA)

While OPCPA [39] can support an exceptionally large amplification bandwidth —
and correspondingly short pulse durations — as well as very low thermal load in the
amplifier crystals, there are a number of key challenges that make scalability to high
pulse energy difficult. Most importantly, the generally low pump-to-seed conversion
efficiency leads to a need for pump pulses with even higher energy than in Ti:sapphire
laser systems. However, some schemes, such as OPCPA using spatially and temporally
shaped pump pulses, or recent developments involving the elimination of idler photons
during amplification, enable conversion efficiencies of approximately 40% [93, 113, 114].
Such approaches would bring parametric amplifier technology to similar efficiencies as
Ti:sapphire, but stricter demands on the pump lasers in terms of pulse duration, timing
stability and beam quality, nevertheless make pumping of OPCPA more challenging
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than in the case of Ti:sapphire. Indeed, these factors have limited the demonstrated
average power of OPCPA-based lasers to the 100 W-level (see figure 1.4), despite the
OPCPA-technology itself having the potential to scale well into the kW regime [115].

In addition, OPCPA has an inherently high tendency to introduce complex spatio-
temporal couplings, which are undesirable in laser-wakefield acceleration [116], and
the benefit gained from the additional gain bandwidth is largely deminished by the
scaling laws described in chapter 1. This means that, while still a potentially viable
option overall, the additional technical requirements for the pump lasers combined
with the negligible benefits in terms of bandwidth, make OPCPA a less interesting
option for LWFA drive lasers than Ti:sapphire — at least as a high-energy amplifier.
The strengths of this technology in terms of spectral flexibility and excellent temporal
contrast, make it an ideal option for generating high quality seed pulses in hybrid
OPCPA /Ti:sapphire laser systems [117, 118].

Thulium-Based Laser Systems

In the case of the final much-discussed option, thulium-doped lasers, high-energy
amplification has only recently been demonstrated [119, 120]. Important milestones
such as simultaneous short pulse and high energy operation remain to be demonstrated.
In addition, high energy experiments have so far only been demonstrated at sub-Hz
repetition rates — apart from a recent result on a burst-mode operation with an average
power of 3.6 kW during a 5ms-long burst [120]. A major advantage of the technology
is the possibility of direct diode-pumping, which contributes to a much higher wall-
plug efficiency compared to technologies such as Ti:sapphire or OPCPA [121]. In
addition, the longer wavelength of around 1.9 pm leads to an increased ponderomotive
potential compared to Ti:sapphire- or Yb-based lasers, and therefore to more efficient
excitation of a plasma wake. A disadvantage of thulium based lasers is their narrower
amplification bandwidth that only supports pulse durations above approximately
100 fs [122], limiting usability of the technology in electron acceleration, although the
longer wavelength slightly relaxes the required pulse duration. If necessary, the pulse
duration could be reduced well below 100 fs either by post compression [123, 124],
similar to Yb-lasers, or, as suggested in [122], by Tm,Ho-codoping. However, the
suitability of these approaches to high energy amplifiers is questionable, as post-
compression suffers from the same scalability problems as in Yb-lasers and the use
of Tm,Ho-codoping has so far only been demonstrated in low energy systems, with a
lack of research into the scalability of this approach.

Furthermore, the lower demand for optical components and diagnostics in the 2 ym-
wavelength range has resulted in lower availability and lower maturity of such sub-
components compared to the 1 um spectral range, where a wide range of optics and
diagnostics is commercially available.
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In summary, thulium-based laser systems have several advantages over current laser
technologies around 1 pym, that make it a very promising option on longer timescales and
for future compact accelerators, but the reduced gain bandwidth, reduced availability
and maturity of auxiliary components, and the novelty of the technology, make it
unlikely to deliver the workhorse-like performance, that is required by LWFA, within
the next few years. In the long term, thulium technology may however play a key role
in mature laser-wakefield accelerators that function as dedicated ”science machines”
and need to fulfil requirements beyond the ones described in this chapter, such as a
low operating cost and therefore high wallplug-efficiency.
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Figure 1.4 — Comparison of high average power ultrafast laser results from Ti:sapphire,
thulium- and ytterbium-doped lasers as well as OPCPA systems. The red circle
marks the desired parameters of 100 TW peak power, 3J pulse energy and a
repetition rate of 1kHz. Dotted edges indicate long pulse laser systems with a
pulse duration >10 ps, while solid edges mark laser systems with nonlinear post
compression of pulses. [107, 108, 110, 119, 120, 123-147]

The parameter ranges in which these different technologies operate are visualized in
figure 1.4. It can be seen that although post-compressed Yb-lasers and Ti:sapphire
technology currently come closest to the laser parameters desired for a 100 TW, kHz-
laser system, neither technology is currently able to deliver both the required peak
power and average power.

For Yb-lasers, the key challenges can be summarised to two main points: Scaling up
the energy of ultrafast laser systems to the 3-5J range, and developing the technology
to compress such pulses to the 30-50 fs range that would be required for LWFA. In
Ti:sapphire, these pulse parameters are routinely achieved and even exceeded in a
large number of TW and PW-class laser systems, but the main challenge is to scale
up the repetition rate to the kHz range. Despite this challenge, Ti:sapphire currently
comes closest to the desired performance at kHz repetition rates. This is especially
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true when additional factors that are not shown in figure 1.4 are considered, such
as the pulse quality. By combining Ti:sapphire amplifiers with other technologies
that we have discussed here, Ti:sapphire-based lasers are expected clearly outperform
Yb-based lasers, especially in these secondary performance characteristics. Examples
of such a combined approach include OPCPA-based seed generation for Ti:sapphire
amplifiers — which can result in excellent temporal contrast — and Yb:fiber-based high
average power pump lasers — which can potentially solve the challenge of pumping
Ti:sapphire.

As a result, such a hybrid approach built around Ti:sapphire amplifiers, is currently
the most feasible option for driving high-energy laser-wakefield accelerators at the
kHz-level within the next few years. This conclusion is shared by a number of
independent reviews and roadmaps on steps towards next generation laser-wakefield
accelerators [121, 148-150].

Following this conclusion, we will therefore further explore the hybrid OPCPA-
Ti:sapphire approach in the first phase of KALDERA and address many of the remaining
challenges in this thesis.

The first of these challenges stems from the flexibility of OPCPA, which is enabled by
a large number of adjustable amplifier parameters, that may however also present weak
points as they can be difficult to control. To avoid potentially unreliable operation
or poor pulse quality, a good understanding of the technology and a high degree of
control over the adjustable parameters are required.

Other challenges, of course, are the thermal management of the Ti:sapphire amplifiers
themselves and the generation of the required high average power pumped beams.
One possible approach to this is the use of Yb:fiber technology, which has been used to
demonstrate exceptionally high average power. Multi-core fibers in particular, further
promise scalability to a large number of amplifiers in a compact footprint, which in
combination can potentially deliver Joule-level pulse energy. Even if such scalability is
successful, frequency conversion to the 500 nm-region of such a multi-aperture, high
average power beam is not trivial. The challenges in this regard are discussed in the
chapter 3.

Finally, the wavefront degradation due to heating of the gold-coated compressor
gratings, which already limits the performance of the low repetition rate ANGUS
laser system. This effect is expected to worsen as we move toward the desired kW
average power, so the degradation needs to be well understood and mitigated, and the
limitations of the gold-based technology need to be evaluated. This will be done in
chapter 4.
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2 Stable, High-Quality Pulses from an
OPCPA-Based Seed-Laser

Parametric amplification of optical photons [151] is a well established method for
generating ultrafast laser pulses. Unlike more conventional laser technology, which
uses energy storage in the electronic structure of certain atoms or ions, parametric
amplifiers rely on an instantaneously induced polarisation in a material that is driven
by a strong optical field. Due to the nonlinear nature of this induced polarisation,
it can decay into optical fields different from the driving field, and can be used for
frequency conversion or amplification of optical pulses. The lack of energy storage
means that very little energy - for most practical purposes a negligible amount -
is absorbed in the gain medium, and thus there is very little thermal stress in the
gain material, making it interesting for high-power applications. In addition, the
optical properties of many nonlinear materials make it possible to amplify very large
optical bandwidths, which are needed to generate ultrashort pulses. Furthermore,
the large gain bandwidth allows a high degree of flexibility that allows the spectral
characteristics of the OPCPA output to be optimally tuned for a specific application —
for example, by pre-compensating for spectral narrowing in other amplifiers.

The instantaneous and nonlinear nature of OPCPA further results in an inherently
high temporal contrast of the amplified pulses, which is not given in most other laser
technologies. Finally, the highly nonlinear amplification allows such high quality pulses
to be amplified in a remarkably compact package.

While the technology indeed has some great advantages over Ti:sapphire technology,
there are also significant challenges that make scalability to high energy more difficult
than for the more conventional laser technology. Nevertheless, the advantages outweigh
the challenges in the low-energy frontend section of high energy laser systems [117,
118] and a hybrid architecture, in which an OPCPA-based seeder is combined with
conventional high energy amplifiers, has been widely used in various high intensity
systems [152-156].

Stable, high quality pulses are essential for seeding any laser system, since the properties
of the fully amplified laser pulses are largely determined by the properties of the seed
pulse. The high temporal contrast and spectral flexibility of pulses from an OPCPA
are two important properties of seed pulses, as it is difficult to achieve these properties
in the high-energy amplifier section of a laser system. However, achieving high spatio-
temporal beam quality is usually challenging for OPCPAs due to the complex dynamics
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of the amplification process. In addition, the highly nonlinear amplification can easily
introduce unwanted fluctuations in the pulse characteristics. To understand and
mitigate these drawbacks, and to take advantage of the beneficial properties, we will
use this section to first theoretically explore the fundamental physics of OPCPA,
followed by a presentation of the MALCOLM, a seed laser for high-energy Ti:sapphire
systems based on OPCPA technology, that has been designed to meet the particularly
strict stability and beam quality requirements of LWFA.

2.1 Introduction to OPCPA

To understand the strengths and challenges of parametric amplifiers, in particular
with respect to the requirements of laser-wakefield acceleration, we will first review
some basic concepts of nonlinear optics that make parametric amplification possible
in the first place, followed by the implications of these concepts for the generation of
highly stable pulses with high spatio-spectral beam quality.

The introduction to nonlinear optics and parametric amplification largely follows the
deriwations in [157], [158] and [159].

2.1.1 Fundamentals of Nonlinear Optical Processes

The propagation of optical fields and their interaction with media can be fully described
by Maxwell’s equations. A feature described by these equations, which is of particular
interest when dealing with high intensity optical fields, is the polarisation that is
induced in a medium whenever an electro-magnetic wave passes through it [160]. In
most everyday scenarios, this polarisation can be viewed as a linear function P = exE
of the externally applied field strength E, where y is the electric susceptibility of
the material [161], which in layman’s terms, describes the tendency of the material’s
electrons to react to an externally applied electric field, and is determined by the
strength of the interaction between the electrons and ions in the material [160, 162].
When dealing with high intensity laser fields, the linear approximation loses its validity
and one must expand the equation to a power series that represents its full nonlinear
nature:

P=c(l+x)E=¢(E+ ExY + E2® + E3G® 1 . J) (2.1)
>l (eg. @ is
typically on the order of pm/V), higher order terms of the polarisation become relevant
only when the medium is excited by strong electric fields that are comparable to the
atomic electric field of ~ 10" V/m [157]. When such strong fields are present, the

Because of the small values of the higher order susceptibilities y
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electron displacement is not only determined by the external electric field and the
fields of an single ion to which the electron is bound, but also by the surrounding ions,
resulting in a nonlinear response of the electron to the external field [162]. Electric
fields that induce such a nonlinear response are routinely achieved in ultrafast laser
pulses and thus these nonlinear properties of the material need to be taken into account.
In particular, the second and third order terms become relevant, where the second
order susceptibility describes the tendency of a material to support frequency mixing
processes such as difference frequency generation (DFG), sum frequency generation
(SFG), or second harmonic generation (SHG), and the third order term that describes
phenomena such as the intensity dependent refractive index and resulting self-focusing
and self-phase modulation that is utilised in nonlinear spectral broadening [157].

In the wave-picture of optical fields, the nonlinear nature of the polarisation can be
viewed as a superposition of multiple optical fields with different frequency components
— w1, we and ws: If a polarisation is induced by a pump at frequency ws and a seed (w1)
is simultaneously present in the material, then the superposition of the two frequencies
results in a modulation of the total electric field, where the modulation corresponds
to the presence of the third wave — the idler — at the difference frequency ws. This
process can be used to transfer energy from the exciting high intensity field to less
intense fields, and thereby amplifying optical pulses. As with all phenomena in nature,
the conservation of energy and momentum must be fulfilled also in these processes.
Therefore the photon energies must satisfy the equation hws = hws + fiw; and the
photon momenta have to fulfill ks = hke + hky, where k; are the wave vectors of
the interacting beams [158]. The latter condition is equivalent to the phase matching
condition Ak = k3 — ko — k1 = 0, which we will discuss in more detail later on.

In order to understand this phenomenon in a way that allows accurate modeling of
parametric amplifiers and frequency converters, it is useful to look at the phenomenon
in a more quantitative way. To do this, we will start with the wave equation

aZE(I‘,t) aQD(I',t) B 82PNL(I',t)
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which describes the evolution of an electric field according to Maxwell’s equations [159].
Again we see the interaction of the externally applied electric field E, the linear
displacement field D and Py, the nonlinear components of the induced polarisation.
In the case of low intensity and therefore weakly interacting fields, the right-hand side
of the equation is ”70” and one speaks of purely linear propagation of the electric field
E. However, when the fields are strong enough for Py to become non-negligible,
the right-hand side acts as a source term in the wave-equation, again indicating the
formation of field components that are different from the driving electric field, and one
speaks of a nonlinear parametric process taking place [159]. While solving equation
2.2 would fully describe the phenomena that we want to understand, this is not a
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trivial task and many methods have been proposed aiming at solutions under specific
boundary conditions. We will do the same in the following derivation of parametric
amplification and second harmonic generation, and start by restricting the nonlinear
polarisation to the relevant second order while neglecting higher order terms, that
depend on E? and higher orders. Under this assumption, the nonlinear polarisation
can be written as

Pnp = 60X(2)E2(Z,t) = 260deffE2(Z?t)> (2.3)

where dc is the effective nonlinear coefficient and depends on the specific components
of the tensor x(? that are involved in the interaction [157]. In addition, we will first
consider an idealised electric field that is a superposition of three monochromatic
waves at frequencies wy < we < ws:

E(z,t) = % (Al(z)ej(‘“lt_klz) + Ag(z)elwt=ha2) 4 Ag(z)ej(”3t_k3z)> +ce., (24)
where A; describes the amplitude of the respective wave [159]. Using equation 2.3 we
can calculate the nonlinear polarisation Py, that results from the excitation by E(z,1).
We observe that when we square F(z,t), polarisation terms emerge, that depend on
2w1, 2ws, 2ws, w1 + wa, w1 + w3, wo +ws, as well as w3 — wy, w3 —wo, and wo — wi. The
first six of these frequency mixing terms describe sum frequency generation (SFG),
while the last three represent difference frequency generation (DFG) [159].

In particular the processes of optical parametric amplification (OPA) and second
harmonic generation (SHG), which can be considered special cases of DFG and SFG
respectively, are relevant for this thesis. Therefore, we will use the following sections
to take a closer look at the interactions that lead to optical parametric amplification
(the following section 2.1.2) and at second harmonic generation (2.1.4).

2.1.2 Optical Parametric Amplification
If we consider a case where only interactions between all three waves fulfill the phase

matching condition, the relevant interactions are reduced to w3 —w; = wo, w3 —ws = wy
and w; w9 = w3 and we can write the nonlinear polarisation in a reduced form [159]
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This polarisation again consists of three different waves oscillating at the frequencies
w1, wo and ws, but the main difference to the driving electric field E(z,t) is firstly that
the amplitude of the polarisation at one frequency is determined by the product of
the amplitudes at the other two frequencies, indicating that the waves are nonlinearly
coupled, and secondly that the wavenumber of a given polarisation component does
not automatically match its frequency. This means that a polarisation component is
excited, and thus energy transfer between the waves is efficient, only when the phase
matching condition is fulfilled [159].

If we apply a slowly varying envelope approximation to the wave equation 2.2 and use
it to look at the evolution of the individual components of the nonlinear polarisation
Py, we get the coupled wave equations [159]
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where 0; = depfwi/coni. n; = V€,; is the refractive index and Ak = k3 — kg — ky is
the previously introduced wavevector mismatch.

Parametric amplification now takes place when we let a pump wave at ws interact with
a seed at frequency ws, that has a much smaller amplitude As < As. The amplitude
Ajs of the pump will decrease during the interaction, transferring energy to the seed Ao
and resulting in the generation of the third wave with amplitude A; at wy = ws — wo.

Exponential Amplification
Assuming initial conditions with A2(0) = 0 and neglecting the depletion of the pump

energy, i.e. As =~ const. and 0A3/0z =~ 0, one can solve the coupled wave equations
for the intensity of the signal and idler beams after an interaction length L [159]:
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2

2
L(L) = 11(0)% [E sinh(gL)] ,

2
where g = /I'? — Ak2/4 is the small signal gain, I'? = MI;; and I; =

coeoninens
1/2negco|A;|? is the intensity of the respective waves. Using these equations, one
can then define the parametric gain as the signal intensity relative to its initial value
at L =0 [159]:

Q
=
I
I

r 2
1+ [g Sinh(gL)] . (2.8)

We can see that the gain is mainly affected by two parameters: The wavevector
mismatch Ak, which is ideally eliminated, and the pump intensity I3.

In the large-gain limit, where gL >> 1, the intensities and the gain converge towards

2
e25]L

L(L) ~ I,(0) <> -

2 2gL
(L) ~ I;(0)2 <F> <’ (2.9)

and we find that a parametric amplifier provides exponential gain at the signal
wavelength as long as pump depletion can be neglected. This exponential gain is made
possible by a feedback mechanism that involves all three interacting waves: The initial
difference frequency generation between pump and signal leads to the generation of
the idler wave, which in turn supports the generation of signal photons through DFG
of the idler and pump beams. The presence of more signal photons then leads to the
generation of more idler photons, resulting in a positive feedback and an exponential
amplification of the signal intensity.

Considering a realistic scenario of amplifying a signal wavelength of 800 nm in a BBO
crystal with a 515 nm pump beam with intensity of 65 GW cm ™2, equation 2.8 yields a
gain of approximately 10% after an interaction length of only 2mm. This illustrates
the potential of OPA for building remarkably compact high gain amplifiers.
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Saturated Amplification

The equations 2.9 were derived for a simplified case assuming a constant pump intensity.
In realistic OPA systems, however, the pump depletion quickly becomes relevant and
thus the exponential gain predicted by the equations saturates. In this case, the exact
description of the amplification process becomes much more complex and elaborate
analytical models involving various assumptions [163] are required. As a more general
alternative that e.g. also includes other nonlinear processes, a numerical solution of
the coupled wave equations [164, 165] would be necessary. In the later sections of
this chapter, we will present results of such numerical calculations using the chi3D
simulation tool [166].

A —s c

D

< -)CA
= ]
9 — Pump
= Signal
2 — Idler

Crystal length

Figure 2.1 — Numerically simulated evolution of the signal pulse energy in the presence of
pump depletion (inspired by [158])

For a qualitative understanding pulse energy evolution including pump depletion,
we can look at figure 2.1. The amplification process can be divided into three
phases: In section A the depletion of the pump can still be neglected, the signal
intensity is small compared to the pump, and the amplitude of the idler wave is
small compared to the signal wave. The evolution of the wave amplitudes is thus well
described by the exponential amplification that we have derived analytically. Once
the signal and idler waves reach similar amplitudes, the positive feedback mechanism
is interrupted because the idler intensity becomes large enough that the difference
frequency generation between pump and signal roughly balance out with the sum
frequency generation between signal and idler [158]. This interrupts the exponential
evolution of the signal energy and a roughly linear gain regime is reached (section B).
Once the total intensity of signal and idler becomes much larger than the intensity of
the pump, the sum frequency generation process between signal and idler dominates
the overall interaction. The energy flow from the pump to the signal saturates and
even reverses in this backconversion regime (C).

We can derive two important insights from this behaviour: first, the gain and efficiency
of parametric amplifiers can be greatly enhanced by eliminating the idler photons from
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the interaction and thus keeping the amplification process in the exponential gain
regime for as long as possible, and second, fluctuations of the signal energy caused by
fluctuations of the signal or pump intensities can be minimized by carefully balancing
the SFG and DFG processes in the backconversion regime. We will discuss the second
point in more detail in section 2.1.5, as it is particularly interesting for applications
that are sensitive on the intensity of the laser pulses, such as in laser-wakefield
acceleration.

Parametric Phase

So far we have only considered the evolution of the intensity of the interacting waves.
Especially in the backconversion regime, the evolution of the phase of the amplified
pulses also becomes relevant and can lead to a change of the phase of the signal waves.
This evolution can be calculated by solving the imaginary part of the coupled wave
equations. After a propagation length L, the phases ¢; of the three waves can then be
written as [167]:

Akz  Akzyd [ dz
$1(2) = ¢1(0) — + / ;
@)=l >y Tt

2

62(2) = 63(0) — n(0) — T — 2, (2.10)
_ Akz [* fdz

¢3(2) = ¢3(0) — N o 1—f

where f = 1 — I3(z)/I5(0) is the degree of pump depletion and 73 = %1}3(8) is the

squared ratio of the initial photon numbers of signal and pump.

These equations have several implications for the phase of the signal ¢;. First of all it
is not influenced by the pump and thus any phase aberrations of the pump beam can
not be transferred to the signal. If such aberrations exist, they are entirely transferred
to phase of the idler beam ¢o, which adapts to the phase of the signal and pump to
ensure optimal energy flow from the pump to the signal and idler. If the matching
condition Ak = 0 is fulfilled, the phase of pump and signal remain unchanged during
the amplification. If a wavevector mismatch Ak # 0 does however exist, the interacting
waves accumulate an additional phase difference of Akz/2 during propagation. This
additional phase is particularly pronounced if the amplifier is saturated and the pump
depleted. The resulting phase change imprinted onto the signal is called parametric
phase and is influenced by the pump intensity, the degree of pump depletion and the
wavevector mismatch. The parametric phase can have detrimental implications for the
beam quality of the amplified beam, especially in broadband parametric amplifiers,
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where guaranteeing perfect phase matching over the full signal spectrum is challenging,
as we will discuss in section 2.1.3.

Due to the locally varying intensity in realistic 3-dimensional pump pulses, the gain
and pump depletion varies spatially and temporally, which can lead to a spatially and
temporally varying intensity and wavefront of the amplified signal pulses. We will
study this phenomenon in detail in section 2.3.

Phase Matching

In order to take full advantage of the high gain amplification enabled by parametric
processes and to ensure high efficiency, it is important to find a way to satisfy of the
phase matching condition. To do this, we shall start with the notation k = wn/cy of
the wavevector, which allows us to write the phase matching condition as [159]

ngws — Nows — Njwi = 0. (2.11)

In this form, it becomes clear that for a given set of interacting wavelengths, one
possible way to fulfill the phase matching condition, is to adjust of the refractive
index of the interacting waves. Considering that in our case wsg > wo > w1, we would
need a material with ng < ne < n; to satisfy the condition. However, in the visible
and near infrared region around 1 pum, all known isotropic materials exhibit positive
dispersion, meaning that On/dw > 0 and thus the condition for the refractive indices
can not be satisfied [159]. The most common way to get around this problem is to
use birefringent, i.e. non-isotropic materials, where the refractive index depends on
the directions of polarisation and propagation with respect to the optical axes of
the material. For example, uniaxial crystals have two different frequency dependent
refractive indices: the ordinary refractive index n, and the extraordinary refractive
index n., corresponding to different polarisation directions of the incident light wave.
The extraordinary index n. can also be adjusted with the angle # between the direction
of propagation and the optical axis of the crystal, resulting in the refractive index
ne(0) that is given by [159]

I cos26  sin%6
n(0)?2 ~ n2 n?

(2.12)

In many birefringent materials it is possible to find a configuration of polarisations of
the interacting beams, where 6 can be tuned to satisfy the phase matching condition.

Index matching based angle tuning in birefringent crystals is also called critical phase
matching, as opposed to non-critical phase matching [157]. In non-critical phase
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A 4

Figure 2.2 — Index ellipsoid to illustrate the parameters used in equation 2.12 (reproduced
from [159])

matching, the temperature dependence of the refractive index of is used to achieve
phase matching. In this case, the angle 0 is kept at 70” so that at least one of
the interacting beams propagates along the extraordinary axis of the crystal and
the refractive index is adjusted by tuning the temperature of the nonlinear crystal.
For example, second harmonic generation of 1030 nm beams can be achieved in the
XZ-plane of LBO at a temperature of about 190°C. An advantage of this method is
much better angular acceptance of the phase matching compared to critical phase
matching, i.e. strong divergence or pointing changes of the input beams do not lead
to a change of the phase matching efficiency.

The decrease in efficiency that is caused by imperfect phase matching is also described
by the so-called phase matching efficiency, which can be derived from the 2.8 as [157]

_ G(L,Ak) :[sin(AkL/2)]2 .13)

G(L, Ak =0) AkL/2

2.1.3 Broadband Parametric Amplification

For the sake of simplicity, all considerations up to now have been based on the
interaction of monochromatic beams. When amplifying ultrafast pulses, however, this
assumption loses its validity and the dispersive properties of the waves — i.e., the

n(w)w

frequency-dependence of the refractive index, and thus of k(w) = must be take

into account.
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This has several consequences: First of all, the phase matching condition must be
extended to all amplified wavelengths, making its fulfillment more complex, and second,
the temporal overlap and walk-off between the individual pulses must be considered.

Temporal Overlap of Pulses

The most important consequence of the dispersion is the difference in group velocities
between the interacting pulses. Especially in the case of ultrashort laser pulses, this
can lead to a separation of the signal and idler from the pump pulses, which would
stop the amplification completely. To prevent this, the interaction length must be
kept well below the so-called pulse splitting length [159]

1 1
’7'/ <,ng — %) ‘ (2.14)

where i = 1,2 denotes the index of the idler and signal pulses, vg; is the group velocity
of the respective pulses, and d; 3 the group velocity mismatch (GVM) between them
and the pump pulse. 7 is the FWHM of the pulse duration. In practice, the GVM
of the pulses is determined by the dispersive conditions defined by the chosen phase

lizg=1|7/6i3| =

matching configuration and cannot be influenced very much. The only possible free
parameter to maximize the pulse splitting length is the pulse duration 7, which can
be increased by temporal chirping of the signal pulses. Especially in high energy OPA
systems, this is often done anyway leading to the OPCPA scheme: optical parametric
chirped pulse amplification, which is analogous to the conventional chirped pulse
amplification done in high energy laser systems described in chapter 1 [39].

In OPCPA, the temporal overlap of pump and seed pulses leads to a trade-off: On
the one hand, the reduced pump intensity at the leading and trailing edges of the
pulses leads to a reduced gain in the edges of the signal spectrum. The resulting
gain-dependent spectral narrowing could be avoided by minimizing the ratio 75/,
between the duration of signal and pump pulses, although the benefit of shortening
the seed becomes negligible below a ratio of 73 ~ 7,,/3 [168]. Following this rule of
thumb, large fractions of the pump envelope do not interact with the signal wave
and therefore do not contribute to the amplification, limiting the efficiency of the
amplification. As we will discuss in more detail in 2.1.5, the unseeded regions of
the pump may instead amplify optical parametric fluorescence (OPF), which would
degrade the temporal contrast and stability of the amplifier output [168]. To avoid
OPF and to ensure efficient extraction of the pump energy, one would prefer to have the
entire pump envelope overlap with the seed. For the pulse durations, this would mean
that 7,/7, > 1, which contradicts the maximisation of the amplified bandwidth.
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This trade-off has been studied in detail by Moses et al. [168], who found that a
good compromise can be achieved by maximizing the product of gain and amplified
bandwidth GAw, which is achieved at a ratio of

(ra/T)apt = 214/ ~210[1 — 1/ In(2E,/E,)], (2.15)

where I, and E, are the initial energies of the pump and signal pulses, respectively.
Note that for relatively low gain amplifiers, where the ratio of pump and seed energies
is less than about 10%, the optimal duration of the signal pulse is actually longer
than the pump duration and one would lose significant amounts of bandwidth in the
amplified signal pulses. While maximising GAw is generally indeed a good goal in
the design of an OPCPA system, it is also necessary to consider other desired pulse
characteristics into account, e.g., if maximum bandwidth is required.

In addition the temporal overlap of the individual pulses, the dispersion can also
affect the shape of the pulses themselves due to the different phase velocities of the
spectral components within the pulse. A full treatment of the nonlinear interaction
of broadband pulses in a dispersive environment has to be considered in the coupled
wave equation 2.6 and an accurate modeling of the interaction requires a numerical
solution of the equations.

Broadband Phase Matching

In addition to the temporal evolution of the interacting pulses, the larger bandwidth also
has severe consequences for the wavevector mismatch Ak of all interacting wavelengths
and it is therefore helpful to consider the maximum bandwidth w; + Aw over which
phase matching is actually satisfied. To do this, it is helpful to remember that typical
OPA laser systems use pump pulses that have a much smaller bandwidth than the
signal. To calculate Aw we can therefore still consider a monochromatic pump at ws
and only consider the effects of the broadened signal. To satisfy the conservation of
energy, a broadband signal must result in the generation of a broadband idler, which
we will also consider. One approach to understand the influence of dispersion on phase
matching is to consider the first-order Taylor expansion of k(w) around the center
frequency wy of the signal. In the broadband case, the signal frequency then changes
to the spectrum wy + Aw and similarly, the idler then forms the spectrum ws — Aw.
The wavevector for the two frequencies can then be written as [159]
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ok
R(@T + Aw) & k(@) + =] Aw

= k(1) + LA(,u
Yol (2.16)

ok
k(wz — Aw) =~ k(wz) — %\WQAQ)

(@) — - Aw
Ugg

If phase matching at the central frequencies is satisfied, i.e. Ak = k(ws) — k(w2) —
k(w1) = 0, the remaining wavevector mismatch is

Ak ~ (1 _ 1) Aw = 519Aw, (2.17)

Vg1 Vg2

where d12 is the group velocity mismatch (GVM) between the idler and signal
pulses [159]. From this, we can already conclude that the phase matching of a
broadband parametric amplifier is optimal, when the group velocities of the signal and
idler pulses are matched.

By inserting this wavevector mismatch into the parametric gain equation 2.8, one can
derive an approximate expression for the FWHM bandwidth that a given OPA can
support [159]:

I 1
Aw~4VIn2y) - — 2.18
V I Ti/vg — 100 219

This tells us, that the phase matching bandwidth Av is limited by the group velocity
mismatch between the idler and seed pulses, and that high bandwidth pulses can be
amplified with appropriate group velocity matching.

Such group velocity matching can be achieved in the aforementioned non-collinear
phase matching geometry, by tuning the non-collinear angle « such that the condition

Vg1 = Vg2 COS {2 (2.19)
is satisfied, where € is the angle of propagation between the idler and signal pulses [159],

as is shown in figure 2.3. Parametric amplifiers using this configuration are also called
non-collinear optical parametric amplifiers (NOPA).
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Figure 2.3 — Broadband non-collinear phase matching. a) Walkoff between idler and signal
pulses with matched group velocity vg; and b) depiction of the resulting angular
dispersion of the idler.

It is important to remember that equation 2.18 was derived assuming only the first
order Taylor expansion of k(w). When the group velocities vy and vgo are matched,
the gain bandwidth becomes large enough, that this first order approximation is no
longer valid and higher-order dispersion terms limit the phase matching bandwidth.
Nevertheless, the increase in the gain bandwidth is remarkable: For example, in lithium
triborate (LBO) it is possible to approximately quadruple the FWHM phasematching
bandwidth as is shown in figure 2.4.
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Figure 2.4 — Phase matching efficiency in a 3mm long LBO crystal for a non-collinear
phase matching geometry including group velocity compensation between signal
and idler (# = 16.5°, & = 1.6°), and a collinear phase matching configuration
(=117, a=0)

In addition to increasing the phase matching bandwidth, non-collinear phase matching
also introduces a frequency dependent angle of propagation in the idler, i.e., the
introduction of angular dispersion. As we will discuss in more detail in section 2.1.6,
the realisation of this phase matching scheme while ensuring excellent pulse quality
is challenging because the scheme has a high tendency to also introduce angular
dispersion or pulse front tilt to the signal.

For practical purposes it is therefore necessary to consider whether the benefits of
the additional spectral bandwidth that can be amplified in non-collinear amplifier
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outweigh the potential drawbacks of potentially lower spatio-spectral beam quality.
Depending on the application for which the OPCPA system will be used, factors other
than the phase matching bandwidth may be have a greater influence on which phase
matching geometry is best to use.

2.1.4 Second Harmonic Generation

In the derivation of the second order nonlinear polarisation in section 2.1.1, we already
noted the emergence of polarisation components oscillating at 2w;, twice the frequency
of the respective interacting fields. If we additionally consider a special case where
w1 = w9 = w, the nonlinear polarisation is simplified to include fewer interacting terms,
and the resulting coupled wave equations can be reduced to the two equations

8A2W — _deeff AZ ejAkz
w 9

0z N9,Co
) (2.20)
8AW _ _]WdeffA A* —jAkz
- 2w we I
0z N, Co

where Ak = k(2w) — k(w), and A, and Ay, are the respective amplitudes of the
fundamental and second harmonic [157].

In the limit of negligible depletion of the fundamental A, one can find the solution

22 d? in2(Akz/2 2

eff 2,2 |sin®( z/2)

I, (2) = I 2.21
2(2) ngwnicgeoz “’[ Akz/2 (2:21)

for the intensity Ia,, of the second harmonic after distance z [157]. We can see that
in contrast to parametric amplification there is no exponential gain but instead the
second harmonic intensity scales only with the square of the crystal length.

While general solutions for the evolution of the intensities with depletion of the
fundamental exist in the form of Jacobi elliptic functions [169], a more general approach
is — as in the case of OPA — the numerical solution of the wave equations. In that case
also dispersive effects and the full three-dimensional intensity profile of the interacting
pulses can be taken into account.

2.1.5 Stability of OPCPA-Systems

In the introduction to laser plasma acceleration in chapter 1, we noted that stable drive
pulses are crucial for optimal operation of the accelerator. The highly nonlinear nature
of OPCPA makes parametric amplifiers sensitive to a number of different noise sources,
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resulting in typically higher fluctuations of the output parameters than in conventional
laser amplifiers. In addition, different pulse characteristics are coupled in complex
ways, making it even more difficult to guarantee stability of specific properties.

The sources of fluctuations in OPAs can be broadly divided into three categories: envi-
ronmental influences such as changes in ambient temperature, humidity or convection
of the surrounding air, input fluctuations of the pump and signal pulses, and lastly
quantum noise in the form of amplified optical parametric fluorescence.

While the environmental influences can be greatly reduced by the design of the laser
hardware — which we will discuss in more detail in section 2.2.2 —, the prevention of
parametric fluorescence and the damping of input fluctuations can be achieved by
appropriate design of the parametric amplifier itself. We will therefore use this section
to look at the specific influence of input fluctuations on the stability of output energy
and spectrum of the signal pulses, and briefly discuss optical parametric fluorescence
and strategies for its mitigation.

Energy Stability

In our investigation of the gain regimes of OPAs in section 2.1.2; we found that at
saturated gain, back-conversion of idler and signal photons to the pump wavelength
counteracts the further amplification of the signal beam. It is possible to find a
crystal length where the two interactions are balanced, such that fluctuations of
the input intensities are damped and a stable signal intensity is emitted from the
OPA [170-172].

As an idealised example using spatially and temporally flat input pulses, 2.5 shows
the variation of the signal energy as a consequence of variations of the initial pump
and signal intensities, with each having a respective relative peak-to-peak variation
of 20%. In a) and b) it can be seen that variations of the initial pump intensity can
result in larger overall fluctuations than those of the initial seed intensity (especially
in the exponential gain regime), but both kinds of input fluctuations can be almost
completely suppressed when the amplifier is operated in saturation. When both beams
have independent fluctuations, such an effective suppression of noise transfer from the
input to the output of the amplifier is not possible, since a perfect balance between
amplification and back-conversion cannot be achieved anymore. This behaviour is
illustrated in figure 2.5¢), where we can also see that, independent of the pump
fluctuation, a decrease in the relative fluctuations of the signal beam is possible when
the amplification is pushed into the back-conversion regime.

However, when a single pump laser system is used to provide both the pump and
seed pulses, the input fluctuations of the two pulses are strongly correlated, i.e., if one
pulse has an above-average intensity, the other pulse tends to do so as well, and vice
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Figure 2.5 — Numerically simulated evolution of the signal pulse energy for variations in the
initial pump and signal energies for idealised spatially and temporally flattop
pulses. A—EE denotes the peak-to-peak variation of the signal energy normalized
to the mean energy, and the shaded areas illustrate this relative peak-to-peak
variation around the respective pulses. In a) the initial pump intensity was
varied by +10%, in b) only the initial seed intensity was varied, and in c) both,
pump and seed energy were varied, assuming uncorrelated fluctuations of both.
In d) also both input intensities were varied, but assuming a mutual source such
that fluctuations are correlated. The pulse energy in all plots is normalised to
the initial mean pump energy.

versa. In such a scenario (shown in Fig. 2.5¢)), the resulting output fluctuations again
resemble cases a) and b) and the input fluctuations can be suppressed much more
effectively than when the fluctuations are not correlated. It can therefore be concluded
that the use of a mutual driver for pump and seed generation is highly advantageous
for the energy stability of parametric amplifiers.

For realistic OPCPA systems, it should be noted that the pump and seed pulses
can of course not have the same wavelength, so in order to use a mutual source of
pump and signal, at least one of the pulses needs to be subjected to some sort of
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wavelength conversion scheme. Since such processes are also intensity dependent,
the noise characteristics can be modified so that the fluctuations at the input of the
OPA do not have the same amplitude. If one of the pulses has significantly larger
fluctuations than the other, the resulting noise suppression converges back to cases a)
or b) and the input fluctuations can be suppressed.
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Figure 2.6 — Equivalent of figure 2.5, using spatially and temporally Gaussian intensity
profiles of pump and signal.

Since the evolution of the signal energy strongly depends on the initial intensity
of the pump and seed pulses, the degree of saturation can vary locally within the
three-dimensional intensity profile, if the pulses do not correspond to the idealised
flattop profiles used in figure 2.5. This also has a strong influence on the transfer of
input fluctuations to the output, and the behaviour is quite different for Gaussian
pump and seed intensity profiles, as shown in figure 2.6.

We see that the transfer of pump fluctuations to the output can no longer be suppressed,
and these pump fluctuations determine the overall stability in OPAs where both, pump
and seed intensities fluctuate. The advantage of using a mutual source laser for pump
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and seed pulses is largely diminished and a highly stable pump beam must be provided
in order to have a stable OPA output.

Although the consequences of saturation on the spatio-temporal beam properties will
be discussed in detail in section 2.1.6, we should mention here, that the locally varying
degree of saturation present in amplifiers using Gaussian pulse profiles, also leads to a
degradation of the spatio-temporal beam quality of the signal pulses.

Spectral Stability

The chirp of the seed pulses has a direct influence on the stability of the spectral
properties of an OPCPA. Two key parameters that are relevant for the application as
a seed laser, are the center wavelength and the spectral bandwidth, which defines the
compressed pulse duration of the signal pulses.

The central wavelength is particularly sensitive to the relative timing of the pump
and signal pulses, as changes in timing cause the temporal peak of the pump intensity
to overlap with different spectral components of the seed. The sensitivity of the
center wavelength to timing can be minimised by using longer pump pulses and
strongly chirped seed pulses so that any given timing variation is small compared
to the seed duration. However, to achieve an intensity that is sufficient for efficient,
saturated amplification in low energy uJ-level OPCPA systems, it is necessary to use
sub-picosecond pulses, which requires femtosecond-level synchronisation between the
pump and seed pulses.

If separate laser systems are used for pump and seed generation, such synchronisation
would have to be done electronically, which is difficult to achieve. The few femtosecond
synchronisation required for stable operation of an OPCPA with sub-ps pump pulses
is possible [173], but with considerable technical effort. A much more robust approach
would again be to use a single drive laser to generating of both pulses, which are
then passively synchronised [174]. Even with such a laser architecture, maintaining
synchronisation at a femtosecond-level is difficult and a mechanically robust laser
setup that passively minimises perturbations to the timing of the pump and signal
pulses is therefore important.

Bandwidth stability is primarily determined by the stability of the pulse durations of
pump and signal, and the relative gain that different spectral components experience
during the amplification. Since changes in timing can be viewed as changes to the
group delay and thus the first-order temporal phase of signal and pump, minimising
timing perturbations within an OPA also minimises higher-order phase fluctuations,
that would influence the pulse duration of signal and pump and thus have a direct
effect on the amplified bandwidth.
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Figure 2.7 — The Fourier limit (solid line) as function of crystal length in a saturated collinear
OPCPA, as well as its stability (dashed line) for correlated fluctuations of the
pump and signal intensity, similar to figure 2.6. The grey shaded area and
line indicate the qualitative evolution of the corresponding signal energy as a
reference.

Thus, if the timing of signal and pump pulses is well controlled, the remaining
contribution is the gain experienced by different spectral components, which — especially
in saturated OPCPA and with Gaussian pump pulses — can lead to a coupling of the
pump intensity and the amplified bandwidth, which is illustrated in figure 2.7. Note
that the degree of saturation that minimises the energy stability is not the same as
the degree of saturation that would minimize fluctuations of the spectral bandwidth.
While the influence of the intensity fluctuations on the signal energy is greater than
on the bandwidth, the coupling still needs to be considered when optimising of the
degree of saturation.

Optical Parametric Fluorescence (OPF)

The high gain of parametric amplifiers allows to amplify phase matched photons
from vacuum fluctuations resulting in the phenomenon of optical parametric fluo-
rescence [175, 176]. The quantized, random nature of vacuum fluctuation leads to
high relative fluctuations of initial photon numbers, which are further amplified by
the exponential gain of the parametric amplifier, resulting in a noisy output of the
amplifier. In particular in saturated OPAs, where the signal pulse experiences only
linear gain or is even back converted, the exponential gain of the noise photons can
result a degradation of the signal-to-noise ratio of the amplifier output [177]. Practi-
cally, a poor signal-to-noise ratio has two consequences for the amplifier performance:
1) the fluctuating photon numbers of the noise lead to a fluctuation of the total energy
emitted from the amplifier [175, 178] and 2) the amplified OPF forms an incoherent and
therefore uncompressible background of noise photons that degrades of the temporal
contrast of the laser pulse [175-177], similar to amplified spontaneous emission in
conventional laser systems.
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Of course, these consequences can only become relevant if the simultaneous ampli-
fication of OPF and signal-photons is possible at all, and if the OPF experiences
substantial gain. However, the simultaneous amplification can be prevented by ensuring
that the entire pump pulse can interact with phase matched seed photons. Since the
initial number of seed photons will always be higher than the number of noise photons,
the seed will experience a higher gain than the noise, resulting in a suppression of its
amplification. In practice, this is achieved by matching the dimensions of the signal
pulse in space and time to those of the pump. As discussed in section 2.1.3, temporal
matching of pump and signal pulses in OPCPA can lead to a narrowing of the of the
signal bandwidth, which may not be desired. Another method to limit the gain of the
OPF is therefore to limit the overall gain of the amplifier. In order to still achieve
a certain output energy, the total gain can be distributed over several amplification
stages with high seed energy and a gain below 103 [176], which also contributes to an
increase of efficiency and bandwidth of the OPCPA system [168]. Furthermore, the
random nature of the OPF background leads to strong phase fluctuations and spatial
frequencies that result in different propagation characteristics of the noise and signal
beams. Therefore, a large fraction of the noise can be eliminated after amplification
by spatially filtering the amplifier output.

We can thus conclude that if the OPF content in the amplifier output is limited by
matching the dimensions of the pulses and maintaining a low gain, fluctuations of the
input pulses to the OPCPA system remain the main source of output noise of the
amplifier system besides environmental drifts. Furthermore, it is highly advantageous
for stable OPCPA to use spatially and temporally flat input pulses instead of profiles
with locally varying intensity, and to use a mutual drive laser for the generation of
signal and pump pulses. If spatially and temporally flat pulses are not available,
output fluctuations will be dominated by fluctuations of the pump intensity. As an
additional benefit, spatio-temporally flat pump pulses allow for higher efficiency of the
amplification [179].

2.1.6 Angular and Spatial Dispersion in OPCPA

As discussed in chapter 1, spatio-spectral couplings can have detrimental effects on
the properties of the electron bubble driven by a given laser pulse and thus have a
negative influence on the quality of the accelerated electrons. While all spatio-spectral
couplings have a negative effect on the peak intensity of a laser pulse, in particular
deformations of the laser pulse that break a radial symmetry, such as angular and
spatial dispersion, can lead to an asymmetry of the plasma bubble and therefore to
unwanted steering of the accelerated electrons.

In particular the non-collinear phase-matching geometry of OPCPA is inherently
prone to generation of spatial and angular dispersion in the amplified signal pulse,
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2 Stable, High-Quality Pulses from an OPCPA-Based Seed-Laser

which limits its applicability for the application in particle acceleration. The two
main causes of this inherent tendency are the spatio-temporal overlap between the
pump and seed pulses that may introduce a spatial chirp in the amplifier crystal [116],
and unoptimised phase-matching angles, which can lead to the generation of angular
chirp [180].

Figure 2.8 — Depiction of the introduction of spatial chirp and pulse front tilt in non-collinear
parametric amplifiers due to the spatio-temporal overlap of pump and signal
pulses and subsequent locally varying gain. The pump is depicted in green,
while the chirped seed is shown in red/orange.

Figure 2.8, illustrates the spatial overlap between pump and chirped seed pulses that
leads to a spatially and temporally selective amplification of the signal. As a result,
the wavelengths that experience the highest gain vary over the spatial coordinate
of the seed, resulting in a shift of the center wavelength in the amplified beam. In
addition, the chirped pulses have a pulse front tilt corresponding to the non-collinear
angle, which disappears when the pulses are compressed. The remaining spatial chirp,
however, can be converted to angular chirp by further propagation or by focusing
the beam, which then again leads to a pulse front tilt. The spatially and spectrally
selective amplification can be mitigated to some extent by adjusting the spatial and
temporal extent of the pump pulses, as well as the temporal chirp of the seed, so that
the gain variations across the seed pulse are minimized [116]. To completely eliminate
this effect, the pulse fronts of pump and signal must be matched in the amplifier, which
can be done by introducing angular dispersion in the pump beam, e.g. by transmission
through a prism or grating [181, 182].

In addition, the phase matching conditions themselves can lead to an angularly selective
amplification of spectral components in the seed, resulting in an angular chirp of
the amplified seed [180]. This is illustrated in figure 2.9, where the angularly and
spectrally resolved phase-matching efficiency in LBO is shown for three different phase
matching angles. If the angle is not ideal, the highest phase matching efficiency
is achieved at different non-collinear angles « for different wavelengths, effectively
resulting in angular dispersion of the amplified pulses. Optimising the phase matching
angle can only minimize the angular dispersion over a limited spectral range and
for spectral components below approximately 800nm — to where the desired seed
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Figure 2.9 — Phase matching conditions in non-collinear OPA with optimised phase matching
angle (center pane) and misaligned phase matching angles by -1.5° and +1.5°.
The dashed lines are a linear fit to the maximal phase matching efficiency and
thus corresponds to the linear components of the angular chirp imprinted on the
signal. The respective slopes are shown in the panels. The curves are calculated
for a 515 nm pump beam and the XY-plane of a 2mm long LBO-crystal.

spectrum for Ti:sapphire amplifiers extends —, a small amount angular dispersion is
present regardless of the phase matching angle. To make things more complicated,
the residual angular dispersion is not purely linear, making it difficult to compensate
in later stages of the amplification chain.

Both of these effects can be mitigated, but add complexity of the OPCPA setup,
which is in contrast to the principle of maximising system reliability by minimising
complexity and number of components. As an alternative, it may therefore be useful
to consider collinear phase matching, which has neither of the problems described in
this section.

2.2 The Malcolm Laser System

MALCOLM is an OPCPA based seed laser for the high energy amplifiers of a Ti:sapphire
based LWFA drive laser. Such amplifiers require a central wavelength of 800 nm, a pulse
energy of > 50 uJ and a bandwidth corresponding to a Fourier transform limited pulse
duration of 20-30 fs. These specifications were for MALCOLM to replace the existing
Ti:sapphire-based frontend of the ANGUS laser system (see section 1.2). However,
these parameters are typical for Ti:sapphire systems, and thus MALCOLM should also
be suitable for other Ti:sapphire systems, such as KALDERA.

For the Ti:sapphire laser to optimally meet the requirements of the LWFA, already the
frontend must already provide a high stability and spatio-temporal pulse quality, as
these properties are largely determined by the seed pulse. In this section we will present
the optical design of the laser that allows to meet these requirements, followed by an
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2 Stable, High-Quality Pulses from an OPCPA-Based Seed-Laser

overview of the mechanical hardware that was designed to ensure stable environmental
conditions around the beampath. Finally, we will give a brief overview of the general
performance, before taking a closer look at the two most important characteristics —
beam quality and long term stability — in the following sections.

2.2.1 Optical Design

As derived in section 2.1.5, a mutual source for the pump and seed pulses of parametric
amplifiers is highly desirable for the overall stability of the system and this defined
the primary architecture of the MALCOLM laser system: A white-light seeded OPA.
White-light seeding allows a single ultrafast laser system to be used for both pump
and seed pulse generation.

A-20% A-oPA2- 3365
10 25fs FTL

Pharos 200fs
1md @ 1030nm -\,

170fs FTL A—-10% %—OPm—k

Stretched to 500fs =) 2.5nJ
SHG) ~ 750-850nm

\WLG

Figure 2.10 — Optical layout of the OPCPA frontend. DL: Delay line, ATT: Variable attenu-
ator

Drive Laser

The selection of a suitable pump laser for such an OPCPA system is an important first
step in its development, but it is constrained several desired performance characteristics.
A short pulse duration < 500 fs is advantageous for stable white light generation [183],
and commercial laser systems supporting such pulse durations are widely available at a
wavelength of 1030 nm. The required seed energy for the Ti:sapphire amplifiers (50 pJ)
and a typical overall OPA efficiency of Egoonm/E1030nm =~ 5-10% gives a required
pulse energy of around 1mJ. In addition, high pulse-to-pulse stability and long term
reliability are needed to minimise the input fluctuations to the OPA. At the time of
the start of the development of MALCOLM, the commercial laser that best fulfilled
these requirements was the Pharos laser system from Light Conversion. Pharos is
an industrial Yb:doped laser system consisting of a Kerr-lens modelocked oscillator
and a regenerative amplifier operating at up to 6 kHz for an output energy of 1mJ.
The compressed pulse duration of Pharos is 170 fs and the rms pulse-to-pulse energy
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2.2 The MALCOLM Laser System

stability of Pharos has been measured to be 0.3% over 30s. To drive our OPCPA
system, we operate the laser at a repetition rate of 1kHz.

Seed Generation

White light generation (WLG) [184] in bulk material driven at 1030 nm allows to
generate a supercontinuum with a — compared to other white light sources — relatively
high energy of multiple nJ contained in the 750-850 nm range. This is sufficient for
seeding OPAs while suppressing the amplification of parametric fluorescence and thus
enabling a high signal-to-noise ratio [176]. Furthermore, bulk WLG driven by 1030 nm-
pulses can be tuned to have high energy stability of the spectral content around 800 nm
due to a suppression of input fluctuations in the filamentation process [183, 185, 186].
In the WLG setup of MALCOLM, approximately 1 uJ of the 1030 nm-pulse is compressed
and focused into a YAG crystal for generating the seed of the parametric amplifiers.
YAG was chosen for its robustness and proven long term reliability. The available seed
energy in the relevant spectral range is approximately 2.5nJ.

Further details on the WLG setup and in particular its optimisation for spectral
stability of the OPCPA stages can be found in [187] and [188].

Pump Generation

The second harmonic of Pharos at 515 nm is suitable for pumping 800 nm amplifiers as
broadband OPA phase matching of these wavelengths is possible in various nonlinear
crystals. A clear disadvantage of all commercially available ultrafast laser systems
in the ~1mJ-pulse energy is their Gaussian beam profile, which is defined by the
internal design of those lasers. As discussed in section 2.1.5, a stable pump intensity
is particularly important with such a beam profile.

For reasons that we will discuss later, the pump duration for the OPAs was set to
be 500fs, which means that a slightly stretched output of the Pharos was used to
drive the SHG. To limit the long-term degradation of optics, the peak intensity is kept
below 50 GW cm ™2 on all crystals throughout the laser — i.e. roughly a factor of two
below the laser induced damage threshold of the anti-reflection coatings.

The SHG is done in a BBO crystal that has been cut for Type I SHG phase matching
(0 = 23.4°) and reaches a conversion efficiency of 44 %, resulting in an available pump
energy of approximately 440 uJ. The length of the crystal has been chosen to operate
in the back-conversion regime, where intensity fluctuations of the input pulses are
suppressed, thus providing the highest possible pump stability in the subsequent
amplifiers.
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Figure 2.11 — Measured SHG conversion efficiency in BBO and KDP. The solid line shows
the pulse energy of the second harmonic, while the dashed line represents the
conversion efficiency.

The conversion efficiency of the SHG is primarily limited by the bandwidth of the
1030 nm pulses, which is large compared to the phase matching bandwidth of the BBO.
As an alternative material that would support the conversion of the full spectrum,
KDP (Type I, =41°, $=90°) was considered and indeed a conversion efficiency of
up to 71% has been measured using the same beam parameters of the fundamental
as with the BBO crystal. The high nonlinear refractive index no of KDP and the
required crystal length of approximately 7mm led to substantial Kerr-lensing of the
515nm beam and consequently poor pump beam quality in the parametric amplifiers.
As is visible in figure 2.11, the SHG is strongly saturated so that some optimisation of
the crystal length is possible to avoid Kerr-lensing. Nevertheless, BBO was chosen
instead of KDP because the strong hygroscopicity of KDP would lead to a long-term
degradation of the SHG energy.

The rms energy stability of the SHG output with the BBO crystal was measured to be
0.12% over 30s, confirming of the suppression of input fluctuations by the saturated
conversion of the SHG.

Amplifier Layout

To maintain a simple — and therefore more reliable — optical layout, while at the same
time eliminating sources of angular dispersion, the collinear phase matching geometry
was chosen over the non-collinear one. As discussed in section 2.1.6, this eliminates
the need for pulse front matching and thus output pulses free of angular or spatial
dispersion can be achieved with a greatly simplified optical design.

Among commercially available nonlinear crystals, only BBO and LBO [189, 190]
have a sufficient phase matching bandwidth to support the amplification of sub-30 fs
pulses. Of these two, LBO was chosen due to its higher damage threshold, smaller
spatial walk-off angle and, most importantly, its roughly 20 % larger phase matching
bandwidth at the same OPA gain, which corresponds to 65nm FWHM for a 2 mm
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2.2 The MALCOLM Laser System

long crystal. The corresponding phase matching efficiency as a function of wavelength
and non-collinear angle « is shown in figure 2.12. The slight disadvantage over BBO
in terms of its susceptibility to environmental influences (e.g. temperature sensitive
phase matching and hygroscopicity), has not been observed to cause problems when
temperature control and appropriate housing of the laser system are provided.
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Figure 2.12 — DFG phase matching efficiency LBO as a function of the wavelength and non-
collinear angle . The pump has a wavelength of 515 nm, the phase matching
angle is # = 11.7° and the crystal length is 2 mm.

The total gain of the OPA system that is required to achieve the output energy
of >50puJ, is 50pJ/2.5nJ= 2 x 10*. In order to avoid the amplification of optical
parametric fluorescence and stay below a single stage gain of 102 — 103, the amplification
is split into two amplification stages with the first stage having a gain of approximately
600 and the second stage having gain of 33. The low gain of the second stage allows
for fast saturation and therefore improved extraction efficiency of the pump energy
and improved stability.

The crystal lengths of the SHG and the two OPA stages were numerically optimised
using (3+1)D start-to-end simulations with chi3D [165], that included the SHG,
the OPAs, and the beam transport between the SHG and OPAs. The goal of the
optimisation was to minimize the influence of intensity fluctuations of the 1030 nm drive
pulses on the stability of the energy and bandwidth of the OPA output, while meeting
the minimum performance requirements in terms of output energy and bandwidth,
and minimising the absolute deviation of the spectrally integrated beam profile from a
Gaussian. The resulting crystal lengths were then used as a starting point for tests
tests with slightly varied crystal lengths in the actual laser setup and finally lengths
within a few hundred pm of the simulated optima were used.
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2 Stable, High-Quality Pulses from an OPCPA-Based Seed-Laser

Figure 2.13 — Rendering of the mechanical setup of the MALCOLM laser system. Parts of the
outer and inner housing are cut out for improved visibility of sub components.

2.2.2 Mechanical Design & Implementation

The optical design of the laser system with beam and crystal parameters described
above was first tested in a simple breadboard prototype. The desired beam quality and
performance was already achieved in this prototype, but for permanent operation and
integration into the amplification chain of the high energy Ti:sapphire laser systems, a
more advanced housing and mechanical setup was designed, to further improve the
stability and reliability.

The mechanical design of the laser system aims to provide a compact and rigid envi-
ronment that allows to operate the laser independent of external disturbances such as
mechanical vibrations or temperature changes. At the same time, a certain degree of
flexibility must be maintained to allow for future upgrades of subcomponents of the
laser system.

To ensure thermal and mechanical stability, an aluminium plate, that can be temperature-
controlled, was chosen as the base. To thermally isolate the base plate from the optical
table, a layer of PTFE is placed between them. The components on top of the base
plate are housed in a two layer, sheet metal enclosure, the inner compartment of which
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contains the OPCPA system itself (see figure 2.13). All diagnostic devices and poten-
tial heat sources are contained in the outer compartment to minimize temperature
gradients within the amplifier section that could cause convection and thus disturb
the beam. These heat sources include electronic devices and dumps for all waste
beams, such as the idler or residual pump after the OPCPA stages. Diagnostic devices
that generate significant heat — such as cameras — are thermally isolated from the
breadboard and water cooled to efficiently dissipate their heat and prevent a heating
of the lasers mechanics.

The laser system itself is divided into modules (see figure 2.14), each of which contain a
sub-system of the laser — incoupling of the 1030 nm-beam, SHG, white-light generation,
and the two OPCPA modules. Each module consists of an aluminium base with
pre-milled mounting locations for optics mounts and actuators to maximise mechanical
rigidity by maintaining a low beam height and short optical path lengths. The modules
are interchangeable to allow for future upgrades of individual sub-systems.

outet

Figure 2.14 — Modular main amplification and frequency conversion section of the MALCOLM
laser system. Auxilliary beams marked ”"D” are used for diagnostic purposes.

For each of the sub-systems, a dedicated diagnostic module is located n the outer
compartment, allowing to monitor relevant beam parameters such as beam position,
pointing, energy and spectrum at all stages of the laser. As a result, the sources of
problems during operation can be quickly pinpointed, minimizing maintenance time.

The optical path resembles a Mach-Zehnder interferometer (see also figure 2.10), which
minimizes the optical path lengths over which the seed and pump pulses propagate
independently and thus reduces relative fluctuations between the two. In addition,
the Mach-Zehnder setup results in parallel propagation of the beams, so that thermal
expansion of the breadboard results in equal path length differences in the pump
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and seed arms. In addition, both arms have an equal number of reflections, so
that fluctuations in the input pointing result in minimal relative beam movement
of the beams in OPA crystals. The input IR beam is additionally controlled by a
high-bandwidth piezo-actuator-based beam stabilisation.

The relative delay between the pump and signal pulses in the OPA stages can be
adjusted with motorized delay lines in the respective pump beams. Motorized rotation
stages allow adjustment of the phase matching angle of the OPA and SHG crystals,
and attenuators consisting of a A\/2 waveplate and thin film polarizer allow for fine
tuning of the pump energy in the respective amplifier stages.

2.2.3 Performance

The MALCOLM laser system typically delivers approximately 50 uJ pulses at a repetition
rate of 1kHz, although up to 60.5 uJ have been achieved by sacrificing spectral
bandwidth. The typical rms shot-to-shot energy stability is around 0.15 %, measured
with a photodiode-based, calibrated energy head (Ophir, PD-10C). However, due to
the inherent noise of the photodiode based measurement!, this measured value of
the rms stability is largely dominated by measurement noise and the value should be
considered an upper limit of the true stability.

A more accurate estimate of the stability can be made by using the integrated counts
of 1D or 2D detectors such as spectrometers or cameras, where the noise of individual
pixels is averaged, reducing the overall noise level. Using single shot spectra recorded
at 1kHz, we were indeed able to measure a fluctuation of the integrated counts of
0.07 % rms (see figure 2.15), which limits the true value of the energy stability to the
sub-permille-level. This could be confirmed using the integrated counts of single shot
camera images (0.08 % rms fluctuation over 1 minute), which however could only be
recorded at a repetition rate of 10 Hz.

The rms stability of the driving Pharos laser system was measured to be 0.3 % rms,
demonstrating the effectiveness of reducing input fluctuations through strong saturation
of the SHG and OPCPA stages. The pulse energy available as a seed for the second
OPA stage is around 1.5 uJ with a typical rms stability of approximately 0.2 %.
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Figure 2.15 — Short term energy stability of the OPCPA. a) shows a measurement done
with a photodiode-based calibrated energy head. b) shows a measurement
using the integrated counts of single shot spectra sampled at 1kHz, and c)
shows a measurement using the integrated counts of single shot camera images,
sampled at 10 Hz. The measurement done with the energy head is dominated
by the repetability and noise of the measurement system itself, for more details
see footnote 1. The light blue line in the histograms indicate a Gaussian fit
to the respective energy distribution. The three measurements were not done

simultaneously.
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Figure 2.16 — Typical spectrum of the OPCPA output. The FWHM bandwidth is 45 nm
and the spectrum supports a Fourier limited pulse duration of 24.9fs.
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Spectrum

The spectrum of the laser is centered at approximately 800 nm with a FWHM band-
width of approximately 45 nm, supporting a Fourier limited pulse duration of 24.9fs.
The center wavelength is tunable from approximately 792 nm to 810 nm without sacri-
ficing bandwidth. Beyond this range the spectrum is clipped due to the reflectivity
curves of the dielectric mirrors used throughout the laser system. A typical output
spectrum is shown in figure 2.16.

The spectrum is slightly narrowed in the last amplification stage, with the first OPA
stage supporting a Fourier limit of approximately 18 fs.

0 10 20 30 40 50 60
Time [s]

Figure 2.17 — Typical stability of the center of gravity wavelength as well as the FWHM
bandwidth of the OPCPA output.

The stability of the center of gravity wavelength and FWHM bandwidth of the
spectrum is shown in figure 2.17, indicating an rms stability of the center wavelength
of less than 40 pm, and a stability of the FWHM bandwidth of 0.15%. These stability
measurements were made on the early breadboard prototype of the laser system, and
in particular the center wavelength stability is strongly affected by airflow in the laser’s
beam path, which causes drifts on a timescale of a few seconds. This problem has
been solved in the second, engineered version of the laser hardware, resulting in a
short term wavelength stability of approximately 20 pm rms, which is also reflected in
the long-term measurements that we will show in section 2.6. A thorough analysis
of the spectral stability and the improvements to the laser hardware is be given by
Thomas Hiilsenbusch in [188].

'The noise level of the used Ophir PD-10C energy head is specified to be 0.25%. Experimentally,
we could however observe slight differences between individual energy heads of the same type,
and depending on operating conditions, the measured noise levels ranged between 0.15-0.25 %.
In any case, the stability values measured using the energy heads are strongly influenced by the
repeatability and resolution of the energy heads and should be considered a mere upper limit of
the actual value.
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Compression and Temporal Contrast

As discussed in the introductory sections, saturation of the final amplifier stage can lead
to suboptimal temporal pulse characteristics due to the accumulation of parametric
phase and the formation of a pedestal of parametric fluorescence around the main
peak. To check whether such a degradation is visible in MALCOLM, the output pulses
were compressed using a chirped mirror compressor and a pair of fused silica wedges
to fine-tune of the spectral phase. The total GDD added to the pulse by the dispersive
mirrors and fused silica is -1590 fs?.
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Figure 2.18 — Measurements of the pulse duration and spectral phase of the compressed
OPCPA output. a) and c) show the measured and retrieved FROG traces. b)
Shows the spectral phase and spectrum retrieved from the FROG measurement,
as well as an direct measurement of the spectrum for reference. d) Shows the
respective autocorrelation traces measured with FROG (Grenouille, SwampOp-
tics) and a scanning intensity autocorrelator (GECO, Light Conversion), as
well as the retrieved intensity profile from the FROG measurement.

The pulse duration and temporal shape were measured with an intensity autocorrelator
and Grenouille, both of which indicate a 26 fs FWHM duration at a 25 fs Fourier limit.
Only a small amount of symmetric higher order spectral phase is observed, which is
attributed to the parametric phase resulting from the temporally symmetric depletion
of the pump pulse.

The small amount of higher order phase does not lead to significant pre- or post-pulses,
which was verified with Self-Referenced Spectral Interferometry (SRSI, Wizzler), which
provides a higher dynamic range than the autocorrelation measurements shown above.
The measured temporal profile in figure 2.19 shows the absence of significant side-peaks
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of the temporal profile of the pulse, with the relative intensity of the pulse dropping
below the specified dynamic range of 40 dB within approximately 100 fs of the main
peak.
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Figure 2.19 — Temporal contrast on a short term scale

The temporal contrast on a > 100 fs timescale was measured using a Tundra third-order
autocorrelator. The pulse energy after compression with the chirped mirror compressor
was 43 uJ, which is below Tundra’s specified minimum input energy of 50uJ [191],
resulting in a slightly reduced dynamic range of the measurement. Nevertheless, a
dynamic range of nearly 10'? was achieved, which is sufficient to demonstrate the
excellent temporal contrast of the OPCPA system and to verify that it fulfills the
requirements as a seed laser.
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Figure 2.20 — Temporal contrast of the OPCPA frontend

A relative intensity < 107! is reached only 500fs before the arrival of the main
pulse, while some post-pulses and a pedestal is observed after the main peak. This
is consistent with the assumption that optical parametric fluorescence can only be
amplified in the presence of pump intensity, which (with the FWHM pump duration
of 500fs) restricts the amplification to a few hundred fs window around the main
pulse. The OPF-content of the pulses was measured to be < 3.5 - 1075 by measuring
the output energy of the OPA with a blocked seed, providing an upper bound for the
relative OPF-content.
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The post-pulses do not exceed a relative amplitude of 1076 and most could be traced
back to the plane-parallel optics such as amplifier crystals and windows used for
dispersion tuning in the laser. The post pulse pedestal is attributed to multiple
reflections in the plane-parallel optics.

The pulse duration and contrast measurements were done in the early prototype of
the OPCPA system with a simplified mechanical setup, but since the optical setup
is identical and all relevant optical components and beam properties are the same in
the final engineered setup, the measurement is expected to be representative of the
temporal contrast in the final, mechanically robust setup as well.

In the subsequent sections of the Ti:sapphire laser system, a degradation of the contrast
is expected. Most importantly, a ps-pedestal is expected to form due to unavoidable
surface imperfections in the stretcher optics, and spectral modulation and nonlinear
couplings in the high energy amplifiers should result in a mirroring of post-pulses
to pre-pulses [94]. To limit nonlinear coupling, the B-integral in these subsequent
amplifiers must to be kept to a minimum.
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Figure 2.21 — Pulse duration stability measured with SRSI. The individual measurements
are single shot taken at a 10 Hz measurement rate.

The stability of the pulse duration was measured to be around 0.5 % using single shot
SRSI measurements. Since the Wizzler’s typical repeatability of the reconstruction
of the temporal profile from the SRSI trace is also around 0.5%, this value should
be considered as an upper limit for the actual pulse duration stability. The relative
bandwidth stability of 0.15% mentioned above also suggests at potentially much
higher pulse duration stability than what was measured. The stability measurement
was done at a slightly different working point of the OPCPA system, resulting in an
increased pulse duration of 27.9 fs compared to the previously discussed autocorrelation
measurements. However, the difference in working point is not expected to affect the
stability of the system.
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Beam Quality

As a consequence of the strong saturation of OPA2 with a roughly Gaussian pump
profile, a clear degradation of the beam profile is visible. Figure 2.22 shows the
collimated and focused beam profiles after the OPCPA and a flattening of the beam
profile due to back-conversion is clearly visible in the collimated beam. As we will
show in section 2.3.3, a pristine Gaussian beam profile is recovered later on.
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Figure 2.22 — Beam profiles in the collimated (a) and focused (b) beam. An f=500mm
achromatic lens was used for focusing the beam.

2.3 Spatio-Spectral Couplings in Saturated OPCPA

The results presented in this section have previously been published in [41]

At various points throughout our discussion of saturated OPCPA, we have seen
suggestions that locally varying degrees of saturation in the spatio-temporal beam
profiles of the seed pulses can lead to a degradation of the beam quality of the
amplified pulses. This becomes evident also in the beam profiles shown in figure
2.22, and numerical investigations by Giree et al. have shown that these beam profile
aberrations can vary across the spectrum [192]. Giree has shown that this can have
a detrimental effect on the achievable Strehl ratio, and thus the peak intensity of
the compressed and focused output of non-collinear OPCPAs, but the same concept
should also apply to collinear OPCPA — especially in a system such as MALCOLM,
where strong saturation is used to ensure the highest possible output stability. In
the following sections, we will take a detailed look at these aberrations first with the
help of simulations and then with measurements of the MALCOLM output using the
Insight technique [193]. We will also show that the saturation results in the generation
of distinct spatial frequencies in the beam that can filtered with only a small loss of
energy.
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2.3.1 Simulation of Beam Degradation in Saturated OPCPA

To understand the saturation dynamics in the second OPA stage, we modeled the stage
using chi3D [165]. As inputs to the simulation, spatially and temporally Gaussian
pump and seed pulses were used, which approximate the profiles measured in the
laser. Otherwise, the pulse properties were the same as the ones as in the laser system
described in section 2.2.1. The LBO was operated at a phase matching angle of
0 = 11.8°.

Figure 2.23 shows the evolution of the pulse energy (and its variation § F for a 1 % pump
energy fluctuation) in the second amplifier stage, as well as the spectral dependence
of the beam profile and wavefront in the plane of the birefringent walk-off at three
snapshots along the propagation through the amplification crystal.

Since there is no visible effect of the birgefringent walk-off between the pump and
the seed in LBO crystal and the beam remains symmetric with respect to the axis of
propagation, the pulse properties can be considered rotationally symmetric for now,
and the slices shown in the figure are indicative of the entire beam profile.

Figure 2.23 further shows, that the pulse energy stability improves only once the
pulse energy starts to saturate. A crystal length where the tolerance towards pump
fluctuations is optimal, is reached at 5.2 mm, i.e. at a value slightly beyond the working
point with highest output energy [171]. The 5.2 mm crystal length was therefore chosen
for OPA2.

While the pulse energy stability improves during the amplification, the beam profile
degrades strongly and becomes wavelength dependent. At wavelengths near the center
of the spectrum — which, due to its chirp, also corresponds to the temporal center
of the pulse — the pump and seed intensities are highest, and the phase matching
curve shows the highest relative conversion efficiency. Due to the combination of
these factors, the central part of the spectrum reaches the back-conversion regime
first. This back-conversion in the central high-intensity part of the pulse then leads
to (i) a change in the beam profile, and (ii) the introduction a spatially varying
parametric phase [194, 195]. In contrast to that, the edges of the pulse have less
favorable conversion conditions, thus reach the back-conversion regime later during
the amplification, and therefore maintain a higher beam quality until the end of the
amplification.

Due to the coupling of the wavelength and temporal profile of the pulse, the parametric
phase shift and the change of the beam profile lead to a wavelength dependent wavefront
and beam profile of the pulse, that is inherent to saturated OPCPA with pulses that
have a temporally varying intensity (such as e.g. Gaussian pulses).
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Figure 2.23 — Top row: snapshots of the spectrally dependent slices of the beam profile,
middle: spectrally dependent slices of the wavefront error (limited to region
with intensity larger than 10% of the peak intensity), bottom: the evolution of
the seed energy (solid line) during propagation through the LBO crystal. To
indicate the stability with respect to pump fluctuations, the relative variation
in output energy (dashed line) is plotted on the right axis for a pump energy
variation of 1%. A minimal variation of 0.8% (i.e. better than the pump
stability) is reached at the exit of the crystal. The 5.2mm crystal length,
where the optimal pulse energy stability is reached, is also used as the working
point for the OPCPA system. All results shown in this figure are simulated
using chi3D.

From a Zernike analysis of the wavefront of the amplified pulses, it can be seenn
that the wavefront distortion introduced by the saturation mostly has a rotational
symmetry and can therefore be described by aberrations such as defocus and spherical
aberration. This can be seen in figure 2.24, where the Zernike coefficients of the fully
saturated wavefront are shown. This rotational symmetry of the aberrations is due
to the collinear propagation of seed and pump pulses, and the resulting symmetry of
the amplification process. The minor contribution of 4" order coma that is visible
in figure 2.24 is attributed to the slight breaking of the symmetry due to the small
spatial walkoff. The analysis of the Zernike composition of the wavefront was done
using the tools described in [44, 196].

2.3.2 Measurement of STCs with Insight

The aberrations expected from the simulations of the previous sections were exper-
imentally characterized using the Insight technique [193]. This method is based on
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Figure 2.24 — Simulated amplitude of the Zernike polynomials of the spectrally integrated
wavefront. Only values with an amplitude larger than A/200 and up to the
66th polynomial are shown. The amplified pulse primarily features rotationally
symmetric aberrations.

two dimensional Fourier spectroscopy combined with a phase retrieval approach to
reconstruct the full spatio-spectral electric field of the laser pulse. The method allows
to identify complex spatio-spectral couplings in both the intensity and phase profiles
of the pulse, and is therefore ideally suited to investigate the previously described
aberrations [197].

For the Insight measurements, the output surface of the OPA2 crystal was imaged with
a 4f telescope consisting of two f = 500 mm achromatic lenses. A third achromatic
lens with a focal length of 200 mm in the image plane was then used to focus the beam
into the measurement device.

The near-field (NF) beam profiles that were reconstructed using the INSIGHT tech-
nique, are shown in the top of figure 2.25 and agree with the simulated beam profiles
in the bottom row. The reconstructed NF beam profile also agrees with the directly
measured NF beam profile shown in figure 2.22, indicating that the residual error of
the reconstruction is low. This agreement is also quantified by a 6.7 % rms deviation
between the retrieved and measured in-focus (far-field, FF) intensity profiles.

The same features in the FF and NF profiles are visible when comparing the measured
and simulated beams. The beam profile strongly deviates from a Gaussian profile
near the center of the spectrum, resulting in characteristic side-lobes in the far-field,
while the edges of the spectrum maintain a high beam quality. In the amplifier crystal
(i.e. near the NF plane), the center of the pulse is depleted as a consequence of
back-conversion, resulting in a dip in the beam profile. The spectrally integrated beam
profile shows a flat top shape that is expected from the simulation. As expected from
the collinear design of the OPA system, no spatial or angular dispersion is observed in
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Figure 2.25 — Comparison of measured (top) and simulated (bottom) spectrally resolved

beam profiles and wavefront. The top row shows the reconstructed spectrally
resolved intensity profiles in the far-field (FF) and the near-field (NF), as well
as the reconstructed beam profile of the NF beam imaged at the output surface
of the OPA crystal. The last column shows the corresponding wavefront error
in the near field as a function of wavelength (limited to region with intensity
larger than 10% of peak intensity). The bottom row shows the corresponding
profiles determined with the numerical simulations described in the previous
section.

the beam. In the wavefront, a strong phase shift is visible in the regions of the pulse

where back-conversion occurs, resulting in the expected radially symmetric wavefront

aberrations. The discrepancy between the measured and simulated wavefronts is

attributed to Kerr-lensing in the pump pulse, which leads to a sharper intensity peak

than the Gaussian assumed in the simulation. This sharper peak leads to the more

localized distortion of the wavefront visible in figure 2.25. For the same reason, the side

lobes visible in figure 2.25 are more localised towards the center of the spectrum.

Zernike coefficient [A]
© o
(@] N

1 1

|
o
N
1

—=-= Strehl

~—— Defocus
—— Spherical Ab. 1st order', ¥
—— Spherical Ab. 2nd order \/

1.00

- 0.95

- 0.90

Strehl ratio

- 0.85

700

T
750

T
800

Wavelength [nm]

T
850

Figure 2.26 — Spectrally resolved magnitude of main aberrations, i.e. defocus and spherical
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aberration. The spectrally dependent aberrations result in a strong variation
of the Strehl ratio across the spectrum.
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Further examination of the Zernike coefficients corresponding to these aberrations
reveals the strong spectral dependence of the amplitude of the aberration (see figure
2.26). This spectral dependence leads to a degradation of the Strehl ratio across the
spectrum, resulting in a Strehl-ratio of 0.85 at 803 nm, while the edges of the spectrum
have a high wavefront quality with a Strehl-ratio of above 0.98.

When calculating the full spatio-spectral Strehl ratio Sgy as it was suggested by
Giree et al. [192], one can see that the wavefront aberrations lead to a reduction in
achievable peak intensity to 67 % compared to an aberration-free pulse. In contrast to
the spectrally averaged Strehl ratio S, Sgn is calculated by comparing the achievable
intensity of the full spatio-spectral electric field of the distorted pulse with that of the
spectrally and spatially averaged field, which corresponds to a pulse with a clean phase.
In this way, spectrally dependent phase aberrations such as chromatic aberration
are accounted for in the calculation of the Strehl ratio, while they are omitted when
spectrally averaging the single wavelength Strehl ratios to calculate S(,y. We calculate
Sy by integrating

Sty = / Lnorm(w)e ™7 duw, (2.22)

where Iorm(w) is the normalized spectral intensity and a¢(w) denotes the standard
deviation of the wavefront in a 40 aperture of the beam [198] at the frequency w.

S(wy is calculated to be 0.92, indicating that the major influence on the degradation
of the beam quality is due to the chromaticity introduced by the saturation of the
OPCPA process. This degradation of the achievable peak intensity is a clear drawback
of operating the OPCPA in saturation.

2.3.3 Spatial Filtering of Saturated OPCPA Pulses

To summarise the results so far, we can conclude that strong saturation leads to a
severe degradation of the beam quality, which manifests itself as a spectrally dependent
deformation of the beam profile and wavefront of the output pulses, but allows a high
energy stability, which was measured to be around 0.15 %.

A possible approach to recover a high beam quality and homogeneity of the beam
properties across the spectrum, is spatial filtering. In particular filtering out the
side-lobes visible in the far-field beam profile in figure 2.25 is expected to help. In
addition, such a scheme is easy to implement in the beam transport to the next section
of the amplification chain of the high energy laser system that is to be seeded. For the
measurements shown in the below, a pinhole was placed in the Fourier plane of the
transport towards the INSIGHT device that was described above.

Already with a pinhole diameter of Dpinhole = 1.42wp (1000 pm) and a high transmis-
sion through the filter of T = 92%, an immediate effect on the spectrally dependent
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Figure 2.27 — Overview of the measured beam quality improvement after spatial filtering.
Compared to figure 2.25, a great improvement in the homogeneity and the
overall quality of the pulse is visible. a) shows the Strehl ratio across the
spectrum for pinhole diameters from 1.14wy to 1.42wg, as well as in the
unfiltered case. wy is the 40 beam diameter at the pinhole position. b) shows
the residual wavefront error after filtering with the 1.14 wqy pinhole and the
bottom row shows the spectrally dependant beam profile in the far-field (c)) and
the near-field beam (d)), as well as the NF beam profile (e) that corresponds to
the collimated beam). The spectrum shown as an overlay in a) and b) is that
of the beam filtered with the 1.14 wqy pinhole, with the unfiltered spectrum
shown in lighter grey in the background. The spectral wings visible around
750 nm and 850 nm in a) and b) are an artefact of the INSIGHT retrieval.

Strehl ratio is visible (see figure 2.27). With a pinhole diameter of around 1.14 wy
(800 pm), the Strehl ratio is above 0.98 over the entire spectrum, while the transmission
is still at 85%. The full spatio-spectral Strehl in this filtered case is Sg = 0.85, while
the spectrally averaged Strehl is Sy, = 0.99. Comparing these values with those of the
unamplified seed (Sgy = 0.92 and Swy = 0.94), one can conclude that while the beam
quality of individual spectral components is preserved or even slightly improved, there
is some chromaticity introduced by the saturation that is not completely eliminated
by the spatial filter.

However, as shown in figure 2.27, the spectral variation of the spherical aberrations is
largely eliminated and an overall homogeneous spatio-spectral beam profile is achieved.
This is visible in the FF and NF beam profiles, which are both close to a Gaussian
profile across the entire spectrum, and the first and second order spherical aberrations
maintain an amplitude below A\/75 and A\/38 respectively over the entire spectrum.
In the unfiltered case the corresponding values were A/4.5 and A\/7. The M? of the
filtered beam was measured to be 1.178 and 1.219 in the horizontal and vertical planes
respectively (see figure 2.28).
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Figure 2.28 — Beam caustic of the OPCPA output after filtering of beam profile.

In addition to the improvement of the wavefront properties of the pulse, the shape of
the spectrum is slightly changed, since part of the energy in the distorted, central part
of the spectrum is not transmitted through the spatial filter. This leads to a flattening
of the spectral shape (see figure 2.27), but has no significant influence on the spectral
bandwidth or the Fourier limit.

Stability Improvement

Besides the improvement in beam quality, spatial filtering reduces the 30 second energy
jitter of the laser system by 20 % from 0.17 % rms to 0.14 % rms. These values are
again close to the inherent noise and resolution limits of the diode based energy
measurement and therefore provide an upper limit of the true stability. This further
improvement in energy stability is also observed in simulations (see figure 2.29) and
is attributed to the fact that once the back-conversion regime is reached, the input
fluctuations primarily result in a fluctuation of the center of the beam profile, where
the back-conversion occurs. When the beam is propagated to the Fourier plane, the
small fluctuating central part of the pulse (corresponding to higher spatial frequencies)
is mapped to the side-lobes of the FF beam profile. By filtering these out, a significant
fraction of the remaining energy fluctuations is eliminated. An equivalent pinhole-based
concept has been developed for suppressing spatial mode fluctuations in gravitational
wave detectors [199], although cavity-based mode filters are typically preferred over
pinhole-based setups for that application.

In the simulated setup, the achievable stability improvement for the configuration
of the final amplifier of MALCOLM is 30 % at a pinhole diameter of 0.88wy. At a
pinhole diameter of 1.14 wy that was used in the experiment, the simulation showed
a suppression of energy fluctuations by 28 %, while 89 % of the energy could be
transmitted.
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Figure 2.29 — Simulated pinhole transmission and relative stability as a function of the
pinhole diameter normalize to the 40 beam diameter. The relative stability is
defined as the stability of the filtered beam compared to the stability of the
unfiltered beam. The minimum relative stability is 0.7 at a pinhole diameter
of 0.88wy. The transmission in that case is 83 %. The shaded area shows a
lineout of the focused beam profile.

The trade-offs of the spatial filtering scheme are the energy loss mentioned above
(typically 10-20% depending on the exact configuration) and an increased sensitivity of
the laser performance to pointing fluctuations of the laser system. The improvement of
short-term jitter is therefore only achievable if the laser has a sufficient pointing stability.
In the case of our specific laser system, the output pointing was measured to deviate well
below 10 purad over several hours, which is stable enough for the fluctuation suppression
to work, but they could still explain the slightly worse measured performance compared
to the simulations.

In addition, special care must be taken to limit the in-focus intensity to avoid additional
nonlinearities that could degrade the pulse quality. However, this problem can be
solved by using long focal lengths and potentially an in-vacuum spatial filter. Neither
problems with pointing jitter of the laser, nor nonlinearities in the focal area were
observed in our setup.

2.3.4 Concluding Remarks on Spatio-Spectral Couplings in OPCPA

While this work focused on collinear OPAs, the studied aberrations are also expected
to occur in non-collinear OPAs. However, due to the additional walk-off between
the pump and seed pulses, the aberrations are not expected to be limited to the
radially symmetric ones, but additional aberrations such as coma should be present
— in particular in the non-walkoff compensating phase matching scheme. We further
focused on pulses with an spatial and temporal intensity close to a Gaussian profile.
While this is typical for many OPA systems, an improvement in performance is
expected by using spatio-temporally flat-top pump pulses, as they would lead to
a more homogeneous saturation of the parametric amplification and therefore to a
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more homogeneous wavefront and beam profile. This would, however, require special
measures for temporal and spatial beam shaping in the pump laser, which would add
complexity to the laser system.

2.4 Numerical Optimisation and Automated Tuning

Optical parametric chirped pulse amplifiers are versatile tools, in which the flexibility
of pulse properties makes them an excellent source for a wide range of applications.
However, we have already seen in the introduction of this chapter, this flexibility
comes with the problem that the properties of the amplified pulses are coupled in
a complex way. Due to this, adjusting one input parameter, such as the energy
of a pump pulse, can simultaneously affect many parameters, such as the energy,
bandwidth, and spectral shape of the amplified pulse. This complexity is caused by an
intricate and often non-intuitive interplay of the of different nonlinear and dispersive
effects and is greatly increased when parameters are added by combining multiple
amplification stages to achieve higher overall gain. While this interplay provides a
large number of tunable parameters that allow flexibility of the output parameters, it
also makes it difficult to ensure an optimally tuned laser. Environmental influences,
such as a warm-up of the laser hardware, can further reduce the reproducibility of
performance, and the success of manual tuning to recover it, often depends on the
operator’s knowledge of the intricacies of the laser system. To be independent from
such factors, an automated tuning and control procedure would be desirable.

Machine learning based control of the laser is one approach to do this. The successful
application of machine learning methods has already been demonstrated in several
areas of photonics [200]. In particular, the application to the self-tuning, optimization
and mode-locking of ultrafast fiber lasers [201, 202] and the application of deep
reinforcement learning to optimization of nonlinear processes such as white-light
generation [203] demonstrate the potential benefits of machine learning techniques in
the generation and amplification of ultrafast laser pulses. However, to our knowledge,
such methods have not been applied to complex multi-stage laser systems. As a
possible solution, we will therefore use this section to explore the application of
numerical optimisation and control methods, which are widely used in other engineering
disciplines, to the optimisation and stabilisation MALCOLM.

2.4.1 Overview of Suitable Optimisation Techniques
Since laser systems are inherently noisy and not all parameters of the laser system can be

measured with sufficient accuracy, and environmental changes can lead to slight changes
of the lasers state on a day-to-dy basis, one typically does not have an analytical model
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that fully describes the entire laser system. Many black-box optimisation algorithms,
which do not rely on any knowledge of the system state, have been developed to
optimise the performance of systems similar to laser systems. For example, Bayesian
optimisation has been successfully used LWFA experiments at Lux [101], which overall
pose a similar optimisation problem. However, such surrogate-based methods have
the disadvantage of limited scalability to high-dimensional problems — i.e. problems
with a large number of input variables, and computationally expensive fitting of a
surrogate model, which makes this approach most feasible in applications where the
time between taking samples is long.

Evolutionary algorithms, such as genetic algorithms or evolutionary strategies, do not
rely on building a surrogate model of the function that is being optimised, and can
therefore outperform surrogate-based methods in applications where sampling the
function is fast [204] — as in the case of high repetition rate laser systems, where a
measurement of the systems state can be done in a fraction of a second. In addition,
many such algorithms scale well towards large numbers of input variables [204]. Within
the realm of evolutionary algorithms, evolutionary strategies are particularly well
suited for optimisation in continuous parameter spaces [205].

A versatile and commonly used evolutionary strategy is the Covariance Matrix Adap-
tation Evolutionary Strategy (CMA-ES) [206], which works particularly well with rel-
atively few sampled points, ill-conditioned problems and non-separable problems [207],
meaning that the input variables are highly interdependent, as is the case in OPCPA
systems.

The optimisation process in CMA-ES is initiated from a randomly picked point X
within the search space. A normally distributed population of N points — called z; —
with a standard deviation of oy around the mean X is then sampled to determine the
local variation of the fitness f(x;) of the function that is to be optimised. In the case of
a laser system, the fitness can be determined by some performance characteristic, such
as e.g. the output energy and the sampled point z; can be a set of input parameters.
In its most simple implementations, the sampled points are then ranked according
to their fitness and the covariance matrix of the u best points is used to determine
the mean X7 and width o1 of the distribution of points of the next iteration. Newly
sampled points within this updated distribution are then added to the population to
form the next generation of the evolutionary process. Over several such iterations, the
mean of the population converges towards a global optimum, with the width of the
distribution decreasing once the optimum lies within the sampled distribution [207].

In more advanced implementations, the distance between two subsequent populations
can be influenced by additional parameters. For example, the mean value of a
subsequent population can be not only determined by the best points of the previous
population, but their relative influence may be weighted by their rank within the
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population. Alternatively, a user-defined learning rate can reduce the step-size from
generation to generation [208]. In general, however, the algorithm performs well
without extensive parameter tuning for the specific application, making it easy to
implement in a wide variety of applications [209].

Due to its inherently statistical treatment of sampled points, CMA-ES tends to
perform better than many other evolutionary methods in the optimisation of noisy
functions [210]. However, there is a trade-off between speed and noise-robustness,
as increased robustness is achieved by increasing the number of sampled points per
generation.

For the work presented in this chapter, CMA-ES was chosen because of its robustness
in noisy and ill-conditioned problems and therefore a high expected reliability in the
presence of laser fluctuations — especially at non-optimal working points. In noise-free
environments, some other algorithms — in particular NEWUOA [211] — have however
been shown to outperform CMA-ES [212], and for stable laser systems such as the
OPCPA system presented here, the noise-level may be small enough that it is worth
investigating the feasibility of these algorithms in future work.

2.4.2 Implementation in Malcolm

In the MALCOLM laser system, all phase matching angles, delay lines and attenuators
of the pump beams are motorised by piezo crawler stages and can be controlled through
the DOOCS control system [104, 105]. This results in a total of 7 parameters that
can be adjusted in order to optimise the output performance of the laser. As the
optimiser, an open source implementation of CMA-ES [213] runs on a python layer
that can read values from the online-diagnostics and actuate the motorised stages
through the control system. An overview of the layout of the control system is shown
in figure 2.30. All diagnostics operate at a repetition rate of 10 Hz, resulting in a
100 ms time window over which the diagnostic values are averaged, providing additional
robustness against fluctuations in the measured values. Due to limitations in the speed
of the used actuators, the stage positions could only be updated at a rate of 1 Hz. In
this configuration, the potential speed of the evolutionary strategies algorithm could
therefore not be fully exploited, but we still used this approach to ensure scalability in
future systems with upgraded hardware.

We used a population size of 9 and defined boundaries for the input parameters that
were chosen to avoid damage to the laser system due to collisions of the actuators
or a pump intensity that could lead to damage of components. The respective input
variables are normalised to these limits.
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Figure 2.30 — Overview of the stages and control system of the MALCOLM laser system that
were used for the optimisation and stabilisation of the laser.

2.4.3 Self-Tuning from a Random Initial State

A useful and desirable goal when seeding a Ti:Sapphire laser system is to maximize the
bandwidth and energy of the seed laser, while ensuring that the spectrum is centered
at a wavelength that is suitable for pre-compensate the red-shift of the spectrum in the
subsequent Ti:Sapphire amplifiers. We can use these desired parameters to formulate
a fitness function that describes the quality of the laser output in a single value. For
this particular objective we chose

f=AX-E—C(Acoc — M), (2.23)

where A\ is the FWHM bandwidth of the output spectrum, E is the output energy,
Acog is the center of gravity wavelength of the output spectrum and Ag is the desired
center wavelength. C'is an experimentally determined weighting constant. The product
of the spectral bandwidth and the output energy is roughly proportional to the peak
power of the fully compressed pulses of the OPCPA, which we want to maximize.

Figure 2.31 shows the evolution of the fitness function, the pulse energy, the bandwidth
and the central wavelength over the duration of an optimisation run, that was started
from a random configuration within the safety limits of the motorised stages. We can
see that initially there is no amplification in the OPA stages and only after around 40
generations of random sampling of the parameter space, a configuration with a low
output energy is found (compare also figure 2.32). The optimiser then starts to move
the laser configuration towards a state with significant output energy. After around
200 iterations, the optimizer converges to an optimal value, with further searches
leading to smaller improvements, with no further significant improvements occurring
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Figure 2.31 — Evolution of pulse properties during optimisation from a random initial point.
The first row shows the fitness calculated according to eq. 2.23. Below that
are the normalised output energy, the FWHM bandwidth A\ and the center
of mass wavelength of the output spectrum. The target wavelength of 792 nm
is marked by the dashed line. The light blue lines show the respective values
best configuration that has been found so far.

after about 6 minutes of optimization. The evolution of the spectrum is also visible in
figure 2.32.

This is not only significantly faster than manual tuning, but typically results in a
5-10% increase in output power and bandwidth. While the comparison is somewhat
subjective, it underlines the potential of automated tuning procedures.
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Figure 2.32 — Snapshots of the output spectrum at different stages during optimisation. The
arrow indicates the direction of evolution of the spectrum.
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The optimizer not only adjusts the parameters of the final OPCPA stage, whose output
is considered in the fitness function, but also actively adjusts the properties of the seed
and pump pulses to ensure an optimal phase matching angle of the pump — which,
due to the narrow phase matching bandwidth, also has a significant influence on the
spectral and temporal shape of the pump — as well as an optimal seed pulse. This
includes the energy of the seed pulse, but also the bandwidth and, most interestingly,
the center wavelength of the seed, which is shifted toward shorter wavelengths by
about 10 nm to pre-compensate a red shift due to temporal walk-off in the final OPA
stage.

In our specific laser system, the spatial overlap of the pump and seed beams cannot
be adjusted in an automated way, but an iterative tuning procedure with alternating
manual alignment of the mirrors and automated tuning of delays, pump energies and
phase matching angles can nevertheless lead to an overall acceleration of the alignment
of the laser system, where changes in the spatial alignment can also influence the
spectral properties, e.g. due to changes in the optical path length of the pump and
seed pulses.

2.4.4 Improved Day-to-Day Reproducibility

While the previously described approach works well to maximize the performance at
any given time, changes in the surrounding lab conditions can affect the achievable
performance. To ensure the highest possible repeatability of performance from day to
day, it may be better to use a different fitness function. An initial optimization can
indeed be done with the fitness function described above, but with slightly adjusted
limits of the parameter space, in order to leave some room for compensation of drifts
in performance. This is especially necessary in the case of the pump energies, since
these are typically limited by the conversion efficiency and only decrease with changes
in the system. Once an optimal working point is reached, the output spectrum can be
stored as a reference for future optimization runs.

By defining a fitness function that characterises the deviation of the output spectrum
from the un-normalized reference, one can reach the same spectral shape and amplitude
on a daily basis. The fitness function we minimized to achieve this can be written as

f =mean [(I(\) — Let(N)?] . (2.24)

Figure 2.33 shows the performance of the laser system over a five day period with
daily fine-tuning of the operating point of the laser system. The fine-tuning consisted
of minimising equation 2.24, starting from the current operating point and with the
initial spread of the population limited to 5% of the safety limits. This restricts the
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optimization to a small search space and allows faster convergence, which is typically
achieved in around 2 minutes. To ensure convergence, we stop the optimizer after 3
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Figure 2.33 — Reproducibility of daily optimization over a 4.5-day period. The vertical lines
show the periods of the daily optimization. The dots in the left column show
the respective optimisation outcomes. The right column shows a zoom into an
example of one of the 3-minute-long optimisation periods, with the solid line
showing a rolling mean of the respective pulse porperties.

From 2.33 we can also see that while the operation point is successfully recovered
at each optimization, there are some drifts in laser performance between the tuning
times. To compensate for these drifts, the working point of the laser system needs
to be adapted more frequently, which would be possible with a feedback loop that
stabilizes the relevant laser parameters.

2.5 Full-State Feedback Stabilisation of an OPCPA

While we will introduce a few basic concepts of state-space models and feedback control
that are necessary to understand the work done in this chapter, we advise the reader
to turn to text books such as [214], [215] and [216] for a more complete introduction
of linear control theory, which also heavily influenced the introductory sections of this
chapter.

Stabilising a complex system faces a similar challenge as optimising the system:
The output properties are strongly coupled, and multiple output properties can be
influenced by a single actuator. As a result, independent feedback loops based on
conventional single-input-single-output (SISO) feedback loops that aim to stabilize
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2 Stable, High-Quality Pulses from an OPCPA-Based Seed-Laser

separate laser properties can interfere with each other, potentially leading to resonances
and unwanted fluctuations in some of the laser parameters.

One approach to avoid such interference is to use a centralised controller that stabilizes
the overall state of the laser system, that is defined by the set of monitored output
parameters. Stabilization of multiple-input multiple-output (MIMO) systems is a
common problem throughout engineering, and a widely used solution is full-state
feedback (FSF) control. This is based on a linear state-space representation of the
system for which an analytical solution exists, that brings the system to a desired
state.

2.5.1 Overview of State Space Control

State space control relies on a simple linear model of the system that is to be controlled.
Since the 10 Hz operating frequency of the control system naturally introduces discrete
time steps, we will use the discrete-time formulation to describe the temporal evolution
of the laser system. A general state-space model can then be written as

Tpy1 = Axy + Buy,

(2.25)
yr = Cxy + Duy,

where x; € R™ is the state vector of the system at time k, which describes the current
state of the system by n different values. A € R™*™ is the so-called state matrix,
which describes the evolution of the system in the absence of external inputs, ug € RP
is a vector of external inputs from p actuators to the system, and B € R"*P is the
input matrix, which describes the influence of a given input on the state of the system.
yr € R? is the output vector, which typically consists of measurable quantities of the
system, C' € R?*™ is the output matrix, which describes the relationship between the
internal state and the ¢ measurable quantities, and D € R?*? is a so-called feedthrough
matrix, which is only relevant if inputs to the system have a direct influence on the
measurement without affecting the internal state of the system.

This rather general description can be greatly simplified for our laser system if
we assume that the state of the system is completely described by the measurable
quantities (i.e. C'=1I" with the n-dimensional identity matrix I"), that there is no
direct feedthrough (D = 0), and that the laser system — in general — remains in a
given state without external inputs (A = I"). In this case, the laser system can be
described as
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Thp41 = T + Bug, yg
’ (2.26)
= Tk,

where x;, = Ty — Tk absolute 15 @ vector of the deviations of the current absolute
values 2y absolute Of measurable quantities (e.g., output energy or center wavelength)
from their respective setpoints xy, ¢, and uy describes the relative changes in actuator
positions within the laser system.

In our specific case, the absolute state-vector

Eoprai1

Eopa2
Lk, absolute = (2.27)

AOPA2

| Aopaz |

is given by the output energy of both OPA stages, as well as the center wavelength
and bandwidth of the second OPA, while the input vector

TOPA1

TOPA2
U = (2.28)

Ep opa1

| Ep,opa2 |

consists of the pump delays 7 and the pump energies Ep of the two OPA stages,
respectively.

For such a system to be fully controllable by inputs uy, it must satisfy the controllability
condition, which can be written as [214]

rank([B AB A’B ... A" !'B])=n. (2.29)

This means that for the system to be movable to any state xjq for which the state
space model is valid, the different axes of the system must be linearly independent. For
a system in which each input influences only a single output parameter, this condition is
always satisfied, since each input-output relation is independent. However, for systems
in which individual inputs affect multiple outputs — such as the OPCPA systems we
described earlier — this is not so trivial, and controllability must be evaluated.
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If controllability is given, the system can also be stabilized. To do this, one would like
to eliminate any deviation of the system from its setpoint, which can be achieved by
making the inputs of the system dependent on the current state and thus creating a
feedback loop.

rpr1 = (I" + BK)xy, (2.30)

where K is the feedback matrix. To stabilize the system, i.e. to set xpyq < 0, we have
to solve this equation and calculate the required feedback gains K.

2.5.2 Linear Performance Model of Malcolm

A first step in solving equation 2.30 is to determine B, the influence of given change
of the actuators on the output of the laser. During the daily optimization described in
section 2.4.3, around 1000 different actuator positions around the optimized working
point of the laser are explored on a daily basis. We have recorded these actuator
positions along with the corresponding values measured by the online diagnostics of the
laser system, resulting in a dataset that contains the necessary relationships between
inputs and outputs of the laser. For small deviations from the optimum, i.e. for data
points close to the optimal working point, the relationship can be approximated to be
linear and the input matrix B can be calculated by multivariate linear regression.

We performed the linear regression on the FWHM bandwidth, pulse energy, and
center wavelength of the two OPA stages, using the 650 data points with the best
fitness value according to equation 2.24. This restricts the data set to points closest
to the working point, which ensures a linear relationship between the parameters by
omitting points heavily influenced by the nonlinear behavior of the laser system. We
further modify the measured values by subtracting their mean and normalize them
by their standard deviation to scale the parameters to a similar magnitude and allow
meaningful statistical analysis.

Since the most relevant parameters to stabilize are the output parameters of OPA2,
namely its output energy, center wavelength, and spectral bandwidth, we left the
spectral properties of OPA1 unstabilized to not over-constrain the system. As a
result, we have four stabilized output parameters: The center wavelength, the spectral
bandwidth of OPA2, and pulse energy of OPA2 and OPA1. We found that these
parameters are mainly influenced by the respective pump energy and pump pulse
delay in the two OPA stages.

Therefore, we limited our linear regression to these sets of four input and output
parameters. The measured values output values as well as the predictions of the
respective actuator positions are shown in figure 2.34, along with the the coefficient

96



2.5 Full-State Feedback Stabilisation of an OPCPA

1.257 Measured  —— Predicted | R2=0.796
€
0.75 1 -
T T T T T
1.05 1 7 R2=0.726
gE
0.95 -
T T T T T
R2=0.630
7875 -
8E MW‘NW
oc
~ T 785.0 1 -
782.5 T T T T T
1.025 R2=0.477
5€
- < 1.000
38
0.975
I T T T T I T
0 100 200 300 400 500250 275 300

Shot number

Figure 2.34 — Measured performance parameters — pulse energy, center of mass wavelength A
as well as FWHM bandwidth A\ of laser system, as well as the corresponding
predictions by the linear model based on the stage positions at the respective
laser shot.

determination, R?, of the respective output parameters. We can see that a large part
of the output variations are determined by the four input parameters. In particular,
the output energy of OPA stages 1 and 2, and center wavelength of the second OPA
stage are well represented by the model with coefficients of determination of 0.8,
0.73, and 0.63, respectively. In the case of the 10%-bandwidth, the coefficient is 0.48,
which is reasonable considering the complex couplings in the OPCPA that affect the
bandwidth.

We can further see the respective importance of the individual input parameters by
looking at the significance level of the observed correlations correlation, which is
described the p-value
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Topal Topa2z Epoprai1 Epopra2

Eopa1 0.00 [0.84 0.08 0.09

Eopa2 0.00 0.00 0.15 0.03
p= (2.31)
CWLopas2 0.00 0.00 0.67 0.33

BWopas 0.00 0.00 0.00 0.00

Lower p-values indicate that the observed correlation is more likely to be caused by
actual changes in the inputs rather than by random causes. For our application, we
have defined a cut-off of p = 0.1, above which we consider a correlation as spurious.
The corresponding elements in equations 2.31 and 2.32 are marked in red.

As an example, we can see from the low p-values in the bottom row of matrix 2.31, that
the bandwidth of OPA2 is determined by all of the four input parameters (pump delays
Topa1 and Topa2, as well as pump energies Ep opa1, Ep opa2) — again highlighting the
complex couplings in OPCPA that influence this particular parameter —, while the
center wavelength of OPA2 is determined only by the pump delays of the two OPA
stages.

To ensure the controllability of the system and to eliminate spurious correlations from
influencing the feedback loop, we simplify matrix B by eliminating parameters with
p <0.1:

TopAal Toprpa2 Epopair Epopa2

Eopas —0.88 (2ot 004  0.03
Eopra | —0.75 —0.49 @6 0.08
B = 0 0 (2.32)
CWLopas | 037  0.66 (04" (0957
BWopsa \ —0.32 0.62 010  0.11

Despite this simplification, the overall coefficient of determination of our model remains
at 0.66, indicating that the high predictability of the model is maintained. The resulting
matrix now has a rank of 4 and thus satisfies the controllability condition (eq. 2.29).
Note that the values in the input matrix B (eq. 2.32) are in normalized units.

2.5.3 Calculating Stabilization Gains

While equation 2.30 can be solved unambiguously now that we know the system
response to a given input, the direct solution of the equation generally does not provide
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a feedback matrix K that has any tolerance to model inaccuracy or measurement noise
— both of which are present in real-world implementations.

An alternative method for the calculation of K that results in a more cautious response
to changes of the system is pole placement [214]. In this method, the eigenvalues s
of the closed-loop system (1 — BK) are chosen to be —1 < |s| < 1. An eigenvalue of
s = 0 would correspond to an aggressive response of the system that aims to eliminate
the entire deviation from the setpoint within a single time-step. For values of s #£ 0,
the response is more cautious, with convergence to a stabilized state occurring over
1/|1 — s| time steps. This provides an opportunity to tune the response of the system
and to include some tolerance to an imperfect representation of the laser dynamics by
the model.

In our specific case, we found s = 0.8 to be a reasonable compromise between a fast
response to external perturbations of the system and tolerance to noise in the measured
laser properties, as well as towards drifts of the model over time.

2.5.4 Results of Full-State-Feedback-Stabilization

Figure 2.35 demonstrates the successful simultaneous stabilization of the energy,
bandwidth, and center wavelength of the laser system of the system over 5 hours.
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Figure 2.35 — Stabilized and un-stabilized laser parameters, using full-state feedback control.
The grey lines show a linear fit of the respective trands.

Due to the limited response time of the actuators used in the laser system, the
stabilization was implemented as a simple drift compensation with the feedback loop
operating at a rate of 0.5 Hz.

99



2 Stable, High-Quality Pulses from an OPCPA-Based Seed-Laser

In particular the stabilization of the bandwidth demonstrates the ability of model-based
control to influence certain output parameters without the presence of an individual
actuator that directly influence the property. Instead, a combination of all actuators
is used, with major components being the saturation level of both amplifier stages
and the timing of the pump pulses in the two OPA stages. This is also reflected in the
matrices 2.31 and 2.32.

2.6 Long-Term Stability of Malcolm

To verify the long term stability of MALCOLM, the laser was operated over period of
50 hours with the stabilization running. The resulting trends in output energy, center
wavelength, and bandwidth are shown in figure 2.36. All measurements were done
using independent diagnostics that were not used in the feedback loop. For the energy
measurement, all shots were recorded at the full repetition rate of 1kHz, while the
spectra were recorded at a rate of 1 Hz integrating over a single shot.

1.01

£ oe =0177% — Energy Stability 0.4
SRR o e———— =
B F02 2%

2 - 0.1

U099 . . . .
+1% =
o 787.5 0
SE e ) 39
~ = 787.0 4 ~ g
Oros = 24.9pm S
T T T T _1 % 'E‘
+0.5% 3
72.5 3
R — <
2E 700 - 0 28
3= ¢
6751 omyy =0.19% g
T T T T -0.5% =
0 10 20 30 40 50

Time [h]

Figure 2.36 — Long term stability of the OPCPA seeder, measured with out-of-loop diagnos-
tics. The grey lines show the respective mean values to guide the eye.

The pulse energy stability was measured to be 0.18 % rms over the entire 50 hour
measurement, while the wavelength stability was measured to be 25pm rms. The
bandwidth at 10 % intensity level was measured to vary by 0.19 % rms. The short-
term energy jitter — over 1 second — remains below 0.19% throughout the entire
measurement, with an average of 0.17 %. The energy values
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The slight drifts in the spectral properties could be traced back to a pointing drift
within the laser system which is coupled to the spectral shape through the incoupling
into the used spectrometers.

As already described in section 2.2.3, the measured energy stability is largely limited
by the resolution of the used photodiode-based energy heads, and in fact the rms
variation of the integrated counts of the single-shot spectra is only 0.13% over the
entire 50-hour measurement. The integration over many spectrometer pixels results
in higher resolution in counts and lower relative intrinsic noise than with the energy
heads. Nevertheless, the value obtained from the spectrometer counts should be taken
as an indication only, since the spectra are only recorded at 1 Hz. However, short-term
measurements of the spectrum at the full 1kHz repetition rate, show no difference in
stability compared to measurements at 1 Hz, except for additional small drifts in the
long-term measurement due to the aforementioned slow changes in coupling into the
spectrometer.

2.7 Conclusion and Future Improvements on Malcolm

In summary of this chapter, we have constructed a highly stable OPCPA-based seed
laser for high energy Ti:sapphire systems. Optimised working points of the laser system
can be reached in an automated and reproducible way, which contributes to a flexible
and yet user-friendly operation of the system. The excellent short term stability of
energy and spectrum (e.g. an rms energy stability below 0.15 %) could be maintained
over multiple days of operation with the help of a full-state feedback control. During
continuous operation over 50 hours, we measured an overall energy stability of 0.177 %
rms, a single shot wavelength stability of 25pm, and 0.19% rms variations in the
bandwidth of the output spectrum. In both the short and long term, the measured
energy stability is is largely determined by the inherent noise of the measurement
setup, with measurements using the integrated counts of single shot spectra or camera
images indicating a stability around 0.1 %. The excellent short term stability is largely
achieved through passive stability of the system through saturation the gain in the
OPA stages, which leads to spatio-spectral couplings that adversely affect the pulse
quality. We have thoroughly characterised this saturation-induced degradation by
measuring the full 3-dimensional spatio-spectral electric field of the pulses and could
use these measurements to filter out degraded portions of the pulse and retrieve
yield an excellent beam quality. The resulting pulse have excellent wavefront quality
quantified by a full spatio-spectral Strehl ratio of 0.85 and a M? of 1.2.

Nevertheless, there is still room for improvement in the lasers system’s characteristics —
in particular, the output energy, which only barely meets the requirements for seeding
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the subsequent Ti:sapphire amplifiers without much headroom in case of a power
degradation. We will therefore look at some potential improvements in the following.

SHG Improvement

A primary limitation of the overall efficiency of the OPCPA system — and thus its
output energy — is the efficiency of the SHG-based pump generation. In section 2.2.1
we already hinted at the potential 1.5x improvement in efficiency by using KDP as a
nonlinear crystal instead of BBO. However, due to the hygroscopicity and therefore
poor lifetime of KDP, we decided to use the more robust BBO for the time being.

In order to prevent degradation of the KDP, it must be operated in a dry environment,
which can be achieved either by placing the crystal in a hermetically sealed housing or
by operating it at an elevated temperature compared to the environment. To eliminate
any potential convection in the laser housing, all heat sources have been removed from
it and adding a crystal heater to the KDP crystal would be counterproductive. Sealed
housings, on the other hand, have an input and output window through which the
beam is transmitted, resulting in the accumulation of B-integral, which has already
been observed to cause a degradation of the pump beam quality.

A possible solution to this problem would be to adapt the housing design so that
the humidity inside the housing can be maintained at a safe level of <20%. If the
lifetime and degradation rate of the KDP crystals is well characterized, the full state
feedback control could also be adjusted to compensate for the decrease in pump energy.
However, this would mean that the pump energy used would initially have to be
severely restricted in order to have sufficient headroom in the control, which would
slightly reduce the desired benefit of using KDP.

OPA Efficiency Upgrade

Another way to increase the output energy of the laser is to adapt the parametric
amplifier design to increase the efficiency of the pump-to-signal conversion. Several
approaches have been proposed in the literature [113, 217-219], all of which rely on
eliminating the idler photons from the amplification process. The most feasible such
setup in MALCOLM would be the installation of a third amplifier stage in which the
signal and the residual pump from OPA2 would again overlap, resulting in additional
extraction of energy from the pump pulse. However, the total crystal length in such a
scenario would become comparable to the pulse splitting length between pump and
signal, and the group delay difference between pump and signal would have to be
compensated between the crystals. First numerical simulations of such a setup (see
figure 2.37) suggest an increase in signal energy of up to 2x.
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Due to the high ratio of signal to pump pulse energy, the third amplifier stage would
quickly reach the back-conversion regime and thus only a short amplifier crystal would
be needed. Furthermore, the length of the first crystal could be reduced from the
current length of OPA2; so that the highly saturated amplification takes place primarily
in the third crystal. As a consequence of shortening both crystals, the phase matching
of the amplifier (OPA2+3) would have a larger spectral and angular acceptance
than the currently installed OPA2, resulting in a slightly increased bandwidth of the
amplified pulses.
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Figure 2.37 — OPA signal energy with recycling of the residual pump energy in a third OPA
crystal. The final amplifier would then consist of two OPA crystals: Crystal 1
and Crystal 2.

If the group velocity difference is not compensated between the OPCPA crystals, a
slightly lower energy increase of around 1.5x can still be expected, but the benefits
in terms of increased angular and spectral acceptance are largely diminished by
sub-optimal temporal overlap of the pump and signal pulses, which makes a longer
interaction length of the pulses necessary to reach the same gain.

As a conservative estimate, the overall increase in output energy of the OPCPA — if
both the SHG and the final parametric amplifier are upgraded — could be on the order
of 2x, resulting in an output energy of approximately 100 pJ.

Machine Learning-Assisted Control

The results on automated tuning and full-state feedback that have been presented
in this chapter are a promising first step and are transferable also to other ultrafast
and high-energy laser systems. They demonstrate a possible method for achieving
the high degree of control and stability that will ultimately be required from future
LWFA drive lasers. However, these results are based on simple time-invariant linear
models, which have their limitations, especially if wide tunability is required, or if
high-precision stabilization should be implemented over long time scales, during which
the system may change, causing the validity of the models to decrease with time.
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Figure 2.38 — Histograms of the error of the prediction of spectral properties of the second
OPA stage, by a linear and a neural network-based model. The vertical tick-
separation corresponds to 100 datapoints.

More complex, continuously updated and non-linear models are expected to provide a
better description of the laser dynamics, and initial results indeed confirm that e.g.
neural network based models can describe the laser dynamics in a more reproducible
way and over a larger parameter space where the assumed linearity of a state space
model is no longer given. A comparison between a linear and a non-linear model is
shown in figure 2.38. The nonlinear model in this case consists of a neural network
with an input layer (7 units), a single hidden layer of 64 units with a rectifier activation,
and an output layer of 7 units with a linear activation. For training the neural network,
we used all 7 actuators of the laser system (phase matching angles of both OPA stages
and SHG, pump delays of both OPA stages as well as pump energy of both OPA
stages), in contrast to the reduced set of input parameters used for the full state
feedback stabilisation described earlier in this chapter. The dataset consisted of a total
of approximately 12000 data points collected during the daily optimisation routine over
a period of 1 month. Unlike the data used to fit the linear model for FSF stabilisation,
we did not restrict the data to points with a high objective function, but used the full
data set. The data set was split into a training and a test set in a 90/10 ratio. Due to
the slightly different setting of the experiment, the R2-values of the linear model in
figure 2.38 are not directly comparable to the results we showed previously in section
2.5.2. Nevertheless we can see that without the restriction to a small, asymptotically
linear parameter space, the nonlinear model clearly outperforms the linear model and
the predictions have a smaller deviation from the measured values.
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A key challenge in scaling the average power of ultrafast laser sources lies in the
scalability of the main amplifiers pump sources and the thermal management of
the final high-energy amplifiers themselves. Both of these factors are particularly
challenging in the case of Ti:sapphire based laser systems, that are currently the
only technology capable of routinely producing peak powers higher than 100 TW,
which is needed to accelerate electrons to the GeV range. The challenges of scaling
to higher average power at repetition rates in the 0.1 to 1kHz range, arise from
inherent properties of the Ti:sapphire material. In the following section, we will give a
brief overview of the specifics of Ti:sapphire as an amplifier medium, followed by two
sections of which the first addresses a scalable solution for generating high average
power beams, and the second shows the conceptual design of a 100 Hz, Joule-level
Ti:sapphire amplifier.

3.1 Overview of Ti:sapphire Lasers

The origin of all advantages of Ti:sapphire relevant to high-intensity pulse generation
and the challenges in scaling to high average power operation can be traced back to its
spectroscopic properties. These properties allow femtosecond pulses to be efficiently
amplified to Joule-level energies, but also result in the generation of comparably
large amounts of excess heat and a short excitation lifetime, which makes pumping
of Ti:sapphire more challenging than for many other laser materials. The following
two sections will provide a detailed overview of these properties in order to provide a
context for the following sections on the generation of suitable high repetition rate
pump pulses and a high average power Ti:sapphire amplifier.

3.1.1 Amplification in Ti:sapphire

Ti3T:Al,03 (Ti:sapphire) is a quasi-4-level laser material with an unusually large
emission bandwidth, which makes it interesting for various applications in spectroscopy
and ultrafast laser science. The broad emission (see figure 3.1) supports the generation
of 5 fs laser pulses in Kerr-lens mode-locked oscillators [220] or tuneable lasers that
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Figure 3.1 — Emission (0¢m) and absorption cross-sections (oaps) of Ti:sapphire in - and
o-polarisation at room temperature [26, 222]

cover a spectral range from < 700 nm to > 1000 nm [221], with the highest efficiency at
wavelengths around 800 nm. The peak emission cross-section of oem = 3.77 x 10719 cm?
yields a saturation fluence of Jyu = hv/0en =0.7J cm™2, which allows for an efficient
energy extraction at moderate fluences, making it possible to construct efficient high
energy amplifiers. Amplifiers with tens to hundreds of joules of output energy have been
demonstrated at multiple facilities [156]. Combined with typical pulse durations of
20-30fs, this results in multi-PW peak powers and excellent suitability for LWFA-based

electron acceleration.

While the thermal properties of sapphire make it an excellent host material for high
average power laser systems, heat management of Ti:sapphire amplifiers is challenging
due to the high heat-load that comes with the high quantum defect of roughly 35%.
This means that roughly a third of the incident pump power is directly converted
into heat that must be removed from the amplifier crystal to prevent thermal effects
such as thermal lensing from degrading the beam quality of the amplified beam. As a
result, the Joule-level Ti:sapphire amplifiers typically operate at a repetition rate below
10Hz — far from the kHz level repetition rate that is desired for future laser-wakefield
accelerators.

3.1.2 Pumping Ti:sapphire

As shown in figure 3.1, the absorption band of Ti:sapphire is centered around
490 nm [223], which means that also the pump source should have a wavelength in
the blue/green spectral region. Typically, frequency doubled, Q-switched neodymium
(Nd) or ytterbium (Yb) lasers have been used for this purpose. After frequency
doubling, these lasers can deliver pulses at wavelengths around 510-532 nm, close to
the peak absorption of Ti:sapphire crystals. Historically, mostly Nd-based lasers have
been used because the low saturation fluence of Nd-based gain media allows efficient
energy extraction and comparatively simple generation of high energy pulses. These
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lasers have been pumped by flashlamps, which — while providing very large amounts
of energy for up to MJ laser systems [156] — have two key problems that prevent
their use at high repetition rate: first, the electronics that provide the pulsed current
for flashlamp operation are typically limited to repetition rates well below 100 Hz
(although operation up to 100 Hz is possible in some special cases [224]). Due to the
short lifetime of flashlamps of a few tens of millions to around a hundred million shots,
the high repetition rate shortens the maintenance intervals to impractical durations.
Second, the ratio of the of extremely broad emission bandwidth of the flashlamps
to the narrow absorption band of Nd-based laser materials, leads to percent-level
efficiency and thus to an unreasonable wall-plug efficiency of the overall laser system.

Diode-pumped solid state lasers (DPSS) are much more reasonably scalable to high
repetition rates, but have only become relevant for pumping high energy Ti:sapphire
systems in in the last decade. A prominent example of the use of this technology is
the HAPLS laser system [225] developed at Lawrence Livermore National Lab with a
specified peak power of 1 PW at 10 Hz repetition rate. However, there are also other
examples of higher repetition rate at reasonably high pulse energies (e.g. >200mJ at
100 Hz [226]), and mJ-level pulses are routinely available at kHz repetition rates in
various commercial Ti:sapphire laser systems. From these observations, one can quickly
come to the conclusion that diode pumped solid state lasers are an excellent option for
simultaneous high energy and high repetition rate pump sources for Ti:sapphire lasers.
With the increase in repetition rate that is made possible by diode pumping, the
average power of pump lasers also increases. The particularly low quantum defect of
Yb-based lasers makes them in certain aspects even more interesting for high average
power operation than Nd-based lasers. However, Yb-based lasers have the disadvantage
of high saturation fluences, which make the efficient extraction of high pulse energies
more difficult than in the case of neodymium.

A further improvement of the wall-plug efficiency of Ti:sapphire amplifiers could
be achieved by direct diode pumping of the Ti:sapphire [227, 228], eliminating the
intermediate Nd- or Yb-doped solid-state laser and subsequent frequency conversion
from the near-infrared to the absorption band of Ti:sapphire. However, this approach
is currently limited to high repetition rate, low energy lasers, despite rapid progress in
the development of laser diodes in the 500 nm range in recent years. The challenge
for this technology lies in the limited brightness of currently available laser diodes
around 500 nm and the short upper-state lifetime of only around 3.2 us in Ti:sapphire.
Any pump energy contributing to the gain must be delivered in a time significantly
shorter than this lifetime, which, even in the case of state-of-the-art 2 kW-level laser
diodes [229], is in the sub-10mJ range. In addition, the highest average power
laser diodes are currently only available at comparatively short wavelengths below
approximately 470 nm [230], which has often been observed to contribute to induced
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absorption at the seed wavelength of 800 nm, significantly degrading the pump-to-signal
efficiency of the Ti:sapphire amplifier [231].

This makes diode pumped Yb:doped or Nd:doped laser, delivering high energy pulses
with nanosecond duration, currently the best available option for high average power
Ti:sapphire pumping.

3.2 High Average Power Pump Generation

For a targeted pulse energy of 3J out of a Ti:sapphire amplifier, one can estimate the
required pulse energy from a Q-switched Yb-based laser that would provide the pump
pulses. A typical optical-to-optical efficiency of saturated Ti:sapphire amplifiers is
about 40%, resulting in a required pump energy of 7.5J at 500 nm, and a corresponding
average power of 7.5kW at the desired repetition rate of 1 kHz. Adding an estimated
60% efficiency in converting the Yb laser wavelength of 1030 nm to 515 nm by second
harmonic generation (SHG), we can conclude that about 12.5J of energy from the Yb
laser will be needed to amplify 3J in the Ti:sapphire amplifier. At a repetition rate
of 1kHz, this corresponds to an average power of 12.5kW, which in itself presents
challenges that require careful engineering and thermal management of the Yb laser
system.

Three main approaches for generating such high average power beams have been
established over the past decades: Thin disk amplifiers, slab amplifiers, and fiber
lasers. In all three approaches, the geometry of the gain medium is modified to provide
optimal heat extraction. We discuss the first two in more detail in section 3.3.1, and
for now discuss fiber lasers as a potential, highly scalable approach to pump generation
for Ti:sapphire lasers.

The high aspect ratio of an optical fiber results in a large surface area, that allows
for efficient heat extraction, enabling the operation of fiber amplifiers at kW-level
average power without complex cooling concepts. As an additional benefit, the inherent
guiding of the beam in the fiber core leads to a mechanically robust design with a long
interaction length between the pulse and the gain medium, resulting in a compact
single pass amplifiers with high average power. The maximum energy that a single
fiber core can support is strongly limited, but the approach can be highly parallelized,
so that a large number of fibers cores could be used to provide a combined energy of
several Joule, while the individual fiber cores carry only moderate pulse energy and
average power.

This method has been used to demonstrate average powers in excess of 10kW with ex-
cellent beam quality [106]. An additional factor that further improves the compactness
and therefore scalability of the laser is the combination of multiple amplifier cores in a
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single fiber, as it is done in the multi-core fiber approach pioneered at the Helmholtz
Institute Jena [232].

3.2.1 Brief Overview of the Multi-Core Fiber (MCF) Concept

The laser system described in this subsection was developed Christopher Aleshire et
al. at the Helmholtz-Institut Jena and Fraunhofer Institut Jena, with no contributions
from the author of this thesis. The description is included to illustrate applicability
of the laser for pumping high energy Ti:sapphire systems, and the specific challenges
presented by the lasers architecture for pumping Ti:sapphire amplifiers. Further details
of the laser system can be found in [233].

The key feature of the multi-core fiber design is the combination of multiple doped
amplifier cores in a single cladding that is used to guide the beam of a pump source.
Due to the significantly larger core diameter of the cladding, the pump source does
not need to have a high beam quality and e.g. highly multimode diode lasers can be
used, which are available with average power in the tens of kW range. The pump
is uniformly absorbed in all Yb-doped amplifier cores, through which a seed beam
propagates and is amplified. Currently, the typical number of cores per fiber is around
16, but designs with square core arrays of 16 x 16 = 256 cores have been envisioned,
and 10 x 10 fibers have been studied as feasible with moderate technical difficulty [234].
Due to the high aspect ratio geometry of the amplifier cores, the advantageous thermal
properties and efficient heat dissipation of fiber lasers are largely preserved, while
the overall setup is greatly simplified, as components for fiber cooling and potential
free-space beam routing between amplification stages can be handled in the same way
as with a single beam from a single-core fiber.

Pump cladding 50 .
um Yb:doped
™~ — cores
= 4x4 MCF = Q-switch == 4x4 MCF =><€= SHG = == Ti:Sapphire
Oscillator o Amplifier ' Imla_gi'ng Fourier
1030nm 16x 2mJ transform
16x 220ud

1kHz
Figure 3.2 — Schematic overview of the Q-switched multi-core fiber laser. The top image

shows the end-facet of a 4x4 core multicore fiber. The oscillator and amplifier of
the laser system shown in the bottom have previously been reported on in [233].
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The scalability of this technology to kW-level average power has been demonstrated in
the case of coherently combined ultrafast lasers [235] and recently also the operation
of a Q-switched system delivering nanosecond pulses with up to 49 mJ of combined
energy out of 16 cores has been demonstrated [233].

This latter high-energy laser system was used in the the experiments that we’ll discuss
later in this section. It consists of a MOPA design with an oscillator cavity that is
Q-switched using a Pockels cell. The amplifying module in the cavity is a 4 x 4 = 16
core Yb-doped fiber with a core diameter of 50 ym. The oscillator output — with a pulse
duration around 20ns and an energy of 220 uJ per core — is imaged into a subsequent
98 cm long amplifier fiber. The fiber input is tapered with the core diameter increasing
from 19 pm to 50 pm over a distance of 20 cm to suppress higher order mode content
and thus improve the amplified beam profile. The seed beam is amplified to up to 3 mJ
at a 1kHz repetition rate, although at the time of the experiments presented in this
chapter, only up to 2mJ were available. The resulting beam profile is shown in figure
3.3. The slight radial dependence of the beam profiles of the individual cores is due to
refractive index changes due to small thermal gradients in the multicore fiber.
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Figure 3.3 — Beam profile of the tapered multicore fiber output.

The combination of this technology with large mode diameters, in combination with
a further increase in core count can pave the way towards Joule-class fiber laser
technology that would be an excellent candidate for pumping high energy Ti:sapphire
laser systems with kW average power. Individually these two features have been
demonstrated, with single core nanosecond fiber lasers delivering pulse energies on the
order of 100 mJ [236-238], and studies on multi-core fibers showing scalability to large
core-counts [234]. While Joule-level MCF-lasers thus seem to be technically feasible,
another challenge lies in dealing with the multi-aperture profile of the beams amplified
in an MCF fiber and transforming it into a single aperture that would be needed in
a Ti:sapphire amplifier crystal. Due to the collinear nature of the individual MCF
cores, a propagation to the Fourier plane — as can be done with a single lens — yields a
uniform beamprofile that consists of the superposition of all individual beams with a
Gaussian intensity distribution, as shown in figure 3.3.
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O

Figure 3.4 — Beam profile of the tapered multicore fiber output, propagated to the Fourier
plane with a single lens.

Converting the 1 um fiber lasers output to the 500 nm range can be done through
second harmonic generation. Due to the tens of nanosecond range — 20ns in the
case of the 49 mJ-system from Jena — relatively small beams are needed to reach an
intensity on the GW /cm? level, that allows efficient SHG. Such intensities can easily be
achieved in the imaged, multi-aperture MCF-output, which also has the advantage of
parallel propagation of the beamlets (which is particularly important in critical phase
matching with limited angular acceptance). We will therefore pursue this approach
in the following sections. As suggested previously, the multi-aperture beam can then
be converted to its single-aperture, far-field version, as it is also indicated in figure
3.11.

3.2.2 Simulations and Experimental Results on MCF-Based SHG

The simulations presented in this subsection were performed by the author of the thesis
in preparation of the experiments, which were carried out in close collaboration with
Christopher Aleshire, Arno Klenke, Cesar Jauregui and Jens Limpert at Helmholtz-
Institut Jena. The experimental results have been published in [43].

In order to use the output of the MCF-laser for pumping Ti:sapphire, the 1030 nm
output needs to be converted to the absorption band around 500 nm by SHG. For this
purpose, the individual fiber cores are imaged onto a nonlinear crystal. To ensure
a high conversion efficiency, a high intensity and high phase matching efficiency are
required. Typical damage thresholds of AR-coatings at ns pulse duration are around
1 GW/cm?, and to stay below the LIDT by a safety margin of 2, the 20 ns, 2mJ output
of the fiber needs to be imaged onto the nonlinear crystal with a magnification of
approximately 3.75x to a beam diameter of around 187 um.

For such small beams, a nonlinear crystal with low walk-off — possibly even eliminating
walk-off through non-critical phase matching — is required to ensure high conversion
efficiency. In addition, the crystal should have low absorption and high damage
threshold to ensure safe operation at high average power, and should be commercially
available in large dimensions to ensure scalability to high energy systems. LBO fulfills
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all these requirements and was therefore chosen as the nonlinear material and has been
used in numerous high energy and high average power applications [107, 239-243].

For comparison, the commonly used BBO would not be suitable due to its larger
walk-off angle of 57 mrad compared to 8.16 mrad in LBO. At an intensity of 1 GW /cm?,
a crystal length of 17 mm would be required to maximize conversion efficiency. After
this distance, the spatial walk-off would be about 1 mm — much larger than the beam
size and thus preventing efficient frequency conversion.

KTP is also often used for frequency doubling of nanosecond lasers. However, its lower
damage threshold of about 0.3-0.6 GW /cm? would mean that one would have to operate
with a large beam diameter (1.5-2 times larger than that required for LBO). The
resulting walk-off relative to beam size and maximum achievable conversion efficiency
is comparable to LBO when using critical type 1 or type 2 phase matching. However,
it has a significantly higher absorption coefficient (typically around 50-100 ppm/cm),
which makes it less favorable than LBO for high average power applications. In
addition, KTP does not support non-critical phase matching, which — as mentioned
above — is possible with LBO [244]. As a consequence, we LBO is the preferred
material for an experimental implementation of such a frequency conversion setup.
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Figure 3.5 — Radius (1/e?) of an individual beamlet in the relay imaging from the output
facet of a fiber to the SHG. The beam radius at the fiber output is 25 pm, with
the M=3.75 magnification resulting in a 93.75 ym minimal radius in the SHG
crystal. The dashed lines indicate the locations of the f=40 mm collimation lens
and the f=150 mm focusing lens. The shaded area indicates the location of a
30 mm long crystal. The turquoise line indicated the intensity of the fundamental
beam, with a peak of 450 MW /cm?

Figure 3.5 shows the caustic of a beam relay imaged with f=40 mm and f=150 mm
lenses, corresponding to the desired 3.75x magnification and 1 GW/cm? peak intensity.
Typical crystal lengths for nanosecond SHG setups are on the order of 2-3 cm and it is
clearly visible in figure 3.5 that over marked the 30 mm area around the focus, the
beam has a strongly varying size and divergence angle with a maximum of 3.2 mrad
(internal angle in LBO). This would result in a significantly reduced phase matching
efficiency if such a beam were focused into a critically phase matched LBO which has
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an FWHM angular tolerance of 6.8 mrad-cm. It is therefore better to use non-critical
phase matching, which is possible at a temperature of 190°C. However, even in that
case, the beam size and intensity (see fig. 3.5) strongly varies during propagation
through the typically few-centimeter long LBO crystal. To accurately study the
frequency conversion, numerical simulations are necessray.

Numerical simulation of second harmonic generation of nanosecond pulses

Most established simulation tools are not suitable for simulating the second harmonic
generation of small-diameter, nanosecond pulses, as e.g. the commonly used SNLO
software [245] does not take into account the natural diffraction of the beam. chi3D
on the other hand — which we used for the short pulse OPCPA simulations in chapter
2 — would be able to describe the pulse propagation correctly. However, its algorithm
requires sampling of the full electric field from the sub-wavelength scale to the full
nanosecond pulse duration, resulting in impractical memory requirements for long-
pulse simulations. For our application, we have therefore developed a custom tool to
simulate the second harmonic generation of small beam nanosecond pulses.

The first step is to define the electric field amplitude of the input pulse. In our
application to narrow-band nanosecond pulses, it is sufficient to consider a monochro-
matic beam and neglect dispersive effects. In our specific example, this can be seen
by comparing the 0.5 nm bandwidth of the MCF-laser with the 2.3 nm acceptance
bandwidth of an LBO crystal with a typical length of 30 mm.

As a result, we will use a description of the electric field amplitude of our pulse
that only considers the spatial and temporal amplitude variations as A(z,y,t). This
amplitude can be derived from the assumed intensity profile of the input pulse —
in an idealized case, for example, a simple 3-dimensional Gaussian profile, or from
user-defined intensity profiles derived, e.g. determined from measured data.

In section 2.1.4 we have already introduced the differential equations that describe the
nonlinear propagation of the fundamental and the formation of the second harmonic
pulse:
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In addition, linear propagation and natural diffraction of both pulses must be considered.
This behavior is well described in the Fourier domain, where the intensity profile after
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propagation of length z can be calculated by multiplying the amplitude with a transfer
function according to [246]
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where F , is the two-dimensional spatial Fourier transform, F_ ; is the inverse Fourier
transform, and f,, = k,, /27 are the transverse spatial frequencies.

To combine the nonlinear and linear propagation in a single algorithm, a split-step
Fourier approach is used. This means that the propagation through the nonlinear
crystal is divided into N steps of length dz = lcystal/N, in which the linear and
nonlinear propagation are evaluated alternatingly. The nonlinear propagation step
over the distance dz consists of solving the differential equations (3.1) using a 4!
order Runge-Kutta method. The linear step, on the other hand, is performed in the
Fourier domain according to the equation 3.2. The figure 3.6 illustrates the iterative
algorithm and the corresponding Python code is available at [247].
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Figure 3.6 — Schematic overview of the SHG simulation steps

The results of this approach have been verified to agree with measurements of large-
beam SHG setups and simulations of similar large-beam, long-pulse SHG setups using
SNLO [245]. As we will see later in this section, the frequency conversion of small
beams with significant diffraction — such as the MCF output — could also be reliably
reproduced.

Using this approach, we can thus calculate the evolution of the MCF-lasers output
pulse and its frequency doubled counterpart as it propagates through the second
harmonic crystal. Figure 3.7 shows the SHG energy for a 2mJ fundamental pulse with
the previously described 20 ns duration and 187 pm beam diameter. The spatial and

114



3.2 High Average Power Pump Generation

temporal intensity profiles are assumed to be perfectly Gaussian. After a propagation
distance of 30 mm, a peak conversion efficiency of 77% is reached.

0.8
1.5
L 0.6
2 1.0
% F0.4 <
'
0.5 o0
0.0 T T T T 0.0
0 10 20 30 40 50

Crystal length [mm]

Figure 3.7 — Conversion efficiency of second harmonic generation in non-critically phase
matched LBO with a peak intensity of 450 MW /cm? in the nonlinear crystal.
The pulse energy of the fundamental is 2mJ, the pulse duration is 20ns FWHM
and the 1/e? beam radius is 93.75 um.

First experimental results in frequency doubling of the MCF output

The 30 mm long crystal was therefore used to experimentally verify the conversion
efficiency. For this purpose, the beam was focused into a 6x6x30 mm LBO crystal, which
was set to the non-critical phase matching temperature of 190°C. The fundamental
and second harmonic beams were separated immediately after the LBO crystal using
dichroic mirrors that reflect the second harmonic. Figure 3.8 shows the resulting
output power and the calculated conversion efficiency with a maximum of 51.7%,
corresponding to a power of 17 W at 515 nm.
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Figure 3.8 — Measured conversion power of the second harmonic, as well as conversion
efficiency of the MCF-pumped SHG. The dashed curves show the simulated
conversion efficiency and output power, using measured spatial and temporal
intensity profiles as simulation inputs.
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This measured efficiency is of course significantly lower than the previously estimated
77%. However, using the real intensity profiles of the fundamental that were present
in the experiment (see figure 3.3 for the spatial profiles and figure 3.9 for the temporal
shape), the calculated conversion efficiency decreases to only 52.5% at the input energy
of 1.58 mJ, where the highest conversion efficiency of 51.7% was measured in the
experiment. As can be seen from the overall trend of the output power in Figure 3.8,
the simulations are in excellent agreement with the measurements.
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Figure 3.9 — Temporal profile of the MCF lasers output pulse that was used as an input for
numerical simulations. The profile is measured using a fast photodiode.

Figure 3.10 compares the conversion of the idealized Gaussian pulses with that of the
measured spatial and temporal intensity profiles. We can again see that the use of
the real beam profiles has a significant impact on the simulated conversion efficiency.
Furthermore, the conversion is sensitive to the exact focus position of the focus, and
excellent agreement with the measurements is obtained by setting the focus position to
12.8 mm from the crystal input surface and by assuming a small temperature deviation
of 0.2K from the perfect phase matching temperature. Both adjustments are well
within tolerance of the experimental parameters. Finally, we can see that an increase
of the conversion efficiency to more than 65% should be possible in the experiment by
optimizing the experimental setup, especially with respect to the crystal length.

The beam profile of the converted beam is shown in the figure 3.3. The right panels
of the figure show the Gaussian far-field profile of the incoherently combined beams.
The resulting single aperture intensity profile is suitable for pumping a Ti:sapphire
amplifier. However, the Gaussian shape is not ideal for efficient energy extraction from
a Ti:sapphire amplifier. To improve this, an intermediate beam profile can be used
between the near-field and far-field planes, resulting in a flat-top intensity profile that
is much more suitable for pumping high-energy amplifiers. As a consequence of the
square arrangement of the fiber cores, the resulting flat-top beam profile is also square,
but this can be made round by a suitable arrangement of the fiber cores [248].

Critical phase matching was tested in a 25 mm LBO crystal, but resulted in a conversion
efficiency of only 40 %, which is expected to be caused by the above mentioned angular
sensitivity of critical phase matching and spatial walk-off.

116



3.2 High Average Power Pump Generation

154 — Meas. beam, adj. zp, T
| == Meas. beam
E 104 Gaussian beam
: | R
w
0.5 1
X Measurement
OO T T T T
0.0 0.5 1.0 1.5 2.0

Input energy [mJ]

Eoy [MJ]

F0.75 &
1.0 TS - o)
. /// ~o S
/ 1050 5
/ c
/ o
054 / ?
/ -0.25 o
/ c
/ e}
/ o
0.0 T T 0.00
0 10 20 30

Crystal length [mm]

Figure 3.10 — Simulated output energy of the SHG. The left panel shows the output energy
for different input beam properties: Gaussian pulses with optimized focus
position and perfect phase matching, the same using measured spatial and
temporal profiles, and finally measured profiles with adapted focus position zg
and crystal temperature T to optimize the agreement with the measurement.
The right panel shows the pulse energy along the propagation through the LBO
crystal for the respective scenarios and at an input pulse energy of 1.58 mJ,
where the highest conversion efficiency was observed in the experiment.

These first experimental results are a promising first step towards demonstrating the
feasibility of multicore fiber lasers as a potential pump for Ti:sapphire-based laser

systems.
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Figure 3.11 — Beam profiles of the frequency doubled MCF output. A: The array of beamlets
imaged at the SHG crystals output, B: an intermediate image plane where a
flattop beam profile is achieved and C: far-field beam profile of the incoherently
combined beams. For comparison, see also the profiles of the fundamental

beams in figures 3.3 and 3.4.
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3.2.3 Frequency Conversion of a 2.5 kW MCF Fiber Laser

With the first demonstration of frequency doubling of an MCF laser’s output, along
with good agreement with theory, we can now consider a full-scale joule-level version
of the setup with an envisioned MCF fiber setup of 16 x 16 = 256 cores and an output
energy of 10mJ, which is well within realistic limits for multi-mode fibers. After first
looking at the slightly modified conversion process due to the higher pulse energy, we
will proceed with some thermal considerations that need to be taken into account at
the 2.5 kW average power of the entire MCF output.

Second Harmonic Generation

In particular the higher power per MCF core has significant advantages for second
harmonic generation, which can result in greatly improved conversion efficiency because
larger beam sizes can be used in the nonlinear crystal, largely eliminating the propaga-
tion effects that limited conversion efficiency in early experiments. For example, in the
case of M=8.3 imaging from the MCF fiber to the SHG crystal — for which the peak
intensity would remain approximately the same — the beam size and therefore the
Rayleigh length would be more than doubled, resulting in an almost negligible beam
size variation during propagation through the nonlinear crystal (see figure 3.12).
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Figure 3.12 — Radius (1/e?) of an individual beamlet in the relay imaging from the output
facet of a fiber to the SHG. Compared to figure 3.5, the magnification is
increased to M=8.3 to maintain an approximately equal peak intensity of
480 MW /cm?. The variation of the intensity along the propagation through
the LBO crystal is however decreased to only approximately 4.5%.

As a result of this reduced diffraction, the simulated conversion efficiency increases
to 85% for ideal, Gaussian pulses and to 83% using the measured beam properties.
Increasing the single-core energy is therefore an important step in increasing the
efficiency to a level comparable to other high-energy nanosecond laser systems. If
such an energy increase is achieved, it would also have a significant impact on the
overall efficiency of the pump laser system. As a result, fewer pump lasers would be
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required for the Ti:sapphire amplifier, significantly reducing the overall cost of the
laser system.
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Figure 3.13 — Conversion efficiency of second harmonic generation in non-critically phase
matched LBO with a peak intensity of 480 MW /cm?. The pulse energy is
10mJ, the pulse duration 20 ns FWHM and the beamsize is magnified by a
factor of 8.3 from the fiber output facet. The minimal beam waist of the
Gaussian beam is thus 206 pm.

Thermal Considerations at High Average Power

While the bulk absorption of LBO at both the 1030 nm and 515 nm wavelengths is low
at approximately 2 ppm/cm and 8 ppm/cm, respectively, in high quality crystals [249],
LBO also shows a strong thermal dependence of the phase matching conditions, and
thus it is necessary to evaluate whether the high average power leads to a locally
varying temperature increase in the crystal that may degrade the conversion efficiency.
To estimate whether this is a limiting factor for the conversion efficiency of a high
average power SHG, we simulate the thermal gradients in such an SHG crystal using
COMSOL Multiphysics [250] with its heat transport module. As input parameters
for the simulation we used the thermal properties of LBO published in [251] and a
crystal aperture of 30 x 30 mm?. The beam properties and crystal length are the same
as in the previously described simulations of the second harmonic generation itself.
We assume a room temperature of 300 K as the base temperature applied to the outer
faces of the crystal, and consider radiative and convective cooling on the input and
output faces of the crystal. The locally varying heat source was calculated from the
locally absorbed power using the respective power of the fundamental and second
harmonic at the values shown in figure 3.13 as well as the above mentioned absorption
values for the fundamental and second harmonic.

At the maximum average power of 2.56 kW in the entire array of beamlets, we observe
a peak-to-peak temperature difference of approximately 70 mK. The temperature
distribution follows a radial symmetry with a peak reached towards the output side
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Figure 3.14 — Top: Total power (solid lines) of the fundamental and second harmonic beams,
as well as locally absorbed power Oy, (Paps) in mWmm~! (dashed line). The
bottom shows a cut through the central portion of a non-critically phase
matched SHG crystal and resulting temperature distribution. The shaded
areas show the location and size of the beamlets as a reference. The peak-to-
peak temperature difference is 70 mK.

of the crystal where the total absorbed power is high due to the high fraction of
power at 515nm (see Fig. 3.14). The temperature difference would result in a Ak
of approximately 130 mrad, which would correspond to a reduction in conversion
efficiency of about 1%, and thus the induced thermal gradients are indeed negligible
and LBO is a feasible nonlinear medium for generating second harmonic even at kW
average poOwer.
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Figure 3.15 — SHG conversion efficiency (solid line) and accumulated wavevector mismatch

AkL (dashed line) as a function of temperature deviation for a 35 mm long
LBO crystal for non-critical phase matching.
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3.2.4 Outlook on High Average Power Pump Generation

Multi-core fiber-based lasers have been shown to be capable of delivering kW-level
average power in a compact setup, and due to their scalability in the core count, they
should also scale in pulse energy, resulting in a potential path toward the generation
of Joule-level pulses at 1030 nm. In contrast to other high-energy Yb and Nd lasers
[107, 252], the MCF approach is more compact and does not require complex cooling
technologies such as cryogenic amplifiers.

The results we have presented in this section show the very first conversion of the
multi-aperture beam of such a laser to 515 nm. In our experiments, we achieved a total
output energy of 17mJ, which can be converted into a smooth, high-quality beam
profile suitable for pumping Ti:sapphire amplifiers. The measured output energy is well
reproducible in simulations using a custom simulation code. In those simulations, we
also see that the conversion efficiency in the experiment was limited by the properties
of the MCF laser itself — in particular, the 2mJ pulse energy of a single core. However,
it has already been shown experimentally that scaling to higher energies is possible,
which will make it possible to increase the conversion efficiency to a level comparable
to other high-energy laser systems. In fact, new fibers with a higher number of cores
and higher output energy per core are under development, bringing the average power
closer to the ultimately desired kW level, which would be needed to pump a kW-level
drive laser for laser wakefield acceleration.

Further simulations of the thermal gradients that develop in the LBO crystals, show
that the described SHG-setup is scalable to multi-kW level average power. The
thermal gradients that develop in a 2.5 kW laser will not have a significant influence
on the phase matching conditions of the frequency conversion and will not limit the
performance of such a potential future pump laser.

3.3 High Average Power Ti:sapphire Amplifiers

In a first phase of the development of the KALDERA laser system, an operation with
at an on-target pulse energy above 500 mJ at 100 Hz repetition rate will be targeted.
This has been simulated to be sufficient for the acceleration of high quality electron
bunches to around 100 MeV at the unprecedented repetition rate of 100 Hz [253].

The planned layout of the laser system is shown in figure 3.16. Seed pulses will be
delivered by the femtosecond OPCPA front-end described in chapter 2, which will
then be stretched to about 400 ps duration in a four-pass opener stretcher based on
transmission gratings [50], before being sent into an acousto-optical programmable
dispersive filter (AOPDF) [103] to fine-tune the dispersion and precompensate for
gain narrowing in the subsequent Ti:sapphire amplifiers. The first of these — a three-
pass booster amplifier — will boost the pulse energy to approximately 500 uJ, with a
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Figure 3.16 — Overview of the amplification chain of a first development stage of KALDERA.

maximum available pump energy of 15mJ at a repetition rate of 1kHz. The second
amplifier will be pumped with a total of up to 180 mJ delivered by four pump lasers,
also operating at 1 kHz. The amplifier will be a cryogenic seven-pass multipass amplifier
with an output energy of approximately 50 mJ. The final amplifier — the focus of this
chapter — will operate at 100 Hz and aim to deliver at least about 600 mJ to enable a
pulse energy of about 500 mJ after compression in a four-grating compressor based in
an out-of-plane configuration and multi-layer dielectric gratings [50], with an expected
transmission of > 80%. A beam conditioning section for fine tuning the pulse energy
and correcting wavefront distortions using adaptive optics is planned between the final
amplifier and the compressor.

The high power density in the amplifier crystal of COLIMA would — if not handled
properly — result in significant thermal lensing and degradation of spatial beam quality.
In the following sections, we will therefore first review some general challenges of high
average power Ti:sapphire lasers and some solutions suggested in the literature, before
discussing a possible design of COLIMA and how the amplifier is set up to achieve the
planned output specifications.

3.3.1 High Average Power Amplification in Ti:sapphire

The main challenge in high average power laser systems is to maintain high wavefront
quality, which is easily distorted by thermally induced optical path length differences
in the amplifier medium. The main causes of these phase aberrations are the bulging of
the amplifier medium due to thermal expansion and a thermally dependent refractive
index n(T) = no + Anp + An, [254], where Anp and An, are the temperature and
stress dependent refractive index changes, respectively. Due to the typically radially
varying temperature gradients in an amplifier medium, these pathlength differences
result in a radial dependence that causes effective lensing of a beam passing through
the amplifier medium. In typical pumping configurations, the temperature in an
amplifier medium follows a roughly parabolic profile, resulting in an effective thermal
focal length of [254]
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where A is the pumped area, K the thermal conductivity, Pyeat is the dissipated heat,
dn/dT is the temperature dependence of the refractive index, a the coefficient of
thermal expansion, C; ¢ the photo-elastic coefficient, ro the radius of the pumped
area and [ the length of the amplifier medium. The respective terms that describe
the three main contributions to the thermal lens are marked in the above equation.
Specifically in Ti:sapphire, the photo-refractive contribution is often negligible, while
the temperature dependent refractive index and the thermal expansion of the medium
have roughly equal contributions [255].

If we assume operation near the saturation fluence Fg,¢, equation 3.3 can be rewritten

-1
K 1dn /| E a(ng—1)
— | == Cy.and 3.4
ftherm X Fsatfrep (2 dT +a r,®70 + Fsatﬂ' l ) ( )

and we see that the thermal focal length scales according to o 1/fcp, while only the
term corresponding to thermal expansion scales weakly with energy (oc v/E). This
suggests that managing the thermal lens, and in general the thermal characteristics

as

of a laser, is much more important when increasing the repetition rate than when
increasing the pulse energy of a laser system.

A number of strategies have been developed to mitigate thermal lensing. The most
widely used are based on optimizing the heat extraction from the amplifier medium
by adjusting the geometry and optimizing the heat flow within the amplifier medium.
The two most common geometries suitable for high-energy laser systems that utilize
this approach for high energy lasers are disk amplifiers and slab amplifiers.

In slab amplifiers [256] (see figure 3.17 a) and b)), the size of the transverse dimensions
of the amplifier crystal is minimized so that thermal transport - and thus thermal
gradients - are primarily present in a direction perpendicular to the direction of beam
propagation. Strictly speaking, this does not solve thermal lensing, but it limits it to
one axis, making it somewhat easier to handle. The advantage of this approach is that
the variation in beam size due to thermal lensing can be minimized by maintaining a
small beam diameter in the fast axis - the direction of strong thermal lensing - so that
diffraction and thermal lensing largely cancel each other out. The strong astigmatism
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and elliptical beam shape emitted from such an amplifier must be treated after the
amplifier to maintain a uniform and high beam quality.
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Figure 3.17 — Schematic overview of the cooling geometry of slab (a) and b)) and disk (c¢) and
d)) amplifiers. The black arrows in a) and b) indicate the primary direction of
heat flow and thermal gradients within the amplifier medium. c¢) and d) show
a frontal view of the amplifier medium to illustrate the differences in beam
shape and thermal gradients that lead to thermal lensing.

Disk amplifiers [257, 258] (see figure 3.17 ¢) and d)) minimize the longitudinal dimension
of the amplifier crystal, such that thermal gradients are predominantly present in
the direction parallel to the propagation of the beam. This leads to a more even
temperature profile across the beam aperture and — due to the primarily longitudinal
heat extraction — can eliminate the parabolic temperature gradients that cause the
lensing.

However, this approach has a fundamental disadvantage for Ti:sapphire lasers with
<1J: To ensure the primarily longitudinal direction of thermal gradients, a high aspect
ratio of the disk must be maintained, which means that the thickness of the disk
must be small compared to the diameter — typically an aspect ratio of 1:10 or less is
required. Since it is desirable for efficient energy extraction and stability to operate
laser amplifiers at or above the saturation fluence of the gain medium, the beam
diameter must be scaled according to the desired pulse energy after amplification.
However, for Ti:sapphire amplifiers (with a saturation fluence around 0.7 J/cm?)
operating at sub-joule energies, this results in disk thicknesses of less than a mm,
leading to low single-pass gain and poor pump absorption. This is particularly limiting
for Ti:sapphire, as the doping concentration cannot be arbitrarily increased without
loss of crystal quality, whereas the low gain can be partially compensated for by exactly
this method, e.g. in Yb:doped gain media.

Typically, such disk amplifiers are operated in an active mirror configuration with a
highly reflective coating on the backside of the amplifier medium. This allows the
backside of the disk to be used solely for cooling components such as a heat sink, but
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the low single pass gain and low pump absorption result in the need for many passes
of the pump and seed beams over the active mirror and thus complex beam routing of
the pump and seed beams.

Concepts using a disk amplifier in a transmissive geometry have also been developed
[259-264], but to ensure efficient heat removal from the disk, a liquid or gaseous coolant
must be passed over the front and back surfaces of the disk so that the seed beam is
transmitted through the coolant. For applications such as laser wakefield acceleration,
where the highest possible wavefront stability is required, such an approach is not good
because potential turbulence in the coolant can disturb the wavefront of the amplified
beam. Mitigating such turbulence is possible, but requires a thorough understanding
of the phenomenon and considerable engineering effort in the cooling assembly.

Slab amplifiers are more suitable for small aperture, low energy beams, but the need
for complex beam conditioning to compensate for the elliptical beam profiles and
astigmatism of the amplified beams makes this approach attractive only when no other
approach is feasible. While both of these architectures have been implemented with
Ti:sapphire as the amplifier medium [265-267], their scalability to kW average power
with high-energy lasers is questionable.
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Figure 3.18 — Thermal conductivity of pure sapphire [268] and Ti:sapphire with doping
concentrations of 0.08 % at. and 0.2 % at. [269]

Another approach that works particularly well for Ti:sapphire amplifiers is cryogenic
cooling of the amplifier crystals [270-272]. At cryogenic temperatures, all relevant
thermal properties of sapphire (see table 3.1) improve significantly, so that — using
equation 3.3 — we can estimate an approximately 300-fold increase in the focal length
at 100 K compared to room temperature.

While the corresponding improvements are slightly lower for doped Ti:sapphire (see
e.g. figure 3.18), cryogenic cooling enabled the construction of high average power
Ti:sapphire amplifiers at kHz repetition rate and millijoule level pulse energy [274-277]
in simple bulk crystals.

As a side effect of cryogenic cooling, the fluorescence characteristics of Ti:sapphire
are slightly changed, resulting in a slight blue shift and narrowing of the fluorescence
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Table 3.1 — Parameters of the sapphire at cryogenic and room temperature [273]

At 290K | At 100K
Thermal conductivity, K [Wm~! K~1] 47.8 405.6
Thermal dependence of the refractive index, dn/dT [1075 K~1] 0.62 1.46
Coefficient of thermal expansion, «, ||C [107¢ K1] 4.87 0.6
a, LC[1076 K] 3.89 0.6
Heat capacity, ¢, [Jkg 1 K] 779 62.8

spectrum [278] as well as an increase in the emission cross section [279], which lowers
the saturation fluence and thus allows a slightly increased efficiency of the Ti:sapphire
laser [279)].

3.3.2 Colima: Concept for a 100 Hz, 1J Ti:sapphire Amplifier

Inspired by the results obtained with other cryogenic lasers, cryogenic cooling will also
be implemented in the preamplifier and is a viable option for — COLIMA — the main
amplifier (see fig. 3.16) of the first development stage of KALDERA. Experimental
results [274] as well as simulation results on the kHz, 50 mJ preamplifier of KALDERA,
operating at an average power similar to that expected from COLIMA, suggest that
advanced heat removal methods such as a disk or slab-based amplifier geometry are not
necessary. In fact, thermal lensing should become much more manageable due to the
larger beam sizes (compare equation 3.3) needed for the desired higher pulse energy.
Hence, the suitability of a cryogenically cooled bulk crystal will be investigated in this
section. In the final section of this chapter, we will further explore the limitations
of this chosen architecture and briefly investigate the scalability towards kHz-level
repetition rates.

Using typical efficiencies of Ti:sapphire amplifiers, we can estimate that about 2J
of pump energy is needed to achieve the >600mJ required as the output energy
of COLIMA. There are currently no commercially available pump lasers capable of
delivering such energy at a repetition rate of 100 Hz. However, a number of frequency-
doubled, neodymium-based 100 Hz lasers with an output energy of 600-700 mJ are
available from various manufacturers. 3 to 4 such lasers would be needed to pump an
amplifier like CoOLIMA. With four lasers, the total output energy would be sufficient
to additionally homogenize the beam profiles, which is often necessary in high energy
pump lasers to ensure a smooth spatial profile in the gain of the amplifier crystal.
This is typically done using diffractive optical elements with efficiencies in the order
of 85%. This would result in a remaining pump energy of >500mJ per laser and the
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required total of 2 J. We will keep the option to use this approach and assume the use
of 4 500 mJ lasers in the following considerations.

The preamplifier that will supply the seed pulses for COLIMA was developed by J.B.
Gonzalez and was in a build-up phase at the time of the design of CoOLIMA, so the
seed parameters for COLIMA are derived from simulations of the preamplifier. As
described above, it delivers approximately 50 mJ pulses at a repetition rate of 1 kHz,
although an available seed energy of 40 mJ is assumed for the simulations described in
the following to account for potential losses in beam transport and beam conditioning
stages between the amplifiers. The pulses are centered at 800 nm with a bandwidth
that supports compression down to 30fs. For simplicity, the spectral shape is assumed
to be Gaussian for the design of CoLIMA, although the AOPDF installed earlier in
the gain chain (see fig. 3.16) will allow optimization of the spectral shape to avoid
excessive gain constriction and redshift of the spectrum. The beam profile of the seed
is primarily defined by the pump profile in the Ti:sapphire of the preamplifier and is
also expected to be approximately second order Supergaussian.

Gain Simulations

As a first step towards simulating the expected gain dynamics of COLIMA, we should
estimate an appropriate seed beam size. Since a high extraction efficiency of the pump
energy stored in the amplifier is desired, the amplifier is operated in saturation, which
typically results in pump-to-seed efficiencies above 30 % in high energy Ti:sapphire
amplifiers. This results in a rough estimate of the expected output energy of at least
600 mJ, which with a saturation fluence of about 0.6 J cm™2
diameter of 11 mm.

results in a required beam

At high doping concentrations, Ti:sapphire can exhibit significant parasitic absorp-
tion at 800 nm, which is characterized by the figure of merit FOM = opump/seed-
High quality crystals with FOM>400 are commercially available [280] with doping
concentrations below about 0.14 % wt. [281] or a corresponding absorption coefficient
of as32nm = 2/cm. To ensure a simple beam guiding for the pump beams, a single
pass absorption of 95 % is desired, which would be achieved with a crystal length of
15mm and as32nm = 2/cm.

The 3-dimensional gain dynamics were simulated using CommodPro [282]. Work
by J.B. Gongzalez verified the validity of CommodPro by accurately reproducing the
gain of the preamplifier and Ampl (see section 1.2 for details) of the ANGUS laser
system. For COLIMA, the 3D simulations include a crystal and an input beam with the
above specifications. In addition, relay imaging with 5% energy loss between passes
is assumed. Noncollinear propagation through the amplifier medium in a multi-pass
amplifier with angular multiplexing has been observed to cause only 1% level changes
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in output energy and no change to the amplified beam profile for small non-collinear
angles < 4°, and is therefore neglected. The spatial profile of the pump beams was
assumed to be a fifth-order Supergaussian.
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Figure 3.19 — Evolution of pulse energy in COLIMA

The resulting evolution of the pulse energy from the input to the output of the
amplifier is shown in figure 3.19. The maximum pulse energy after four passes is
1.02 J, which agrees well with calculations done using a simple 1-dimensional Frantz-
Nodvik-calculation [254], which predicts a final pulse energy of approximately 1.06J.
The 3D-model predicts slightly lower gain and therefore slower saturation than the
1D-model due to the lower fluence on the edges of the beam profile.
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Figure 3.20 — Beamprofiles after the respective passes in COLIMA, as well as the respective
peak fluence F,.¢. The grey lines show a central lineout through the beam
profile, while the dashed lines indicate the intensity profile of the absorbed

pump.

The accumulated B-integral [254] in the Ti:sapphire crystal is 0.13rad, which is low
enough to not cause significant problems with contrast degradation due to nonlinear
couplings [94], or instability of the spatial or spectral phase of the pulse. For the
calculation of the B-integral, a stretched pulse duration of 400 ps was assumed.
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The Supergaussian beam profile of the pump is imprinted onto the seed pulse within
the first 3 passes (see figure 3.20). The peak fluence of 1.21Jcm™2 is well below the
damage threshold of all necessary optics of the multipass arrangement.
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Figure 3.21 — Evolution of spectrum during amplification in COLIMA. The grey lines in the
right pane are shown to guide the eye.

The evolution of the spectrum during the amplification is depicted in figure 3.21. In
total, a shift of the spectrum by approximately 1.5nm, and a minor change in FWHM
bandwidth by only 0.4 % was observed as a consequence of spectral shaping in the
amplifier. In contrast to most Ti:Sapphire amplifiers operated at room temperature,
the slight blue-shifting of the gain spectrum in cryogenically cooled Ti:Sapphire [278§]
results in a decreased red-shift of the spectrum during amplification.

For pumping the Ti:sapphire crystal, a two-sided longitudinal pumping configuration is
favored primarily because it leads to more homogeneous pump absorption throughout
the crystal volume than a one-sided pumping scheme. This results in a more homoge-
neous heat distribution and therefore in smaller thermal gradients and in addition in
a lower transverse gain in the amplifier and therefore smaller losses due to amplified
spontaneous emission. The transverse gain along the longitudinal axis through the
crystal can be estimated using [283]

Ey(2) A
Gr(z) =ex 27"ppump>, 3.5
T( ) p( Fsat /\seed ( )

where 7 is the radius of the pumped ares, F},(2) is the fluence of the absorbed pump
along the longitudinal axis z, and Apump and Apump are the respective wavelengths of the
pump and signal. For our crystal and pumping parameters, the maximum estimated to
be about 170 for one-sided pumping and only 15 for two-sided pumping. The respective
curves of G (z) are shown in figure 3.22. However, neither of these values is expected
to cause significant losses due to transverse amplified spontaneous emission [283]. In
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addition, with the four available pump beams, two-sided pumping can be realized in a
more practical and space-efficient manner than one-sided pumping.

102 4 — Single-sided pumping
E Two-sided pumping

0 5 10 15
Z [mm]

Figure 3.22 — Transverse gain for one-sided and two-sided pumping of the Ti:sapphire crystal.
The pump diameter is 11 mm and the pump energy is 2 J.

All of these parameters lie well within limits that promise the generation of high
quality, high energy pulses in COLIMA and we shall therefore turn our attention to the
management of the heatload that is dissipated in the amplifier crystal.

Thermal Lensing

The heatsink of the cryogenic bulk Ti:sapphire crystal that we will assume in the
following simulations the is inspired by a design developed at DESY for high average
power Yb:doped lasers and its functionality has been demonstrated in several publica-
tions [284-289]. The design relies on one-sided cooling with the rectangular crystal
being bonded to a heatspreader, which is connected to a cryocooler (similar to the
design described in [290]).

In our specific case, the heatspreader consists of a cylindrical copper disk onto which
the Ti:sapphire is bonded. The heatspreader is attached to the cold surface of a solid
state cryocooler operating at 100 K. The crystal itself has a square aperture of 25 mm
side length which was dimensioned to eliminate any potential diffraction of the fifth
order Supergaussian seed beam with its 11 mm diameter, and is oriented with the
C-axis perpendicular to the cold surface of the heatspreader.

The heat-transport and thermal expansion of the Ti:sapphire crystal under the pre-
viously described pumping conditions, were simulated using COMSOL Multiphysics.
The heat source is given by the absorption of a flat-top pump beam with an absorption
coefficient of 2/cm. Half of the pump power is sent into the crystal from each side,
resulting in uniform absorption and local variation of the introduced heat, as shown
in figure 3.24. We assume that 50 % of the total incident pump power of 200 W is
converted into heat, which slightly overestimates the approximately 40 % that would
be expected from the quantum defect and non-radiative decays.

130



3.3 High Average Power Ti:sapphire Amplifiers

Heatsink

10 1 100

()
>
Heat source [Wcm™3)

40
20
T T T 0
-5 0 5
X [mm]

Figure 3.24 — Central cut of the crystal with the locally introduced heat due to the absorbed
pump throughout the amplifier crystal. The local heatload is used as an input
for the thermal simulations.

The surface of the heatspreader that is attached to the cold-head is set to a constant
temperature of 100 K, which is well within the capabilities of cryo-coolers with high
cooling capacity [291]. The heatspreader is assumed to be rigidly attached to the
cold-head, which limits the thermal expansion in the plane of this surface. The used
material properties of the Ti:sapphire are given in references [268, 269, 273, 292].
A boundary layer between the crystal and the heatspreader was included in the
simulations to account for the thermal resistance at the bonding interface!. Equivalent
simulations of the preamplier — which has a very similar heatsink design with slightly
different dimensions — resulted in a deviation of <5% (fsim = Hm, fexp = 5.2m)
between the simulated and measured focal length of the thermal lens, confirming the

general validity of the simulations?.

!The exact parameters of the interface and bonding procedure are confidential and property of the
FS-CFEL group at DESY
?Measurement of the thermal focal length done by J.B. Gonzales
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Figure 3.25 — Temperature distribution within the amplifier crystal and heatsink. The left
image shows a front view in beam direction, while the right is a cut through
along the axis of beam propagation. The grey rectangle shows the outline of
the Ti:sapphire crystal

The temperature distribution that is reached in thermal equilibrium is shown in shown
in figure 3.25. The peak-to-peak temperature difference within the crystal volume is
27.5K.

This 3-dimensional temperature profile, and the resulting locally varying refractive
index as well as the simulated deformation of the crystal was then used as the input to
a ray-tracing simulation to calculate the propagation of the seed beam after a single
pass through the crystal. The resulting evolution of the rms-beamsize is shown in figure
3.26, which shows that a focus is reached after approximately 56 m of propagation.
This result is also in good agreement with the estimated focal length of 52.9 m, which
can be derived using equation 3.3 and photo-elastic properties of Sapphire found in
[293].
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Figure 3.26 — Simulated caustic after single pass through amplifier crystal. The shaded area
in the left part of the plot indicates the location and extent of the crystal.

Mainly due to the one-sided cooling of the crystal, the thermal lens does not lead to a
clean, perfect lens, but some higher order wavefront aberrations are present, as shown
in figure 3.27.
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A Zernike analysis shows that the primary aberration is a 0° astigmatism due to
the different temperature profiles in the vertical and horizontal directions. With its
small amplitude of —\/69, it however does not cause a significant degradation of the
beam profile within the amplifier or during further propagation — even after multiple
transmission through the crystal — and can be corrected with a deformable mirror
in the beam conditioning section planned after CoLiMA. The total peak-to-valley
wavefront amplitude of a single pass of the higher order Zernike components is A/12,
comparable to the typical wavefront error of unpumped Ti:sapphire crystals [280]. The
corresponding Strehl ratio of the transmitted wavefront is 0.985.
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Figure 3.27 — Higher order wavefront after a single pass through amplifier crystal. The
Zernike polynomials for defocus and tilts have been subtracted to emphasize
the higher order wavefront aberrations.

We can therefore conclude that, according to our simulations, COLIMA should be able
to deliver about 1J of output energy without significant changes to the spectrum,
and that a Supergaussian output beam profile and thermal gradients within the
amplifier medium do not introduce aberrations that would degrade the quality of the
beams. Without compensation of the thermal lens, repeated transmission through the
amplifier crystal, with at least about 2m propagation between each pass, would cause
a reduction in beam diameter of at least 20% on the last pass for a collimated input
beam. On the one hand, this means that the beam would be too small to extract the
full pump energy stored in the crystal due to the worse spatial overlap, and on the
other hand, the extracted energy is highly dependent on small changes in the thermal
lens. It will therefore be necessary to compensate the lensing between each pass.

3.3.3 Proposed Optical Layout

While several methods have been developed to deal with thermal lensing and prevent
it from negatively affecting the output of high-power multipass amplifiers, they can be
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broadly divided into two main approaches: The first uses a periodic arrangement of
focusing and defocusing elements in the beam to maintain a roughly constant beam
size as it propagates through the amplifier [294, 295]. The second relies on pass-to-pass
relay imaging [296]. While the first approach can work well for high quality beams
and a fixed operating point of the amplifier, any changes in the thermal lens will
result in changes in beam size in subsequent passes, leading to complex couplings
between output energy, wavefront, and possibly other parameters of the amplifier
output. Since variations in pump laser parameters or laboratory conditions cannot be
completely eliminated, such drifts in the characteristics of the amplified pulses will
always be present to some degree. Relay imaging between passes offers a much more
robust approach, as the beam profile remains constant in the amplifier crystal and
only changes on the optics between passes through the amplifier medium.

A similarly robust approach based on a combination of relay imaging and optical
Fourier transform has been proposed by Schuhmann et al. [297], and would have the
additional advantage of passively compensating wavefront changes due to changes in
thermal lens focal length. This approach has been considered, but due to the long
thermal focal length and large beam size, would result in either impractically large
setups with 100 m propagation between amplifier passes, or unsafe fluences on the
optics. As a consequence, a relay imaging setup was chosen, which also prevents
diffraction from affecting the beam profile with sharp intensity gradients, as in the
final passes of COLIMA (see figure 3.20). The free propagation of such a beam profile
leads to the formation of diffraction rings after only a few meters, making this issue
highly relevant for the propagation between passes, which — in a conventional bowtie
geometry with a small angle of incidence on the crystal — would have a length of at
least 2-3m.

To minimise chromatic aberrations of the broadband beam, the relay imaging is done
using spherical mirrors. Figure 3.28 shows a proposed layout that includes relay
imaging with spherical mirrors.

Vacuum chamber

_Pump Pump _
’?i Output

Input

Figure 3.28 — Optical layout of the relay imaging multipass setup.

The off-axis use of spherical mirrors results in an astigmatism that gradually builds up
during the repeated reflection, which can be minimized by choosing large focal lengths
and small deflection angles. A reasonable compromise in terms of setup size and low
astigmatism was found at a radius of curvature of 2m for the spherical mirrors and an
angle of incidence varying between 1° and 3°. The resulting caustic is shown in figure
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3.29, where a thermal lens with f = 56.4m is included, resulting in a net focusing of
the multipass setup. The total focal length can be compensated either by adjusting
the separation of the focusing mirrors in the relay imaging telescopes, or in a separate
telescope before or after the multipass amplifier.
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Figure 3.29 — Caustic through the relay imaged multipass amplifier. The dashed lines indicate
the locations of the Ti:sapphire crystal.

The focal intensity in the relay imaging telescopes would be around 4.6 TW cm ™2 on
the last pass, making it necessary to have the focal area in reduced air pressure or
vacuum to avoid nonlinearities and air breakdown. In order to keep the small angles
of incidence as well as a compact setup, the best solution would be to house the entire
multipass arrangement in the same vacuum vessel as the cryogenic crystal, as it is
suggested in figure 3.28. The B-integral accumulated in the output window — assuming
a 3mm thick fused silica window [298] — is manageable at only 0.02rad, but as a
further improvement it would also be possible to include an output telescope inside
the vacuum chamber to increase the beam diameter and reduce the intensity at the
output window.

An equally compact approach with improved flexibility and constant access to all
mirrors would be to place the relay imaging mirrors outside the vacuum chamber
with the beam being transmitted through windows before and after each pass. The
additional B-integral in that case would be around 0.15rad, resulting in a moderate
total B-integral of the full multipass arrangement of approximately 0.3 rad.

The relay imaging setup also provides a natural location for implementing spatial
filtering between passes to further ensure high spatial homogeneity by filtering out high
spatial frequency components of the beam. However, whether this is necessary depends
strongly on the effectiveness of the pump homogenization, since inhomogeneities in
the pump profile are expected to be the largest contributor to high spatial frequency
intensity variations in the beam profile.
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3.3.4 Concluding Remarks and Outlook towards first Experimental
Results

Our simulations show that a cryogenically cooled Ti:sapphire crystal with a simple
bulk geometry can be used to amplify 1J pulses at a repetition rate of 100Hz. A
bandwidth supporting a 30fs pulse duration is maintained during amplification. By
cooling the crystals to a temperature of 100 K, thermal lensing can be mitigated so that
a thermal focal length of >50m is expected per pass. This focal length is predicted
both by simple analytical estimates and by FEM simulation of the thermal transport
and deformation of the Ti:sapphire crystal and subsequent ray tracing through the
amplifier crystal. The ray tracing simulations also predict that some astigmatism is
expected due to the temperature profiles in the Ti:sapphire crystal, but its amplitudes
of only \/69 is well manageable using adaptive optics. Nevertheless, we propose to
use relay imaging between the passes in the amplifier to ensure stable operation and
maintain a high quality beam profile.

Simulations indicate that pulses from such an amplifier are capable of accelerating
electrons to the level of a few hundred MeV, which has not yet been done at the
repetition rate of 100 Hz. To demonstrate this, an amplifier following the proposed
optical setup is currently being built, and first experimental results of the amplifier’s
performance are expected in summer 2023.

This amplifier will also serve as a testbed for optimizing the cooling configuration,
and the experience gained from operating the amplifier will be used to design future
KALDERA amplifiers. These future amplifiers will run at a repetition rate of 1kHz,
which — as we have derived in equation 3.4 — will be another major challenge for the
thermal design of the amplifier. While COLIMA is not designed to operate at 1kHz,
we can already look at how well the design would perform at higher repetition rates
and what challenges to expect.

3.3.5 Scaling to Higher Repetition Rates

A relay imaging setup such as the one proposed for COLIMA is usable at focal lengths
ftherm > fim, where fin, is the focal length of the focusing elements in the relay imaging
telescope. Since practical focal lengths are on the order of 1 m, this means that thermal
focal lengths down to around 10 m could be handled. Looking at figure 3.30, we can
see that the thermal lens power increases almost exponentially as a function of the
incident pump power, and in the presented design, a focal length of 10 m would be
reached at a pump power of 500 W. Even with a modular approach in which the total
pump power is distributed across multiple amplifier modules, this approach would
mean that — for a total pump power of 2kW at 1 kHz operation — a total of 4 amplifier
modules would be required. To ensure efficient extraction of the stored energy from
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the Ti:sapphire crystal, each crystal must be passed at least once with a fluence close
to the saturation fluence, resulting in a total number of crystal passes of at least 8.
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Figure 3.30 — Scaling of the thermal focal length as a function of incident pump power

A more scalable approach would be to optimize the thermal performance of each
individual amplifier module. A simple way to do this is to reduce the absorption
coefficient ais39 hm Of the Ti:sapphire crystals and compensate for the reduced absorption
by increasing the crystal length. This has several consequences, all of which contribute
to reduced thermal gradients in the Ti:sapphire crystal. Most importantly, the
more uniform pump absorption results in a more homogeneous heat load along the
longitudinal axis of the crystal, and heat extraction is improved due to a larger contact
area between the crystal and the heatsink, as well as the higher thermal conductivity
of Ti:sapphire due to the reduced Ti*3:doping (see figure 3.18).

As one can see in figure 3.30, a reduction of the absorption coefficient by a factor of
3 to as32nm = 67m ! and a corresponding increase of the crystal length to 45 mm
would result in a manageable thermal focal length of 7.5 m at an incident pump power
of 1kW. The higher order wavefront content would deteriorate to a peak-to-peak value
of 0.6 A, with the most dominant aberrations still being astigmatism and coma with
amplitudes of —A/15 and A\/12, respectively. These aberrations are within the dynamic
range of commercial adaptive optics and compensation in the image plane of the relay
imaging telescopes would be possible, similar to what has been implemented in several
other high power laser systems [299-302]. While correctable, these aberrations do
have a clear impact on the beam quality and an optimisation of the cooling assembly
should be done before using it at kW-level average power.

Further improvements in the temperature gradient can also be expected by reducing
the single-pass absorption and recycling the pump in a second crystal pass, and by
reducing the crystal temperature, e.g. to 80 K by liquid nitrogen cooling — in contrast
to the 100 K temperature assumed in this section.

A potential drawback of this approach is the additional B-integral accumulated during
the increased propagation length through the Ti:sapphire substrates. In the case of
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two crystals of 45 mm length, this would result in a total B-integral of about 0.8 rad,
but could be counteracted by longer stretched pulse durations.
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Figure 3.31 — Schematic overview of a potential adaptation of COLIMA for scaling to kW
average power.

By combining two amplifier modules with these optimized crystal parameters into
a single amplifier, the 2kW power could in principle be handled by only two cold
heads. Cryocoolers capable of handling the resulting 500 W heat load per cold head
are commercially available [291], making this approach technically feasible. A sketch
of a possible amplifier design suitable for kW average power is shown in figure 3.31.
Here, the thermal load of the pump beams is distributed over two amplifier modules,
each cooled by up to two 500 W cryocoolers. This would even result in some overhead

in cooling capacity.
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Figure 3.32 — Thermal focal length for one-sided vs two-sided cooling. The crystal parameters
are the same as in the low-doping configuration shown in figure 3.30, i.e. a
length of 45 mm and an absorption coefficient of a539mm = 67m 1.

Such an approach could also be easily implemented in a way that would allow the heat
to be extracted from both the top and bottom surfaces of the crystal, as it is sketched
in figure 3.31. As indicated in figure 3.32, the resulting more efficient heat extraction
would also allow to further increase the thermal focal length to about 14 m. The even
more pronounced asymmetry of the thermal gradients in the vertical and horizontal
axis would then resemble the gradients in a slab amplifier, and therefore result in a
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slightly stronger astigmatism of A/11. However, this is still in a range that can be
easily compensated, especially considering that other aberrations besides astigmatism
are reduced compared to the one-sided cooling configuration.

In conclusion, these simulations suggest that the approach of using a cryogenically
cooled bulk Ti:sapphire crystal would indeed be scalable to an incident pump power
in the kW range by optimizing the crystal parameters and distributing the heat load
over two amplifier crystals in a single multipass amplifier.
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4 Heat-Induced Deformation and Thermal
Management of Diffraction Gratings

The work presented in this chapter was partially published in Optics Express [44]. The
groundwork was laid by Vincent Leroux, who performed initial Comsol simulations
and wrote a magority of the spatio-spectral propagation code. The author of this thesis
made final corrections to the code and Comsol models, that enabled the agreement with
experimental results, and performed the comparison of different substrate materials as
well as the investigation of potential mitigation strategies.

High peak power TW-class femtosecond laser systems require compression gratings
that can support a spectral bandwidth of more than 100nm. As a result, the vast
majority of such laser systems designed over the past few decades have used gold-coated
gratings for their broad diffraction bandwidth. While this approach has produced
some impressive results and peak intensities, the current trend toward higher average
power is pushing this technology to its limits. The gold coating absorbs about 3-4 %
of the incident light at the 800 nm wavelength of Ti:sapphire laser systems [303]. In
addition, the gratings must be operated in a vacuum environment to eliminate any
nonlinear interaction between the high intensity pulses and the surrounding air. These
two factors lead to the problem that a significant fraction of the average laser power
is deposited in the grating and cannot be easily dissipated and is therefore stored
in the grating substrate. The subsequent heating of the grating leads to thermal
expansion and deformation of the grating, which is transferred to the wavefront of the
laser pulse. This influence on the wavefront has been observed and characterized at
several laser facilities [45, 304]. However, since the beam is spectrally dispersed within
the compressor, the grating deformation additionally leads to a complex spectrally
dependent wavefront deformation — i.e., spatio-spectral couplings (STCs) — that has a
detrimental effect on the quality of the accelerated electrons in the LWFA and the
focal intensity of the laser system. Such STCs cannot be easily compensated after they
are introduced to the beam, and as a result, this problem represents a fundamental
limitation on the average power at which gold-coated compressor gratings can be
operated.

In the following sections, we will investigate this effect using simulations based on a
formalism introduced by Li et al. [305, 306], which is used to derive the 3-dimensional
in-focus pulse shape for a given deformation of the compression grating surfaces.
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To verify the results of the code, we perform a case study of the 200 TW ANGUS
laser system, in which we reproduce the spectrally integrated wavefront deformation
published in [45], and derive bounds for the average power below which the deformation
of the pulse remains negligible in the ANGUS laser system. To mitigate this problem,
we will compare different substrate materials for the gratings, and propose ultra-low
expansion glasses such as ULE and Zerodur as candidates for the grating substrate
in gold-based grating compressors. Finally, we’ll show that even these substrate
materials have limitations due to the surface temperature that can be reached in high
average power operation. Even with reasonable countermeasures, this temperature
rise effectively limits the usability of gold-coated gratings to the low single-digit kW
range.

4.1 Thermal Expansion of Compressor Gratings

4.1.1 Simulation of Grating Deformation

As already mentioned in the introduction of this chapter, an influence of the average
power on the laser’s wavefront quality has already previously [45] been observed in
the ANGUS laser system. In order to benchmark the simulation code described in
this chapter, we will reproduce those results by using the beam- and compressors
parameters of ANGUS (see table 4.1) which are typical for modern 100 TW-class
systems: The maximum energy sent into the compressor is 6 J, at a repetition rate
of 5 Hz, resulting in a maximum average power of 30 W. The intensity profile of the
collimated (near-field, NF) beam is a 6" order super-Gaussian profile with a 70 mm
full width at half-maximum (FWHM). In order to focus on the aberrations introduced
by thermal effects, static wavefront errors of the beam or the diffraction gratings are
not considered. The holographic gratings consist of a gold-coated Pyrex substrate
with a groove density of 1480lines/mm, and are operated at an angle of incidence
of 51.4°. The two gratings are used in a double pass configuration, and therefore a
fraction of the laser beam is absorbed twice at each grating.

Using the complex refractive index of gold [307], we calculate that 3.74% of the incident
power is absorbed in the coating in each pass. This fraction is included in the total
diffraction efficiency, which was measured to be 92%, and is used to reduce the laser
energy after each pass. A Gaussian spectrum with a FWHM bandwidth of 32nm was
used for the simulations.

Using these parameters, we simulate the deformation profile of the grating substrate
with the COMSOL Multiphysics [250] thermal expansion module for different average
powers of the laser, ranging from 0 W (no deformation) to 30 W (maximum deforma-
tion). Since the compressor is operated in vacuum and the gratings are installed in
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Table 4.1 — Parameters of the ANGUS laser systems pulse compressor that were used as an
input for the simulations presented in this work. These parameters are typical
for a Ti:sapphire 100-TW class laser system.

Pulse energy before compressor 6J

Pulse repetition rate 5Hz

Fourier limited pulse duration (FWHM) 291fs

Near field intensity profile 6'" order super-Gaussian

Beam diameter (FWHM) 70mm

Angle of incidence on compressor gratings 51.4°

Groove density of compressor gratings 1480 lines/mm

Grating diffraction efficiency 92%
Coating absorption 3.74%

low-distortion mounts with minimal contact to the substrate, convective and conduc-
tive cooling can be neglected. As a result, we consider only radiative cooling in our
simulations. The measurements in [45] were made after 30 minutes of irradiation, after
which a state close to thermal equilibrium was reached. In our COMSOL simulations
we therefore also calculate the deformation and heat distribution that is reached in

thermal equilibrium.
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Figure 4.1 — The compressor layout with the notation used in the text (left), and the
deformation profile of the second grating normal to the surface dgo simulated
with COMSOL. Simulations show the deformation of a Pyrex substrate after
30 minutes of laser operation at 30 W average power. The full width at half
maximum of the second and third passes of the compressor are indicated in
white dashed line. The shaded areas show the projected deformation profile.

Figure 4.1 shows the deformation profile simulated for the second grating at the
maximum average power (30 W). We call the deformation profiles of the two gratings
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dci(zgr,y) and dga(xgr,y), with the horizontal coordinate x4, in the plane of the
grating surface and y, the vertical coordinate.

4.1.2 Spatio-Spectral Phase

Following [306], we can now use these deformation profiles of the gratings to introduce
the projected deformation profiles fgi(x,y,w) and fgo(x,y,w) that are imprinted onto
the laser wavefront as the pulse is diffracted on the grating surface. Here, x denotes the
horizontal coordinate in the reference frame of the wavefront. These profiles represent
the transversely resolved difference in path length that is caused by the bulging of
the grating surface. To calculate them, we project the deformation profiles of the
gratings to the plane of the laser wavefront. The projection consists of a scaling of
a) the horizontal axis = x4 cos a of the grating according to the angle of incidence,
and b) the amplitude of the deformation, to account for the fact that the deformation
profiles dg1 and dgs are normal to the grating surface and not along the direction of
propagation:

1 + 1
cosa  cos B(w)

far,qe2(z, y,w) = dc1,g2(zgr cosa,y) (4.1)

Here, « is the angle of incidence on the gratings and (w) is the frequency dependent
angle of diffraction, as is illustrated in fig. 4.1. The wavefront aberration added by
each pass f; can then be expressed as:

filz, y) = fa1(z, vy — yo, w),
foz, y, w) = faa(x + d2(w), y — Yo, w), (42)
f3(x, y, w) = faa(z + 6z(w), —y — yo, w),

fa(z, y) = far (@, —y — yo, w),

with yo the vertical offset from the center of the grating, and dz(w) the frequency-
dependant horizontal shift of a frequency w on the second grating with respect to the
central frequency wp. This shift can be written as:

dz(w) = (tan S(wp) — tan f(w)) cosa L, (4.3)

with B the diffraction angle, a the angle of incidence, and L the distance between
the two gratings along the surface normal. We note that for the last two passes, the
vertical axis is flipped, as our setup features a roof mirror.
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For a compressor with a negligible change of beam properties during the propagation
between the gratings, we can then write the total, frequency-resolved wavefront
deformation ¢eomp. as

¢comp.($u Y, w) = k(w) [fl (1’, Y, w) + fg(%‘, Y, w) + f3($7 Y, w) + f4(a:, Y, w)] (4'4)
with the wave vector amplitude k(w).

For an arbitrary input pulse Exr,in(7,y,w) = A(z,y,w)e’ ¢o(z.y:w)  with an envelope
A(z,y,w) and an initial phase ¢o(z,y,w), we can now calculate the effect of the
compressor by adding the deformation phase term to the initial pulse:

ENF, out (I’, Y, w) = EjNF7 in(xa Y, w) ei ¢C0mp?(x7y,w>' (4'5)

To calculate the beam properties of the pulse in the focus, we neglect a longitudinal
shift of the focal plane and a detuning of the group delay dispersion (GDD) of the
compressor that are caused by the deformation of the gratings. To do this, we first
remove the frequency-averaged spherical curvature of the wavefront, which simply
corresponds to the divergence of the beam, and thus a longitudinal shift of the focal
plane. The curvature is determined through a parabolic fit to the frequency-averaged
phase of the electric field. This resulting divergence is shown in fig. 4.3(a), where
we compare it to the measured laser divergence. The GDD is determined from the
quadratic component of the spectral phase on the beam axis and is removed from
the pulse to mimic a compressor that is tuned for optimal compression. Then, by
performing a 2D Fourier transform for each frequency, we obtain the focal spot in the
space-frequency domain

Err(§,n,w) = FTy [ENF, out(z,y,w)], (4.6)

with n and & denoting the vertical and horizontal coordinates in the focus. Finally, an
inverse Fourier transform at each spatial position gives the 3D spatio-temporal focal
spot

Epp(§n,t) = iFT [Epp(§,n,w)], (4.7)

from which we can derive the relevant information such as peak intensity, pulse
duration, waist, but also pulse front tilt, or spatial chirp for instance.

Apart from the FEM simulations performed in COMSOL, this whole calculation
is implemented in the Python language and available as an open source software
package [308].
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4.2 Case Study of the Angus Laser System

For the following calculations, we use the ANGUS laser parameters that were reported
above and simulate the deformation of a Pyrex substrate to ensure comparability with
previously published experimental data [45]. At the maximum average power, the
deformation of the grating corresponds to a 0.9 A\ peak-to-peak surface deformation at
the 800 nm wavelength of the laser (compare fig. 4.1) and consequently to a severe
degradation of the focus quality. The near field profile is focused by an optic with a
focal length of 2 meters, which corresponds to the setup of the laser-plasma accelerator
Lux [46].
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Figure 4.2 — Integrated horizontal-vertical (a, d), horizontal-temporal (b, e), and vertical-
temporal (c, f) profiles, with no deformation (a—c), and with a 30 W average
power deformation (d—f). One can see a strong wavefront deformation in the
vertical plane, and a strong pulse front tilt and spatial chirp in the horizontal
plane. The shaded areas show the respective projections, and the dashed lines
show the projections of the Fourier limited focal spot. The initial beam size
Wx,y is 256.5 um in both planes and the pulse duration is 29.5fs. The intensity is
normalised to the maximum in each individual subfigure.

To understand the effect of this deformation on focus quality, we can compare the
pulses in the focal plane at the maximum average power of the ANGUS laser of
30 W (maximum deformation) with an undistorted pulse at an average power of 0 W.
Figure 4.2 shows the integrated profiles of these two extreme cases. There is a strong
tilt of the pulse front in the horizontal plane, which amounts to 0.83fs/um. The
spatial profile is distorted by A/3 of astigmatism at 0°, A/24 of coma at 90°, and A/19
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of trefoil at 90°(all values are rms amplitude). In addition, the focal spot is broadened
in the horizontal axis by spatial chirp, which amounts to about 0.52mm/(rad-fs~!) at
maximum average power. We do not observe any significant higher order STC, such

as pulse front curvature.
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Figure 4.3 — Evolution of the main laser beam parameters as a function of the laser average
power ranging from 0 W to 30 W. Divergence at the exit of the compressor
(a) and waist in focus (b) are shown in the horizontal and vertical axes. The
waist is integrated over time, and the pulse duration in focus (c) is integrated
over the spatial dimensions. The spatial chirp (d) and pulse front tilt (e)
correspond to STCs in the horizontal axis. The simulated peak intensity (f,
solid) is compared to the measured Strehl ratio [45] (dotted). The step-like
variation of the horizontal divergence in (a) is attributed to numerical errors of

the simulation.

Following the notation of [81], we write the pulse front tilt p so that E(z,t) =
Ey(z)E(t — p-x), and the spatial chirp ¢ so that E(z,w) = Ex(z — (-w)E,(w).
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Figure 4.3 shows the evolution of the main spatio-temporal properties of the laser,
namely the divergence of the beam in the near field (which we remove before simulating
the focal spot as explained above), the time-integrated waist, the space-integrated
pulse duration, the horizontal spatial chirp, the horizontal pulse front tilt, and the
peak intensity normalized to the non-deformed focal spot peak intensity. We find that
the beam divergence agrees well with the measured divergence reported in [45] and are
therefore confident that our code provides a reasonable estimate of the in-focus STCs,
even though we could not measure them directly with our experimental layout.

The spatial chirp scales linearly with average power, according to ¢ [pm/(rad-fs™1)] =
16.7 x P [W]. The pulse front tilt remains nearly constant above an average power
of 11 W. Above this value, the focal spot grows at similar rates in time and in the
horizontal plane due to spatial chirp. Consequently, the two effects balance the growth
of the pulse front tilt. Finally, we observe that the spatio-temporal couplings further
reduce the available peak intensity compared to our previous measurements [45], which
were limited to the Strehl ratio as a time-integrated property and thus did not consider
the change in pulse length.
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Figure 4.4 — Simulated peak intensity in focus for different repetition rates.

Using these simulations, we calculate that the maximum peak intensity is reached at
an average power of 7.1 W (see Fig. 4.4). At this power, a further increase in laser
energy is balanced by further deformation of the gratings and subsequent degradation
of focal quality. The peak intensity at this average power is still 42 % lower than a
pulse generated by an undistorted compressor, and the focal spot has a pulse front tilt
of 0.52fs/pm. For comparison, the projected beam profiles at this optimal average
power are shown in fig. 4.5. Below an average power of 2.7 W, the pulse front tilt
remains negligible (<0.01fs/um) and the peak intensity is reduced by only 6.7 % due
to spatial chirp, which may be a superior configuration for applications that require
the highest possible beam quality.
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Figure 4.5 — Integrated horizontal-vertical (a), horizontal-temporal (b), and vertical-temporal
(c) profiles, with a 7.1 W average power deformation. The shaded areas show
the respective projections, and the dashed lines show the projections of the
Fourier limited focal spot.

4.3 Comparison of Substrate Materials

One potential way to increase this strict limit on the average power below which a
gold-based compressor can be operated is through the choice of substrate material.
Materials with a lower coefficient of thermal expansion (CTE) should result in less
significant grating deformation at the same temperature, i.e., approximately the same
power deposited in the grating. In the following, we will look at the commonly
used fused silica, as well as Zerodur, a popular material from the family of ultra-low
expansion glasses and glass ceramics. Both materials have optical and mechanical
properties that make them well suited for use as substrate materials for diffraction
gratings. The relevant thermal material properties of both materials are compared with
those of Pyrex in the table 4.2. The material properties of Zerodur are very similar to
those of other low-expansion materials such as Corning ULE, and we will therefore use
Zerodur as a representative of the entire family of low-expansion materials. Looking
at table 4.2, it is immediately apparent that the coefficient of thermal expansion in
particular varies greatly between the materials and is significantly higher for Pyrex
than for fused silica and especially than for Zerodur.

Table 4.2 — Comparison of thermal material properties of Pyrex, Fused silica and Zerodur [309-

311,
‘ Pyrex Fused silica Zerodur
Coefficient of thermal expansion « [1/K] | 3.25 x 1076 | 0.55 x 1076 | 0£7 x 107
Thermal conductivity & [W/mK] 1.13 1.38 1.46
Heat capacity C,, [J/kg K] 1050 703 820
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4 Heat-Induced Deformation and Thermal Management of Diffraction Gratings

Using these material properties, we can perform the same analysis of the compressor
performance described in section 4.1, and look at the focal properties of a laser pulse
after passing through a compressor once thermal equilibrium has been reached in
the gratings. Apart from the substrate material, we will keep the same beam and
compressor parameters as in ANGUS, which represent a typical compromise between a
low risk of damage due to high beam fluence and reasonable grating dimensions that
help with the cost-effectiveness of the pulse compressor.

While the qualitative behavior of the individual STCs is very similar to what we
observed in ANGUS, the trend of the peak intensity varies greatly between the different
materials: From the normalized peak intensity shown in figure 4.6, it is clear that
significant improvements can be expected from the use of fused silica. The figure
also shows that — using the parameters of the ANGUS laser — the average power at
which the highest peak intensity is reached is 27 W, which is already a significant
improvement over Pyrex. However, at this power, the peak intensity is already reduced
by 41%. If, in addition, the pulse front tilt is to be kept at a negligible level of less
than 0.01fs/um, the average power must be limited to 10.8 W (as opposed to 2.7W
for Pyrex), which would correspond to a peak intensity reduction of 8.8%. This means
that for many practical applications in modern laser systems, fused silica would allow
improved, though still limited, performance.
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Figure 4.6 — Comparison of the degradation of beam quality for Pyrex, Fused silica and
Zerodur. a) shows the degradation of the Strehl ratio, while b) shows the
achievable peak intensity as a function of average power at a fixed repetition
rate. All values are calculated for the beam and grating parameters of the
ANGUS laser shown in table 4.1. For the simulation of Zerodur, a worst case-
scenario with a coefficient of thermal expansion of 7 x 1072 K~! was assumed.
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4.4 Mitigation Strategies

Scaling to kW-Level Average Power

If we take a further look at the respective performance of Zerodur, we can see that
the pulse deformation is practically gone in the sub-100 W range. In fact — assuming
a worst case scenario with a coefficient of thermal expansion of 7 x 1079 K~! — an
influence of the thermally induced deformation only becomes visible above an average
power of about 1kW (see figure 4.6). In practice, however, operation at such an average
power is not possible, since the surface temperature would reach values that would lead
to coating damage. The power is therefore practically limited to below about 1 kW
(see figure 4.7), where a surface temperature of 250°C is reached, which corresponds to
the groove integrity limit of typical gold-based grating technologies [312].
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Figure 4.7 — Peak surface temperature as a function of laser average power. The groove
integrity limit of gold gratings is around 250°C

From these results, it can be concluded that new technological advances are needed
to increase the average power at which gold-based gratings can be operated beyond
a few hundred watts, since even with negligible surface deformation of the grating
substrates, the surface reaches temperatures that can lead to coating damage.

4.4 Mitigation Strategies

One possible approach to mitigate the surface temperature rise is active cooling of the
grating, as first proposed by Alessi et al. [312]. In order to investigate the applicability
of this approach for a compressor similar to the ANGUS design, we simulated the same
method of cooling the top and bottom edges of the coating, which are well suited as
they are also suitable points for mounting the gratings. A schematic overview of the
gratings is shown in figure 4.8, where the temperature profiles on the front and back
surfaces are shown.

While this cooling method indeed helps to reduce the peak temperature of the grating
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4 Heat-Induced Deformation and Thermal Management of Diffraction Gratings

surface — as described by Alessi et al. — the configuration leads to an unfavorable
temperature distribution in the grating substrate. The edges of the grating that are
in contact with a cold head naturally have the lowest temperature, while the center
of the grating has the highest temperature, resulting in a large temperature gradient
across the grating surface. As a result, high stress and non-uniform deformation of
the grating substrate will result in poorer wavefront quality than would be obtained
in an uncooled configuration.

Back surface

Front surface

300K
cooling

Figure 4.8 — Cooling configuration of the gratings, similar to the one investigated in [312].
The grey ellipses indicate the extent of the incident beam.

To prevent the development of temperature gradients across the grating surface, we
instead propose a back-cooled configuration, as shown in figure 4.9. With a cooled
patch on the backside of the grating — i.e., opposite the incident beam — one can
efficiently remove heat from the substrate because the distance of heat transport
through the substrate is minimized, and in addition, by limiting the cooling to an area
roughly the size of the incident beam, one does not reduce the temperature in areas
where no heat is being deposited. This results in a more uniform distribution of heat
across the diffraction surface and consequently less stress and deformation.

Without further optimization of the grating dimensions — in particular, the thickness of
the substrate, since it is equal to the thermal transport distance — it would be possible
to approximately double the average power incident on the grating without reaching
surface temperatures above the groove integrity limit (see figure 4.10). This is for
a constant 300 K temperature of the cooled region, which would be achievable with
water cooling — a technically feasible approach despite the challenges of integrating
water cooling of in-vacuum components.

This estimate is consistent with results from Lawrence Livermore National Lab [313]
and recent work by Power et al. [314], which proposes a more sophisticated cooling
scheme consisting of a ceramic flow cell design in which the grating substrate is
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Figure 4.9 — Simple concept for cooling the gratings from the backside. The grey ellipses
indicate the extent of the incident beam.

perforated with cooling channels that allow a further improvement in heat extraction
efficiency. Combined with cordierite ceramics as a substrate material with particularly
high thermal stability, this scheme allows a further improvement of about a factor
of 2. This means that in the grating geometry of the ANGUS laser, operation at an
average power of about 3-4 kW average power would be feasible. However, even this
technologically advanced cooling scheme does not allow for easy scaling to the average
power of laser systems such as KALDERA.
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Figure 4.10 — Peak surface temperature with a cooled back-surface of the grating substrate.
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4 Heat-Induced Deformation and Thermal Management of Diffraction Gratings

4.5 Conclusion and Outlook

In this chapter, we have simulated the degradation of spatio-temporal beam quality
as a result of heat-induced deformation of traditionally used gold-coated diffraction
gratings. In a case study of the ANGUS laser system, we observed that this effect can
severely limit the maximum average power at which the laser can be operated without
degrading the beam quality. We further conclude that by appropriate selection of
the grating substrate material — i.e., the use of low-expansion glasses such as ULE
or Zerodur — the onset of severe focal quality degradation can be pushed into the
single-digit kW range. At such high average power, however, the surface temperature of
the gratings can rise above the groove integrity limit of typically 250°C for gold-coated
gratings, resulting in grating damage. By actively cooling the gratings, the peak
temperature of the gratings can be reduced to such an extent that the average power
incident on the grating surface can be approximately doubled. However, even with
further optimization of the cooling concept and compressor geometry, we conclude
that the use of gold-coated gratings will be limited to the single-digit kW range.

Other grating technologies, such as multilayer dielectric coatings, may offer a way
around this problem in future high average power ultrafast lasers. Their primary
advantage over gold-based grating coatings is a greatly reduced surface absorption of
tens of ppm instead of 3-4%. This difference already allows an increase of the average
incident power by about three orders of magnitude for a given substrate material. In
practice, this factor is slightly reduced as the bulk absorption of the substrate becomes
more relevant, but since it is also in the ppm/cm range for typical materials such as
fused silica, an improvement of about two orders of magnitude can still be expected.
This conclusion is shared by [315].

An additional advantage of dielectric gratings is their increased diffraction efficiency,
which can increase the overall compressor throughput from 60-70% to over 90%, thus
reducing the required input pulse energy for a given on-target pulse energy. This
reduces the requirements for the pump laser and the amplifier section of such laser
systems.

In addition, dielectric coatings are generally more robust to laser-induced damage,
although the advantage over gold coatings is somewhat diminished at short pulse
durations of tens of femtoseconds [316].

While dielectric grating technology is widely used in high average power laser systems,
such as those using ytterbium gain media, it has not yet been established for com-
pression of Ti:sapphire lasers because the dielectric coating typically provides only a
fraction of the reflection bandwidth of gold-based coatings. However, when combined
with a compressor design that allows the gratings to be operated at a Littrow angle,
the reflection bandwidth can be maximized to allow compression of pulses below
30fs [315, 317]. In fact, stretching and recompression of 26 fs pulses has recently been
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4.5 Conclusion and Outlook

demonstrated with an out-of-plane dielectric compressor and matched transmission
grating stretcher [50], making the technology a viable alternative for high average
power Ti:sapphire systems that is more scalable in average power than gold-based

compression gratings.
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5 Conclusion

This thesis outlines a potential path towards a drive laser for reliable, high-energy
laser-wakefield acceleration (LWFA) at up to kHz repetition rates. This is done by
demonstrating solutions to problems in key components of such laser systems that
currently limit their average power and pulse quality.

Beginning with a review of the fundamental physics of LWFA, the first chapter
explains why high quality Joule-level pulses lasting tens of femtoseconds are required
to drive bright LWFA-based X-ray sources. From a comparison of several relevant laser
technologies, it becomes evident that the currently most viable option for delivering
such pulses is the use of Ti:sapphire-based laser systems. The required pulse energy
and duration are routinely achieved in Ti:sapphire lasers, but the challenge for future
systems is to further improve the pulse quality and increase the repetition rate to the
kHz-level. Solving this challenge is at the core of the KALDERA project, which aims to
build a 100 TW-class laser system with kHz repetition rate and kW average power
dedicated to LWFA.

The main obstacles in developing such a laser system can be summarized in four key
points. First, generating the seed pulse is crucial as it largely determines the final
pulse’s quality and stability. In laser-wakefield acceleration (LWFA), the properties of
the driving laser pulse directly impact the properties of the accelerated electrons due
to complex plasma dynamics. Hence, precise control of the seed properties is vital.
Second, the high average power in the main amplifiers creates a heat load that can
degrade beam quality through thermal lensing. To prevent this, the amplifier must be
designed to minimize thermal gradients in the laser crystal.

Pumping these amplifiers is the third major challenge. To achieve multi kW-level
output power, Ti:sapphire amplifiers require high-brightness pump beams with an
average power on the order of 10-15kW in the blue/green spectral region, which is at
the limit of what is currently possible.

Finally, compression of the pulses from high-intensity Ti:sapphire amplifiers requires
compression gratings that can support their large bandwidth. Typically, gold-coated
gratings are used, but the few percent absorption of the coatings leads to heating of
the in-vacuum grating substrates. Previously published experimental work has shown
that the resulting thermal deformation leads to a severe degradation of pulse quality,
even in current laser systems with a few Hz repetition rate. Mitigating this effect will
be even more important in future laser systems with up to kHz repetition rates.
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5 Conclusion

This thesis has addressed all four of these challenges.

For generating high-quality seed pulses, a front-end laser system based on white-
light seeded OPCPA was introduced. This approach provides flexibility in spectral
properties while ensuring excellent temporal contrast and a compact design. The laser
system was specifically designed to ensure long-term stability and spatio-spectral beam
quality, which are crucial for reliable laser wakefield acceleration. It further meets the
seeding requirements of subsequent Ti:sapphire amplifiers by delivering pulse energy
of up to 50 uJ and a spectrum supporting a Fourier-limited pulse duration of 25 fs at
a center wavelength of 800 nm.

In OPCPA, there is typically a trade-off between beam quality and output stability,
as the damping of input fluctuations can be achieved by saturating the parametric
amplifiers, but the back-conversion that causes the saturation also degrades the spatio-
spectral beam profile and wavefront.

To understand and mitigate this issue, the behavior was studied through (3+1)D
start-to-end simulations and experimental measurements of the spatio-spectral electric
field of amplified laser pulses in chapter 2. Spatial filtering was identified as a simple
and yet effective solution for recovering an excellent beam quality in highly saturated
OPCPA, while maintaining high energy stability of the output pulses. In fact, the
simulations indicate that stability can even be further improved by filtering out specific
higher order modes. Understanding these saturation dynamics enables the generation
of stable laser pulses with excellent spatio-spectral wavefront quality and an M? of
1.2 in both beam axes. The short-term, shot-to-shot energy stability of the OPCPA
output was measured to be better than 0.15 % rms.

While OPCPA offers a high degree of flexibility in the characteristics of the amplified
pulses, the complex and highly nonlinear interaction is sensitive to several difficult-
to-control parameters, such as phase matching conditions and subtle changes in
the characteristics of the input pulses. The resulting large number of adjustable
parameters makes it difficult to precisely tune and control the properties of the
amplified pulses, and results in sensitivity to changes in environmental conditions.
This thesis demonstrates that evolutionary optimization can be used to automatically
tune the pulse characteristics of an OPCPA system, making the fine-tuning of the laser
system largely independent of the operator, and even allowing a slight improvement
in laser performance over what can typically be achieved by manual tuning. In
addition, full-state feedback control was used to simultaneously stabilize multiple
output pulse characteristics that are highly coupled and where stabilizing one parameter
independently would result in unwanted changes in another. This approach allows the
excellent short-term stability to be maintained over several days of operation, which
was confirmed in a 50 hour measurement during which the laser maintained an energy
stability of better than 0.18% rms, a center wavelength stability of 25 pm rms, and a
bandwidth stability of 0.19% rms using single-shot measurements.
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This OPCPA system — MALCOLM — has been used to seed the 200 TW ANGUS laser
for over a year, and has consistently delivered pulses that have enabled reliable laser
wakefield experiments at the LuX facility. This already demonstrates the real-world
usefulness of automated control methods, but these initial results are expected to
further improve applying further optimised control methods that better handle the
nonlinearity of the laser system. Although the feedback loop has so far only been
implemented as a slow drift compensation, its simplicity and low computational cost of
make it suitable for use at high repetition rates, such as those planned for KALDERA.
The approach can also be applied to other laser technologies beyond OPCPA to
improve their long-term performance and fully exploit their capabilities.

Chapter 3 presents the development of COLIMA, a cryogenically cooled 100 Hz
Ti:sapphire amplifier, capable of delivering 1 J pulses suitable for accelerating electrons
to the few hundred MeV level. Simulations show that high-quality, 30 fs pulses can be
amplified while effectively mitigating thermal-induced degradation of beam quality.
The calculated thermal focal length of the pump crystal is 56 m, with a peak-to-peak
wavefront error of \/12 per pass. This is comparable to the typical transmitted
wavefront quality of unpumped crystals and should therefore not be a limiting factor
for the quality of the amplified beam.

A study on the amplifier design’s scalability to higher repetition rates indicates that
compensating for higher-order wavefront aberrations becomes necessary. However,
with minor adjustments to the cooling configuration and splitting the pump-induced
heat load between two amplifier heads, the design can be scaled to an average power of
1 kW, corresponding to an amplified pulse energy of 1J at the desired 1 kHz repetition
rate for future iterations of KALDERA.

Chapter 3 also addresses the generation of the multi-kW pump beams required for
such amplifiers, by focusing on the frequency doubling of a multi-core fiber (MCF)-
based laser system. Such fiber lasers have been demonstrated to handle multi-kW
average power without complex cooling techniques, and the multi-core approach
promises scalability to higher pulse energy. However, their multi-aperture beam profile
poses challenges for beam transport and frequency conversion. In this thesis chapter,
first results on a frequency-doubled, nanosecond MCF laser were presented. These
intial experiments achieved a total output energy of 17mJ at a repetition rate of
1kHz. The measured peak SHG conversion efficiency of 52% could be reproduced in
numerical simulations, which also show that the efficiency should improve with further
optimization of the pulse characteristics of the MCF laser. Specifically, increasing
the energy emitted from a single core to a realistic 10 mJ level should raise the
conversion efficiency to over 80%, similar to that achieved in other high-energy laser
systems. Further simulations of the thermal performance of the frequency conversion
setup confirm that, even at multi-kW average power, the thermal gradients caused
by absorption in LBO should not affect the conversion efficiency in such crystals.
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5 Conclusion

These promising outcomes affirm that MCF-based lasers are indeed a viable option
for providing high-energy pump pulses for high repetition rate Ti:sapphire lasers.

In order to understand the limitations of gold-based compression gratings, a numerical
model was introduced in chapter 4 that allows to simulate thermally induced grating
deformation and the spatio-temporal intensity profiles of pulses compressed in such
a compromised compressor. The model was used to study pulse degradation in the
ANGUS laser system, and the results indicate that absorption in the gratings coatings
can limit the usable average power of such lasers to only a few Watts — especially if
maintaining a low pulse front tilt is important for the application. Furthermore, the
simulations show that the degradation of the pulse’s peak intensity is more severe than
previously published measurements of the spectrally integrated wavefront suggest.
However, the simulations also show that this behavior can be mitigated by an ap-
propriate choice of substrate material, allowing the use of gold-coated gratings up to
nearly 1kW of incident power. Furthermore, cooling of the grating substrate allows to
use gold-based grating technology at average power in the low single-digit kW range,
a conclusion shared by several other publications [313, 314]. Nevertheless, considering
of other compressor technologies, such as multilayer dielectric-coated gratings, will be
necessary for future iterations of the KALDERA laser system, where average powers of
up to 5 kW are expected. Indeed, recent experimental results [50] on pulse compressors
based on dielectric gratings confirm that this technology is suitable for compressing
sub-30 fs pulses. Such gratings are used in the highest average power Yb laser systems
with multi-kW average power [107, 140], and the ability to use them in Ti:sapphire
systems makes them a legitimate option for pulse compression in KALDERA.

Overall, the results presented in this thesis offer concrete solutions for constructing
a reliable LWFA-drive lasers at 100 Hz with Joule-level energy, which is suitable for
accelerating electrons to 100-200 MeV [253]. In fact, a laser system employing the
OPCPA front-end and Ti:sapphire amplifier design proposed in this work is currently
under construction.

The initial operation of this KALDERA prototype will provide valuable experience,
especially concerning the amplifier design. The lessons learned during this phase will
enable further refinement of the approach and scaling the technology to meet the
targeted specifications of 100 TW peak power at a pulse repetition rate of 1kHz. The
key challenges for achieving those specifications remain the thermal design of the
Ti:sapphire amplifiers and pump laser technology, but the thesis also highlights the
necessary steps towards a solution: increasing the number of cores and single-core
energy of MCF lasers and verifying the amplifier design’s suitability for kHz repetition
rates. Through experiments on the 100 Hz prototype, optimization of the amplifier
design can be carried out, and it can be adapted for a further 3-5J amplifier that will
be required to reach the 100 TW peak power.
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Also beyond the laser, the increased average power and repetition rate of future
laser-wakefield acceleration (LWFA) light sources requires adaptations to various
sub-components of the overall LWFA system: The plasma target must be capable
of handling the deposited average power, while the diagnostic and control systems
must cope with the increased data acquisition at kHz repetition rates. In addition, the
electron optics and diagnostics must be optimized to accommodate the high repetition
rate. However, this last point in particular can benefit from the decades of experience
gained with conventional high repetition rate accelerators, and the experience can be
transferred to the laser-wakefield domain, as it is already done for many aspects of the
Lux facility. Similarly, the laser technology developed in this thesis and in other parts
of the KALDERA project will aid in the development of other laser systems outside of
laser-wakefield acceleration, as almost any application will benefit from reliable, stable,
high-quality pulses at high repetition rates.

This combination of advances in laser systems and accelerator technology sets the
stage for advances that pave the way for lasers and accelerators to continue their
synergistic journey, as they have for the past half century. As these technologies
evolve together, they will undoubtedly drive breakthroughs and innovation in various
scientific disciplines.
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