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Abstract

This thesis describes the development of pump lasers for the last three optical parametric chirped pulse
amplification (OPCPA) stages of the L1 Allegra system at ELI Beamlines. These broadband OPCPA
stages amplify signal pulses centered around 830 nm at 1 kHz and the final system drives different
X-ray sources used for probing ultra-fast dynamics of processes in various types of samples. The
three OPCPA stages require pump pulses with energy above 100 mJ with a picosecond pulse duration
and a central wavelength around 510—540 nm. Such lasers were not available commercially at the
beginning of this work and had to be developed. The pump lasers described in this thesis are based on
chirped pulse amplification (CPA) technology and Yb-doped thin-disk regenerative amplifiers (RA).
Output pump pulses at 1030 nm are compressed by multilayer dielectric (MLD) grating compressors
and frequency converted to 515 nm in LBO crystals. Compression and second harmonic generation
(SHG) is realized in vacuum to avoid self-focusing of high intensity pulses in air.

The thesis briefly describes the differences between the OPCPA technology based on nonlinear
crystals and CPA based on Ti:sapphire crystals, as Ti:sapphire oscillator is used for both the gener-
ation of broadband signal pulses as well as to generate RA seed pulses at 1030 nm. It also gives an
overview of the available Yb-based technology capable of generating picosecond pulses at 515 nm. In
order to provide a broader context for second harmonic generation (SHG), some sections cover non-
linear optics theory, such as phase-matching and self-focusing. These parts are followed by a short
introduction to dispersion management, laser pulse temporal characterization, and effects related to
gain narrowing and the variation of the RA central wavelength. The topic of vacuum cleanliness and
laser induced contamination is also covered.

The main part of the thesis covers the commissioning of 3 commercial RAs, their vacuum com-
pressors and SHG stages. With a RA delivering pulses with an energy of 230 mJ at a repetition rate
of 1kHz, the expected energy of pump pulses at 515nm was 120 mJ, assuming a SHG efficiency
of 60%. Initial results showed an SHG energy of only 85 mJ, corresponding to an efficiency of just
43% with poor long-term energy stability. The main focus of this thesis is the effort to improve
this. This includes using longer LBO crystals, smaller beam diameters, and improving the initially
non-Gaussian beam profiles of two linear cavity RAs by replacing the Faraday rotators. The re-
quired frequent phase-matching corrections of LBO crystals due to the rising temperature of the SHG
mounts was successfully solved with temperature stabilization of those mounts by thermo-electric
cooling elements. Laser induced contamination was found to be an issue on optical surfaces with
incident compressed pulses, degrading the beam profile on mirrors and increasing parasitic absorp-
tion in gratings and LBO crystals. This problem is mitigated by regular radio-frequency generated
plasma cleaning. These improvements enabled the generation of stable pump pulses with energies of
nearly 110 mJ and SHG efficiency of 55%. One of the major issues preventing the pump lasers from
reaching higher SHG efficiency is the amount of amplified spontaneous emission (ASE) present in
the 1030 nm pulses. An experiment with different seed distribution and Yb:fiber oscillator proved that
SHG efficiency as high as 63% can be reached when seed pulses with less ASE are used. The result
of this experiment is the planned redesigned seed distribution system. This plan also addresses the
problem with compression optimization of pump pulses by including a separate chirped fiber Bragg
grating tunable stretcher for each of the pump lasers. These stretchers enable custom compression
optimization, exploiting the best dispersion settings for each pump laser separately.

Despite the issues with sub-optimal contrast and low SHG efficiency, the 3 pump lasers developed
here can regularly generate 75 —100mJ at 515 nm with a pulse duration between 2 — 3 ps. With pump
lasers operating reliably on a daily basis, providing pump pulses for the last 3 OPCPA stages, L1
Allegra was able to provide 634 h of high energy (> 14 mJ) operation for experiments in 2019 —-2021.
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Abstrakt

Tato prace popisuje vyvoj Cerpacich laserti pro posledni tii zesilovace zalozené na optickém paramet-
rickém zesileni cerpovanych impulstt (OPCPA) systému L1 Allegra v ELI Beamlines. Tyto zesilo-
vace umoznuji zesilit impulsy s centrdlni vinovou délkou 830 nm a opakovaci frekvenci 1 kHz a cely
systém L1 Allegra pak umoziuje provoz n€kolika riznych zdroji rentgenového zareni pro ucely
zkoumdani dynamiky ultra rychlych procesti v mnoha odlisnych chemickych ¢i biologickych vzor-
cich. VSechny tfi zesilovace potiebuji Cerpaci impulsy s energii vétsi nez 100 mJ s délkou impulsu
nékolika pikosekund a centrdlni vinovou délkou v rozmezi 510—-540 nm. Takové lasery nebyly na
pocatku prace komercné dostupné. Cerpaof lasery popsané v této préci jsou zaloZeny na technologii
zesilovani ¢erpovanych impulst (CPA) a Ytterbiem dopovanych tenko-diskovych regenerativnich ze-
silovacich (RA). Jejich vystupni impulsy s vlnovou délkou 1030 nm jsou zkracoviany pomoci kom-
presoru s dielektrickymi mfiZkami a jejich vlnovd délka je pfeménéna pomoci generace druhé har-
monické (SHG) na 515nm v LBO krystalech. Zkracovani impulsti a SHG se déje ve vakuu, aby se
zamezilo samo-fokusaci impulst s vysokou intenzitou.

Prace nejdiive stru¢né popisuje rozdily mezi OPCPA technologif, kterd vyuziva nelinedrni krystaly,
a CPA technologi zaloZenou na titan-safirovych krystalech. Poskytuje také prehled dostupnych tech-
nologii vyuzivajicich iontu ytterbia, pomoci kterych lze generovat impulsy s délkou nékolika ps na
vinové délce 515 nm. Nékteré ¢asti prace jsou kvili poskytnuti souvislosti ke generaci druhé harmon-
ické vénovany teorii nelinedrni optiky, zejména podmince fazového synchronismu a samo-fokusaci.
Na tyto Casti navazuje strucny uvod do teorie disperze, Casové charakterizace laserového impulsu a do
efektl souvisejicich se zizenim zesilovaného spektra a posunu vystupni vinové délky RA. Prace také
popisuje téma Cistoty ve vakuu a laserem zpisobeného znecisténi (LIC).

Hlavni ¢ést prace pojednavd o zprovoznéni 3 komercnich RA a kompresort a SHG stupnt ve
vakuu. Vzhledem k vystupni energii 230 mJ z RA a pfedpoklddané SHG ucinnosti 60% byla oceka-
vand energie na vlnové délce 515nm 120 mJ. Pocatecni méfeni ukazaly vystupni energii pouhych
85 mlJ, odpovidajici icinosti jen 43%, se Spatnou dlouhodobou stabilitou. Jednim z hlavnich cild
préace bylo tuto ucinnost a stabilitu vylepsit. To zahrnovalo pouziti LBO krystald s vétsi tloust’kou,
mensich priméra vystupniho svazku a zlepseni ne-Gaussovského profilu svazku na vystupu dvou RA
s linedrnim rezonatorem pomoci nahrazeni Faradayovych rotatori. LBO krystaly vyzadovaly kvili
své rostouci teploté pravidelnou optimalizaci podminky fazového synchronismu, coZ bylo vyfeseno
teplotni stabilizaci drzaku krystalu pomoci termo-elektrickych chladicich ¢lanki. Laserem zplisobené
znecisténi predstavovalo problém pro optické povrchy na které dopadaji impulsy s vysokou intenzi-
tou a zpusobovalo deformaci vystupniho svazku z kompresoru a zvySeni absorpce laserového zaren{
v miizkach a LBO krystalech. Tento problém byl vyfeSen pravidelnym cisténim pomoci plazmatu
buzeného radiovou frekvenci. Tato zlepSeni umoznila generaci impulsi na vinové délce 515 nm
se stabilni energii 110 mJ a dc¢innosti 55%. Jednim z hlavnich divodia branicich Cerpacim laserim
v dosaZeni jeSté vyssi ucinnosti byla droven spontanné zesilené emise zafeni (ASE) pfitomnd v im-
pulsech s vinovou délkou 1030 nm. Experiment s jinym systémem zarodecnych impulsi a Yb:vldk-
novym oscilatorem prokazal, Ze s mensim mnoZstvim ASE je moZné dosahnout SHG udcinnosti az
63%. Vysledkem tohoto experimentu je novy navrh systému pro poskytovani zdrode¢nych impulst.
Tento navrh reflektuje také problém s optimalizaci disperze kazdého z Cerpacich laseri tim, Ze pouziva
pro kazdy z laserti jeho vlastni laditelny vldknovy prodluzovacé pulzi. Tyto vlaknové prodluzovace
umoznuji optimalizovat disperzi zarodecnych impulst pro kazdy Cerpaci laser zvlast” a tim umozni
dosdhnout ideédlniho zkraceni impulsti v kompresoru.

I pfes problémy s nedokonalym kontrastem a nizkou dcinnosti generace druhé harmonické jsou
popsané tfi Cerpaci lasery schopny generovat impulsy s energii mezi 75—100mJ na vlnové délce
515 nm s délkou impulsu 2 —3 ps. Diky jejich spolehlivému provozu na denni bazi poskytuji Cerpaci
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impulsy poslednim tfem OPCPA zesilova¢im laserového systému L1 Allegra. Ten byl diky tomu
v letech 2019 —2021 schopen pro experimenty poskytnout 634 h provozu s vysokou vystupni energii
(>14m)).
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1 INTRODUCTION

1. Introduction

Ever since the first laser shot in 1960 [1], lasers are at the core of most modern technologies nowa-
days. Few people could imagine our life today without fast communications, data storage and retrieval
devices, laser welding and cutting, medical treatments or bar code readers. On top of that, the laser is
a key tool for scientific research, pushing the boundaries of the scientific knowledge due to advance-
ments in laser-matter interaction sciences, including experiments in biology and chemistry.

Initially, the driving topic of laser development from the 60s through 80s was to achieve conditions
for nuclear fusion with the help of generating nanosecond pulses. The chirped pulse amplification
method (CPA) for optical frequencies developed by Mourou and Strickland in 1985 [2] (for which
they received a Nobel price in 2018) enabled the development of lasers capable of generating ultra-
short pulses with high energy. In CPA, the ultra-short pulses to be amplified are first stretched in
time by more than a thousand times in order to decrease their peak power. Then amplified in either
a laser active medium or nonlinear crystal and finally compressed again to short duration via a pulse
compressor. The output peak power of such lasers enabled new types of experiments. The result was
the increase in the number of PW-class (> 0.1 PW) lasers in operation across the world from 1 in 1998
[3] to 58 (with 205 more in construction) in 2019 [4]. With them, the number of research facilities
housing these and other high peak and high average power lasers grew as well. While high peak power
enables experiments to cross a threshold of observing particular effects, high average power enables
faster data acquisition and good statistics. These state-of-the-art laser facilities expand the potential
applications of lasers to particle acceleration, radiation therapy and generation of secondary sources
of short pulse radiation (electrons, protons, X-rays). That enables scientific progress in molecular and
solid-state physics, real-time monitoring of chemical reactions, molecule charge transfer, or transport
of electrons in solid materials.

One of the projects aimed at pushing the progress of fundamental research by using high average
power and high peak power lasers is the Extreme Light Infrastructure (ELI). ELI was established
due to coordination between the laser scientific community in Europe and support from the European
commission. It comprises of three different facilities in Czech Republic (ELI Beamlines, aimed at
creation of high-energy beams), Hungary (ELI ALPS, providing pulses with duration in the order
of attoseconds) and Romania (ELI NP, with laser pulses having ultra-high intensity for research in
nuclear physics). ELI Beamlines laser systems are aiming at providing pulses with high repetition
rate (1kHz) at up 100 W, PW laser pulses at repetition rate up to 10 Hz and 10 PW pulses at 1 shot per
minute.

This section provides a context for this work. After introduction to large laser systems based on
CPA technologies (1.1), it shows an overview of diode pumped solid-state pump lasers for the systems
based on Optical parametric chirped pulse amplification (OPCPA) (1.2). It also presents the ELI
Beamlines project (1.3) and the laser system relevant for this thesis—the L1 Allegra system — with
pump lasers based on Yb-doped thin-disk regenerative amplifiers (RA), multilayer dielectric (MLD)
grating compressors and LBO crystals used for second harmonic generation (SHG).

1.1 Active media of laser amplifiers

To amplify the stretched signal pulses to high energies, and enable later recompression to pulse dura-
tion on a femtosecond timescale we need amplifiers based on active medium supporting large spectral
bandwidth. Generally, high peak power lasers are trying to achieve large signal bandwidth, good
signal-to-noise ratio and good conversion efficiency. The most commonly used amplification tech-

1



1 INTRODUCTION 1.1  Active media of laser amplifiers

nologies capable of providing these properties in visible and near-infrared (NIR) wavelength region
are Ti:sapphire crystals and OPCPA in nonlinear crystals. The laser systems being developed at ELI
Beamlines facility are using both technologies and their overview is given in Fig. 1.

a)

Pump laser /
pump pulse
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Seed NL crystal) Output
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Fig. 1. Basic concept (a) and energy diagrams (b,c) behind two amplification methods — CPA and OPCPA.
During CPA in active medium (b), the energy difference between the absorbed pump photon with
frequency @Wpymp and the emitted laser photon @s;gnar is dissipated as heat inside the active medium.
During OPCPA in nonlinear crystal, the energy difference between the absorbed pump photon @pymp and
the emitted signal photon @s;gpal is emitted as idler photon @yqjer. £;—real energy levels (CPA),

Ev; —virtual energy levels (OPCPA).

Ti:sapphire amplification

Ever since the first ultra-broadband Ti:sapphire oscillator was reported in [5], it was clear that the
Ti:sapphire crystal with its broad amplification bandwidth is suitable not only as the active medium
for amplifiers, but also as the source of femtosecond pulses at the beginning of laser systems generat-
ing ultra-short pulses. The principles behind oscillators based on Ti:sapphire generating femtosecond
pulses are described in [6]. Some of the other techniques, enabling the generation of broadband spec-
tra and femtosecond pulses by using narrow spectral bandwidth lasers are described later in section
3.1.3.

During amplification in laser active media, the energy needed for the signal pulses to be amplified
is stored inside the crystal itself. On one hand, the pump pulses carrying this energy does not have
to have perfect wavefront or pulse temporal profile (when compared to the amplification in nonlinear
crystals) and multiple pump lasers can be used. On the other hand, due to the quantum defect, part of
the pump energy is always converted to heat (the Ti:sapphire crystal typical quantum defect is 34%).
The resulting temperature gradient inside the amplification medium creates mechanical stress and re-
fractive index changes, which limits the average power of such lasers. The energy stored in the active
medium can further amplify stray reflections, creating prepulses, or can be emitted as the amplified
spontaneous emission (ASE) over timescales corresponding to the fluorescence lifetime of the active
medium. Both effects degrade the laser pulse contrast ratio, which limits the usefulness of the laser
system [7]. The limitation of the repetition rate of a given laser system originates mostly from limited
repetition rate of the pump lasers, providing the energy necessary for amplification. These are also

2



1 INTRODUCTION 1.1  Active media of laser amplifiers

affected by the quantum defect and the consequent cooling needs. Recently built laser systems are
using pump lasers based on well known and developed flashlamp pump technology (usually Nd:YAG
based lasers with repetition rate of up to 10 Hz and pulse energies of up to 100J [8], [9]). The rep-
etition rate of laser systems using such pump lasers is therefore limited to 10 Hz. For example the
Berkeley lab laser accelerator (BELLA) with 1.2PW at 1 Hz [10] or currently developed High Field
Petawatt laser at ELI-ALPS with 2 PW at 10 Hz [11]. Approaching 10 PW peak powers seems to limit
the repetition rate to one shot per minute [12], [13]. Pumping Ti:sapphire with diode pumped solid
state lasers (DPSSL) instead of using flashlamp technology have the advantage of higher efficiency
and less deposited heat into amplifier media. Therefore, the laser system can be run at higher repeti-
tion rates. The most recent result with a PW class laser, using DPSSL pumped Ti:sapphire amplifiers
is the L3 High Average Power Laser System (HAPLS) at ELI Beamlines with energy of 16J, pulse
duration below 30 fs and repetition rate of 3.3 Hz [14].

OPCPA

OPCPA was first proposed by Dubietis in 1992 [15] and became a well established method of gen-
erating pulses with good contrast, high peak and high average powers. Following the schematic in
Fig. 1, during the process, happening inside a nonlinear crystal, the presence of a signal photon with
frequency wg can stimulate the conversion of a pump photon wp to another, newly created, signal
photon wg, while an idler photon @ is created, which ensures the process conserves energy and mo-
mentum. The result of the mechanism are two signal photons g, effectively amplifying the input
signal radiation. The principle, including the phase-matching condition necessary for the amplifica-
tion process to be effective, is described in more detail in section 3.1.4.

There are several advantages of OPCPA in comparison with amplification in laser active medium.
OPCPA benefits from the fact that no energy is stored within the nonlinear crystal and the energy
transfer between the pump pulse and the signal pulse happens only when the two are temporally and
spatially overlapped in the crystal. Efficient conversion requires high quality of the pump beam pro-
file. No ASE or prepulse is generated! and the resulting contrast for such a laser system is inherently
higher when compared to the one using Ti:sapphire amplifier [17]. Due to the parametric character of
the process and the absence of stored energy, no heat is generated within the crystal due to quantum
defect. Although the absorption of idler frequencies can still be a problem at high average powers,
cooling of OPCPA crystals is generally less demanding and systems with higher repetition rate can be
realized. Other advantage of OPCPA is the gain bandwidth, which can exceed that of the laser active
media based amplifiers, allowing for generation of few cycle pulses [18]. The fact that high gain
can be achieved in short crystal lengths minimize the accumulation of detrimental nonlinear effects.
Systems based on OPCPA scheme can hence benefit from simpler geometries, and do not require
multi-pass arrangements. More demands, however, are placed on pump lasers.

When considering the pulse duration of the OPCPA based system, using pulses with a pulse duration
in picoseconds have the following advantages over nanosecond pulse duration. One, the intensity of
both pump and signal pulses incident on the crystal allows to use crystals with thickness of only
a few millimeters. Two, picosecond OPCPA has better contrast, related to the absence of parametric
fluorescence photons outside of the pump pulse [19].

In OPCPA based laser systems it is convenient to use robust pump lasers with wavelength centered

IThere is an analogy to the ASE in the parametric process though, called amplified parametric fluorescence (APF). If the
pump pulse is long, compared to the duration of signal pulse, the creation of the signal and idler photon can happen
spontaneously, limiting the amplification effect and degrading the OPCPA contrast. It was observed for the first time in
1967 [16].
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between 510—540 nm to amplify broadband signal pulses with a central wavelength around 800 nm.
The technology of pump lasers with such wavelength is well established. Apart from the desired
wavelength, other key factors for the required pump pulses need to be considered. Namely the pi-
cosecond pulse duration and high energy for effective pumping at high intensity. Pump lasers with
high repetition rates enable achieving high repetition rate of the whole laser system, and with it, faster
data acquisition. Another crucial aspect for a pump laser is good temporal synchronization of pump
pulses with signal pulses, as any instabilities directly affect the stability of the amplified pulses. Pump
lasers should also have beam profiles with high quality, and good beam pointing stability. The former
can otherwise degrade the amplified beam profiles due to high parametric gain, the latter can cause
a phase-mismatch. These requirements are met by diode-pumped solid-state lasers. While frequency
doubled outputs of neodymium based laser systems can also be used as pump lasers, one of the fre-
quently used active media are those doped with Ytterbium ions [20] (such as Yb:YAG or Yb:LuAG).
Pump lasers based on ytterbium doped thin-disks were chosen as main technology for the L1 Alle-
gra system and the development of three of them is described in this thesis. The following section
summarizes the current development of ytterbium based lasers.

1.2 515 nm pump lasers based on Yb:YAG

Ytterbium based lasers have become available in different forms —ranging from fiber lasers, Innoslab
amplifiers, cryogenically cooled active mirrors or thin-disk RA. They can now deliver up to kW of
average powers or pulses with hundreds of mJ of energy at 1030 nm. In order to generate the 515 nm
wavelengths, intra-cavity or extra-cavity nonlinear crystals are used.

One architecture is based on photonic crystal fibers doped with Yb>*. It is capable of delivering
1030 nm pulses with high energy, good spatial beam quality, with duration around 1 ps at high rep-
etition rates. Generated pulses can exceed 10 kW of average power at 80 MHz with pulse duration
under 300 fs [21], due to the use of CPA technologies and recent progress with coherent combination.
There are two main disadvantages of systems based on coherently combined fibers. One is the limited
output pulse energy (usually below 10 mJ [22]), limited by the aperture of the available fibers. The
other is the required phase stabilization to maintain constructive interference.

Another type of the solid-state laser system capable of generating sub-ps pulses with high repetition
rate and higher energy are Innoslab amplifiers (described in detail in [23]). a system with an output
energy as high as 20 mJ and a pulse duration of 830 fs at 12.5 kHz was reported in [24].

Another viable option of generating picosecond pump pulses is to use cryogenically cooled active
Yb:YAG mirrors. This technology makes use of the improved properties of Yb:YAG at low temper-
atures [25] and uses thin crystals with high reflectivity coating at the back, placed in a cryostat. The
seed laser pulses to be amplified are reflected from the coated back side of the crystal (hence the name
"active mirror"). However, the maximum achievable average power of such system is limited by the
necessary transmission through two vacuum cryostat windows. With crystal thickness of 0.5 mm,
1.5] of output energy and 500 Hz repetition rate at 1030 nm was reported in [26].

Each of the laser architectures mentioned earlier might be suitable for pumping a different laser
system. For L1 Allegra running at 1 kHz, the most suitable technology is thin-disk amplifiers. They
can produce high energy with excellent beam quality at high repetition rates and prove to have excel-
lent scalability both in terms of energy as well as repetition rate. For example, 720 mJ was reported
from a multipass system in [27], and 300 kHz Yb:YAG thin-disk amplifier was reported in [28]. It is
the key technology that was chosen for all the pump lasers in L1 Allegra system.
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Second harmonic generation

SHG process utilized in nonlinear crystals (LBO, BiBO, KTP, KTA and others) is the common way
of converting the 1030 nm photons generated by Yb-based lasers to 515 nm. By placing these crystals
inside laser cavities with Yb-doped fibers [29], DBR tapered laser diodes [30], Yb:YAG crystals
[31] or Yb:YAG thin-disks [32], continuous-wave (CW) green lasers can be realized. The output
power of these systems is usually around few Watts and they start to replace Ar-ion based lasers for
spectroscopy and metrology applications.

In pulse lasers, it is more common to place the nonlinear crystals for frequency doubling outside
the cavity. Frequency doubling of pulses with femtosecond duration can be realized by using LBO,
BBO or YCOB crystals. Systems based on Yb:YAG Innoslab [33], Yb:KGW [34], or Yb-doped
fiber amplifiers (FAs) [35] demonstrated generation of 515 nm with efficiencies around 50%. These
systems have repetition rate ranging from 166 kHz to 76 MHz and energies in 1 to nJ. Most recent
SHG result, reaching 80% conversion efficiency and generating 1J at 400 nm by frequency doubling
Ti:sapphire pulses with 27 fs in 2 mm of LBO, was reached at 5Hz in [36]. The systems produc-
ing femtosecond pulses at 515 nm are usually used directly for experiments instead of for pumping
OPCPA.

L1 Allegra system is using picosecond OPCPA for amplifying the broadband seed pulses. Hence,
the most relevant pump lasers for this thesis are those with an output pulse duration of few picosec-
onds. Only a handful of these pump lasers have been published and none of them have the right
combination of high energy, picosecond pulse duration, and 1 kHz repetition rate suitable for pump-
ing the OPCPA stages in L1 Allegra system. The ones with the highest achieved parameters are listed
in Table 1, together with Joule-class systems with pulse duration in nanoseconds. This table also
shows the type and thickness of nonlinear crystals used in these systems for frequency doubling and
the achieved conversion efficiency, to provide the necessary context for the rest of the thesis. The
table shows the necessary pump lasers for L1 Allegra are still not available commercially and had to
be developed.
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Tab. 1. Pump lasers literature research. Top part of the table describes results reached with lasers having

a pulse duration in picoseconds, bottom part with lasers having a pulse duration in nanoseconds. I list the key
results in recent years reached by using mostly Yb>*- doped active media and extra-cavity SHG. The average
second harmonic conversion efficiency is 67%. Except three references, all the output wavelengths are

515 nm. Some of the entries summarize the results of pump lasers development described in this thesis.

L —crystal thickness, T stab—temperature stabilized crystal mount, T —pulse duration, 1 —SHG efficiency,

P —average output power at 515 nm, E —output energy at 515 nm.

Crystal L(mm) Tstab 7(ps) Rep.Rate n (%) P(W) E(@mJ]) Year Ref.

In-house developed pump lasers

LBO 2.2 no 3 1 kHz 73 68 2x34 2021 [?]
LBO 2 no 3 1kHz 65 55 2x27.5 2021 [?]
LBO 1.7-2.2  yes 14-3 1kHz 48-69 100 100 2021 [P]

Other pump lasers

LBO 2 no 1.9 1kHz 74 4.4 4.4 2020 [37]
BBO 2 yes 1.2 100 Hz 70 0.5 5 2020 [38]
BBO 1 no 0.5 46.4 MHz 55 364 0.078 2019 [39]
LBO 1.5 no 1 S5kHz 70 70 14 2016 [40]
LBO 15 yes 30 574kHz 43 8 0.0139 2016 [41]
LBO 6 no 38 3MHz 72 131 0.044 2016 [42]
LBO 5 no <8 300kHz 70 820 2.7 2015 [28]
BBO 2 no 2 400kHz 75 253 0.6 2014 [43]
LBO" ) yes 100 1kHz 57% 150 150 2017 [44]

Crystal L(mm) Tstab 7(mns) Rep.Rate n (%) P(W) EJ) Year Ref

LBO 13 yes 10 10Hz 66 597 59.7 2021 [45]
LBO 14 no 2 1 kHz 89 580  0.58 2020 [46]
LBO™ (-) () 10-100 3.3Hz 56 129 39 2016 [47]
LBO 15 no 10 10Hz 82 56 56 2016 [48]
CLBO™ 14 yes 10 10Hz 71.5 125 125 2013 [49]

4 In-house developed thin-disk RA based pump laser.

b Three separate pump lasers for L1 Allegra system described in this thesis.

* This laser system uses Nd:YAG technology to generate frequency doubled pulses at 532 nm.
" This laser system uses Nd:glass technology to generate frequency doubled pulses at 527 nm.
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1.3 ELI Beamlines

ELI Beamlines is a large scale laser facility, built by Institute of Physics of the Czech Academy
of Sciences and is aimed at pushing the boundaries of fundamental science by providing the users
with state-of-the art technologies. It provides high peak power and high average power lasers and
secondary sources of radiation for user-driven fundamental and applied research, including the accel-
eration of electrons and ions, plasma physics experiments (topics are related to high-energy density
physics, warm dense matter and laboratory astrophysics), ultra-high intensity laser-matter interac-
tions, bio and material applications or various X-ray generation sources.

The four laser systems at ELI-Beamlines are based on a variety of amplification technologies such
as Ti:sapphire [50], Nd:glass [12], and OPCPA [51]. They differ in designed maximum pulse energies,
repetition rates, pulse durations and central output wavelengths. The overview of their designed
parameters is in Table 2. This thesis describes the development of pump lasers for L1 Allegra laser
system.

Tab. 2. Overview of the four laser systems at ELI Beamlines and their designed parameters. E —energy,
T —pulse duration, P —power, A. —central wavelength.

Laser system Output £ T Rep. rate Technology Peak P Ae

L1 Allegra 100mJ  15fs 1kHz OPCPA 6TW  830nm

L2 DUHA 2] 25fs 50Hz OPCPA 80TW  820nm

L3 HAPLS 307 30fs 10Hz Ti:sapphire 1PW  805nm
L4 Aton 1.5kJ]  150fs 1/60Hz OPCPA +Nd:glass 10PW 1057 nm

L1 Allegra laser system

(]
1 FrontEnd
' 1
1 1
1 1
' 1
1 MP
1
650 mJ
1 1
1 ' Vacuum
1
! SYStem {100 my, 15fs,
L v 515nm 3ps ] 1 kHz
[} ' 750 - 920 nm
| Dazzler Stage 1-3 Stage 5 Stage 6 Stage 7 Chirped )
] AOPDF | 3ps 2mJ 30 mJ 50 mJ >100 mJ Mirrors
BBO LBO LBO LBO
2mm + 2mm + 1.5mm 1.5 mm 1.9 mm 1.4 mm 1.5 mm

Fig. 2. Layout of the L1 Allegra system. Sections developed as part of this thesis are marked red.

RA —thin-disk regenerative amplifier, MP —multipass amplifier planned upgrade, SHG — second harmonic
generation stages with LBO crystals, AOPDF — acousto-optic programmable dispersive filter stretching
the broadband pulses.

The L1 Allegra is an OPCPA based laser system designed to provide 100 mJ pulses at 1 kHz with
a pulse duration below 15fs and spectrum spanning 750 nm—920nm. The layout of the system
is shown in Fig.2. Its purpose is to drive various X-ray sources in experimental hall E1, such as
a plasma X-ray source [52] and a high-harmonic extreme ultraviolet (XUV) source [53] for probing
ultra-fast dynamics of processes in various types of samples. The system is based on a Ti:sapphire
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(b)

Fig. 3. The progress of L1 Allegra system. (a)—small laser lab at ASCR premises at Ladvi, Prague in
2014. (b) —complete system at ELI Beamlines, Dolni BfeZany premises in 2018.

oscillator providing both broadband signal pulses as well as seed pulses at 1030 nm for the pump
lasers. It has 7 OPCPA stages with non-linear crystals (either BBO or LBO) with combined thickness
of only 12 mm and the pump pulses are provided by 5 pump lasers in total. The photos showing the
progress of L1 development over the years starting from a small scale lab all the way down to the
fully developed laser system are shown in Fig. 3.

The broadband signal seed pulses for the OPCPA stages are generated in the Ti:sapphire oscilla-
tor and are first stretched from 6 fs to 3 ps by applying a group delay dispersion (GDD) of roughly
+6000 fs?> with a Acousto—Optic Programmable Dispersion Filter (AOPDF). The AOPDF can also
modify the higher order dispersion so that the final compression at the end of the L1 system can be
optimized or so that experimental station in E1 hall using the L1 Allegra laser can modify the dis-
persion in order to reach the best conditions for the experiments. The compression of the amplified
broadband pulses is realized with a set of 32 chirped mirrors, each providing about —190 fs> of GDD,
ensuring high reflectivity. This method also limits the parasitic nonlinear effects when compared to
compression in bulk materials. The pump pulses are provided by Yb-doped thin-disk based RA, gen-
erating pulses with 30 -230 mJ energy at 1030 nm that are compressed by MLLD grating compressors
to 2—3 ps pulse duration and frequency doubled in LBO crystals to 515 nm. With the designed in-
tensity of the incident 1030 nm picosecond pulses on the SHG crystal of 100 GW/ cm?, crystals with
a thickness of 1 —3 mm should be enough to reach near maximum conversion efficiency.

The first two pump lasers within the .1 Allegra systems were developed by Jakub Novak [54].
They provide about 16 and 55 mJ at 515 nm and their compressors and SHG stages are placed in air.
The last three pump lasers were developed as part of this thesis. They are based on commercial RA
from Trumpf Scientific lasers, MLD grating compressors and SHG stages with LBO crystal. The
compressors and SHG stages had to be placed in vacuum chamber and the final designed output
energy of the pump lasers was 120 mJ at 515 nm. The details and results from the development are
described in section 4.
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1.4 Thesis outline

The thesis is divided into 7 sections. The first section provided an introduction to OPCPA laser
systems, Yb-based pump lasers, ELI Beamlines project and listed details of the .1 Allegra system
design. The second section describes the aims and objectives of this thesis. The third section pro-
vides the necessary context and theoretical background for all the technologies used and described
within the thesis, covering the basic concepts for SHG or self-focusing, dispersion compensation,
gain narrowing in amplification media or vacuum cleanliness.

Section four is the main body of the thesis. There, I describe the development of high energy pump
lasers for the three most energetic OPCPA stages in the L1 Allegra laser system. I characterize the
three commercially acquired thin-disk RA providing pulses with energy of 230 mJ at 1030 nm. I de-
scribe their commissioning and integration into the system and the development of their compressors
and SHG stages, which are placed in a vacuum chamber to avoid detrimental nonlinear effects of high
intensity pulses in air. I specify key problems with the seed distribution, with rising temperature of
the SHG stages, with vacuum cleanliness and with beam profile imperfections. All of these issues
prevent the pump lasers from generating the designed stable energy of 120 mJ with a pulse duration
of 3 ps at 1 kHz. I also discuss the realized improvements.

In the last two sections, I summarize all the achieved results and I suggest some of the further
enhancements of the pump lasers, which could be implemented in the near future. I also list my
authored and co-authored papers, conference contributions, and finally, append my two peer-reviewed
journal publications.

2. Aims and objectives of the thesis

Develop a system of 3 pump lasers for the final 3 OPCPA stages of L1 Allegra laser system.

1. Successfully commission 3 commercial regenerative amplifiers, delivering pulses with energy
of 230 mJ, wavelength of 1030 nm at repetition rate of 1 kHz.

2. Commission the vacuum compressors and SHG stages for these RA.

3. Identify the problems behind low SHG efficiency, which prevent the pump lasers from reaching
120 mJ with a pulse duration of 3 ps at 515 nm. Propose their solution.

4. Solve the temperature stabilization of SHG stages in vacuum.
5. Improve the output beam profile of the RA with a linear cavity design.

6. Find a solution for mitigating laser induced contamination of optical components in vacuum
chambers.
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3. Methods and technology

In order to provide the necessary context for the experimental part of this thesis, several theory ex-
cerpts and concepts are introduced in the following sections. This includes parts from nonlinear optics
regarding second harmonic generation and phase-matching, dispersion management, laser pulse char-
acterization, gain narrowing or vacuum contamination.

3.1 Selected nonlinear optics phenomena

During the interaction of laser light with matter, the optical intensity can be high enough to modify
the optical properties of the material, which in turn modifies the light waves. "Nonlinear optics" is
the study of these exotic effects, which can change the frequency or temporal and spatial profiles
of the interacting waves. The applications of nonlinear optical phenomena were often key moments
in laser sciences. For example the first SHG in 1961 [55], development of all-optical switching for
rapid optic fiber communications in 1983 [56], Kerr-lens modelocking of Ti:sapphire laser in 1991
[57], or optical frequency combs demonstration by use of cross-phase modulation (XPM) in 2000
[58]. The complete overview of all the nonlinear effects and their application is out of the scope
of this work and can be found elsewhere [59], [60]. One of the key nonlinear effects related to
this thesis is SHG, used to convert pump pulses for the amplification stages from 1030 nm to 515 nm.
Another is difference frequency generation, utilized in the broadband signal amplifiers through optical
parametric amplification. Also important are self-focusing and self-phase modulation, responsible for
detrimental effects inside RAs and during propagation in air.

The response of a material to incident light is usually described by polarization (or dipole moment
per unit volume) P, which appears as a driving part on the right side of the wave equation as follows

IR,
22" gyc? Ir2’
where E is the electric field, ¢ is the speed of light in vacuum and & is the vacuum permitivity. Unlike

in linear optics, where the polarization P(t) depends only linearly on the strength of the optical field
E (1), in nonlinear optics, the polarization () has terms that relies on £2(¢), E3(¢) and so on:

P(t) = eox VE(t) +eox P E* (1) + eox VE3 (1) + ...
=P () + PO (1) + PO (1) +... = PV (1) + PV (1),

V2E — (1)

2)

The tensor x(l) is the measure of proportionality and is called linear optical susceptibility and the
x(z) and 1(3) are nonlinear optical susceptibilities of the second and third order. PN consists of
nonlinear polarization terms of the second and higher orders and are responsible for generation of
new frequency components in an optical field or for modification of the propagating wave properties.

In relation to this thesis, x () is important for the special case of sum frequency generation (SHG)
process and difference frequency generation process. x(3) is relevant for self-focusing of beams with
high intensity.

3.1.1 Second harmonic generation

If we consider a simple monochromatic wave with single frequency component @;, we can write the
spatial amplitude and the rapidly varying time dependence as

E(z,1) = A ()11 e 3)

11



3 METHODS AND TECHNOLOGY 3.1 Selected nonlinear optics phenomena

n(®)o,
Cc
such a wave is incident on a material with second order susceptibility x(), by substituting (3) into the

second-order polarization

where k| = is called the wavevector and the variable A(z) is the amplitude of the wave. If

PO(1) = egx @ E(1)? = goy P A2e2017e 2001, @)

we see that during this process radiation with frequency 2m; will be generated, due to the term
e~2@1!  We call this second harmonic generation (SHG), or frequency doubling, and it is a key
nonlinear process for converting the infrared photons of RAs at 1030 nm to green pump photons at
515 nm, which are later used to provide pump energy for the OPCPA stages of a laser system. The
schematic of the interaction is shown in Fig. 4a.

3.1.2 Optical parametric amplification
If the incident light on a material with ) (2) consists of two frequency components, @ # o,
E(z,t) = Ay(2)e' 137 4 Ay (g)e" 2= o c )

the contribution to the driving term in the equation (1) will also contain components with frequency
@3 = (w; — ). The process of creation of radiation with this frequency is called difference frequency
generation (DFG). During this process, the energy of the "pump" photon with @ is transferred to the
newly created "signal" photon @, and in order to satisfy the energy conservation rule, an "idler" pho-
ton with frequency w3 = (®; — @,) has to be created as well. Although the energy levels involved
in the process are virtual, it is similar to stimulated emission in laser active media in a way that the
presence of the wave with frequency @, stimulates the two photon emission from the higher energy
level after the absorption of the photon with frequency @;. The incident radiation with @, is hence
amplified by the process. Often, this method of amplification is combined with stretching (chirping)
the signal pulses in time and is referred to as optical parametric amplification (OPA)?. The geometry
and energy diagram of the process are shown in Fig. 4b. Under certain conditions, the OPA process
can be used for amplifying a wide range of incident signal frequencies with quasi-monochromatic
pump pulses. The only difference would then be the larger spectrum of idler frequencies generated
as the consequence of energy conservation. This way, the OPA process can be used to amplify the
stretched broadband signal pulses from the Ti:sapphire oscillator centered around 800 nm by the en-
ergy from narrow spectral bandwidth pump pulses centered around 515 nm (provided by the pump
lasers). The process of using OPA with stretched pulses is called OPCPA.

3.1.3 Self-focusing and Self-phase modulation

Not all materials exhibit both second as well as third order susceptibilities. Due to the material prop-
erties and symmetry rules, the susceptibility x(z) is non-zero only in noncentrosymmetric crystals
(BBO, LBO, KDP and many others). Liquids, gases, glass and some crystals display inversion sym-
metry and only odd orders of ¥ (") can occur [61]. The third order susceptibility will never vanish
though and has the form of

PO(1) = ey VE(1)?, (6)

2The process can occur also without the presence of the photon @,. The two photons @, and @3 are then emitted sponta-
neously, the generated field is weaker, and the process is called optical parametric generation (OPG) [61].

12



3 METHODS AND TECHNOLOGY 3.1 Selected nonlinear optics phenomena

Substituting a monochromatic wave with frequency @; from (3) to (6) yields also a term with ¢/’

This term describes a contribution to the polarization at the same frequency of the incident field,
effectively modifying the refractive index. This can then be written as
n=no+n(t), (7

where n is the classical linear refractive index, I = %nogocE 2 is the incident wave intensity and

3
_ (3) 8
np 2}1(2)8()CX ( )

is a number called nonlinear refractive index, describing the strength of the effect.

Self-focusing

Intense beams with non-uniform spatial intensity distribution (typically Gaussian beams) passing
through a medium with positive ny experience self-focusing as a result of third-order nonlinearity
(often also called Kerr nonlinearity). In case of a Gaussian beam the material will act as a positive
lens.The threshold critical power F, for self-focusing and the characteristic collapsed focal distance

zs£ 1S [61]:
0.146 12 n
Po= ) 24=0765w}, %, )
nony nzP

where laser parameters are the wavelength A, waist radius wy, and peak power P and material
properties are the linear refractive index ngy and the nonlinear refractive index nj.

Assuming a RA with 230 mJ output energy at 1030 nm, 500 ps duration before compression, 10 mm
beam diameter at 1/e2, ng = 1.0003 (air) and n, = 31 - 10~2* m? /W [62], the critical power for self-
focusing of 5.2 GW is larger than the pulse peak power of 0.46 GW and the beam would collapse after
a safe 160 m of propagation. After compression though, with the pulse duration of 3 ps, the collapsing
distance is only 13 m. After frequency doubling to 515 nm, the distance will be even shorter. The
reason is the dependence of beam waist radius and nonlinear refractive index on wavelength [63]:

(10)

. W W, W,
signal ——»  — . OPA
1

@, (2) W=, —w,

pump ——Fp X | 5 igler ¢
@,

Fig. 4. Geometry and energy-level schematics of SHG and OPA processes.
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3 METHODS AND TECHNOLOGY 3.1 Selected nonlinear optics phenomena

Within the L1 Allegra system, self-focusing is a problem for all compressed pump pulses (hav-
ing pulse duration of <3 ps and energies well above several millijoules at both 1030 nm as well as
515 nm), for stretched picosecond broadband signal pulses after OPCPA stage 4 (3 ps and 5—12mJ)
and for compressed femtosecond signal pulses after the chirped mirror compressor. In order to avoid
collapsing of the beams in air, last three pump laser compressors, the SHG stages, the last three
OPCPA stages, the chirped mirror compressor, and all the consequent beam transport to experimental
halls had to be placed in vacuum.

Self-phase modulation and B-integral

Another consequence of refractive index dependency on intensity is the self-phase modulation (SPM)
effect. During the propagation of an optical pulse with frequency @y (3) through media with nonlinear
refractive index (7), the medium will change the phase of the transmitted pulse as follows:

E(Z,l‘) _ A(Z)eikozefi(a)otfnzl(t)a)oL/c), (11)

where kg is the wave vector with linear refractive index ng and L is the length of the medium. The
instantaneous frequency of such a wave can be written as

o(t) = o+ 80(r), (12)
where J J
sor) = = (nzl(t) %L) =~ o (1) (13)

describes its changes in time. The consequence of the time varying phase term is broadening of
the spectra due to the self-phase modulation. The leading edge of the optical pulse shifts to lower
frequencies, the trailing edge of the pulse shifts to higher frequencies when nj is positive. This
effectively broadens the spectrum and introduces a positive chirp. The process is schematically shown
in Fig. 5a. Depending on the strength of the spectral broadening due to self-phase modulation, the
resulting spectrum, Gaussian initially for example, can get slightly broader with low A¢@ng, or quite
complicated with heavy modulation if the nonlinear shift is large enough (see Fig.5b for example
how the spectrum changes due to propagation in silica fiber).

In order to judge how much nonlinear phase shift will be introduced by the system, the variable
B-integral is often used

27w L
2 /0 1(z,1)dz, (14)

ONL(7) =

where L is the length of the material, n; is the nonlinear refractive index and / the intensity of a laser
pulse with frequency w. Usually, one strives to design the system so that the accumulated B-integral
in all the material is less than 1 rad. This nonlinear phase can be compensated just as the linear phase
can, but the phase function can be quite complicated with modulation and ripples in worst cases. The
nonlinear effects can be compensated by introducing a material with opposite sign of n, (for example
GaAs wafers, although with limited laser induced damage threshold [64]). More practical method
of compensating the self-focusing and self-phase modulation might be the cascaded second-order
nonlinear process in two subsequent nonlinear crystals [65], [66].

Self-phase modulation process is important for broadening of spectra inside fibers, crystals or hol-
low core fibers filled with gas [68]. This way, the bandwidth limit of the amplifying medium or the
laser oscillator can be circumvented and few-cycle ultra-short pulses with <5 fs can be generated after
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Fig. 5. Self-phase modulation. (a)— Intensity of the incident pulse and change in instantaneous frequency.
The leading edge of the optical pulse creates new red frequency components with respect to the central
frequency, due to the negative d®(t), (b) — Evolution of the spectrum after propagating the ultra-short
laser pulse through optical fiber from RP Photonics Encyclopedia [67].

subsequent compression [69]. Self-focusing and self-phase modulation are important part of nonlin-
ear processes responsible for ultra-broadband spectrum generation (called continuum, supercontin-
uum or whitelight) in crystals [70]. Continua can be used as seed signal pulses for parametric and
laser amplifiers. For example, femtosecond pulses are commonly used to generate supercontinuum
[71], [72] and picosecond pulses were used to generate supercontinuum in the NIR [73] or mid-IR
wavelengths as well [74]. One of the advantages of a picosecond supercontinuum seed for the large
laser systems is the need of only a single fiber oscillator at the beginning of the whole chain. This
oscillator can provide seed pulses for picosecond pump lasers, those in turn generate supercontin-
uum as broadband signal source for the OPCPA stages. This way, no expensive Ti:sapphire oscillator
or complicated synchronization of two oscillators is needed. One large laser system using a single
Yb:KGW oscillator and the subsequent supercontinuum generation is the Sylos system of ELI-ALPS
(with energy 53.8 mJ, <9 fs duration at 1kHz, corresponding to >53 W average and 5.5 TW peak
power [44]).

3.1.4 Phase-matching

The earlier described nonlinear processes of SHG or OPA will be efficient only under certain cir-
cumstances and only one of the processes can generally be dominant, depending on the so called
phase-matching conditions. Using SHG as an example, we can derive the coupled-amplitude equa-
tion describing how energy of the second harmonic wave with amplitude A, is growing at the expense
of energy from the wave with amplitude A;. Assuming the amplitude A(z) in (3) is only slowly
varying with the distance z, we find the derived equation contains the term e

;2
dA; 1w, deff
dz kz C2

AZeiAkz, (15)
Here, d.¢ is the effective nonlinear coefficient (related to the tensor x(2), dependent on incident radi-
ation polarization and material properties) and

201n(w1)  oyn(w)

Ak =2k —ky = (16)
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3 METHODS AND TECHNOLOGY 3.1 Selected nonlinear optics phenomena

is called a wavevector mismatch. Only when Ak = O can the process be efficient. It describes the
momentum of interacting photons, which needs to be conserved. Energy conservation is described by
the relation @, = 2. If both energy and momentum are conserved, we say the process is perfectly
phase-matched, as the two (in this case) interacting waves stay phase and the energy transfer from A
to A can be most effective. Assuming a simplified case with monochromatic waves and undepleted
pump (A7 is constant), the integrated solution of the coupled-amplitude equation shows the efficiency
of the second harmonic process inside a crystal with the length L is proportional to a function

When the efficiency of the process is high (for example typical 50—-70% SHG efficiency generated
by the lasers in this thesis), the undepleted pump approximation is no longer valid and the efficiency
has to be calculated numerically (compare the two functions in Fig. 6a), but the equation (17) is a good
example, as the SHG efficiency in depleted pump case also drops sharply for Ak values larger than
zero. In order for Ak to be zero, the SHG process requires that

n((ol) :n(2a)1). (18)

In this case we conserve both energy and momentum at the same time and we can call this requirement
the phase-matching condition for SHG. Typically, the refractive index will always be a monotonously
rising function of frequency with n(®;) < n(2®,) as shown in Fig. 6b. The equality (18) can only be
satisfied in birefringent crystals, where the refractive index depends on the polarization of the incident
radiation. By using orthogonally polarized photons, we can satisfy the equality of refractive indices
if the photons of incident 1030 nm wave have ordinary polarization and the generated 515 nm have
extraordinary polarization’ ne(2my) = ny(oy).

1
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Fig. 6. SHG vs Ak and phase-matching, (a) — Dependence of SHG efficiency on the wavevector mismatch
for monochromatic wave (blue) as well as for the real RA output with 1 nm bandwidth at 1030 nm, 3 ps
pulse (red). Crystal length is 1.7 mm. Simulated by the Selected non-linear optics software (SNLO) [75],
(b) —Dispersion and matching of refractive indices for phase-matching.

3n, is the refractive index for light polarized in the plane containing the propagation vector k and the optical axis of the

crystal. The 7, depends on both angle 6 between the k and the optical axis and on temperature 7. n, is the refractive
index for light polarized orthogonally to the extraordinary polarization.
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3 METHODS AND TECHNOLOGY 3.1 Selected nonlinear optics phenomena

Angular (critical) phase-matching

This type of phase-matching is achieved by the correct orientation of the crystal relative to the inci-
dent and generated waves. In practise it is realized by cutting the crystal at the calculated angle so
that the incident light can be perpendicular to the surface. The SHG process in a biaxial negative
nonlinear crystal converting two ordinary polarized photons at 1030 nm to photon with extraordinary
polarization at 515 nm (abbreviation used is ooe) is called SHG type I [76]. Other types (eeo, oee,
€00) can be realized in other crystals as well. Type I is used to generate photons at 515 nm in pump
lasers developed as part of this thesis.

If a beam with extraordinary polarization propagates at an angle against the optical axes of a bire-
fringent crystal, its intensity propagation will drift away from the initial direction of propagation k
(see Fig. 7). The effect is called spatial walk-off, affects the spatial overlap between the fundamental
and second harmonic frequencies and with it, the energy transfer during the process. a typical walk-
off angle ¥ in LBO at 515 nm is 8.31 mrad. It often causes issues when we use long crystals or beams
with small radius and large divergence. In those cases, temperature phase-matching is preferred.

optical

/ axis

k ,0” beam

\
,e” beam I

Fig. 7. Spatial walk-off. Beam with extraordinary polarization "e" drifts from the initial beam direction of
propagation k. 1 is called the walk-off angle. This effect influences the spatial overlap with the ordinarily
polarized "o" beam and with it, limits the efficiency of a selected nonlinear process.

\ 4

Temperature (noncritical) phase-matching

Both ordinary and extraordinary refractive indices are temperature dependent. By changing the tem-
perature of the crystal, the An change can be described by the thermo-optic coefficient dn/dT [77]

as:
B dn dn an ap
A”""O*w‘”(’*(af)p*(ap)T@T)’ e

where ny is the original refractive index at a given temperature and p is the density of the molecules
comprising the optical material. The second term is always negative due to the negative thermal
expansion g—‘; and the resulting dn/dT can be either positive or negative, depending on the material
[78]. In practice, the noncritical phase-matching is achieved by fixing the value of the angle 0 at
90° and varying the temperature of the crystal [61]. The nonlinear crystals are generally placed
in ovens heating the crystals to temperatures around 150 °C (for type I SHG in LBO at 1064 nm).
Noncritical phase-matching benefits from the absence of spatial walk-off and is less sensitive to beam
misalignment. We chose angular phasematching in L1 Allegra SHG stages with LBO crystals, due to
large beam diameter (10— 15 mm) and small crystal thickness (a few mm).

Temperature influence during angular phase-matching

When the angular phase-matching is used to satisfy the condition Ak = 0, dn/dT will affect Ak as
well. The LBO crystals in the SHG stages of pump lasers described in this thesis are cut so that
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3 METHODS AND TECHNOLOGY 3.2 Dispersion and CPA

the fundamental 1030 nm photons are polarized in parallel with Z axis and the extraordinary 515 nm
photons with the X axis. The respective dn/dT coefficients of LBO in those axes are [79]:

d

(23764 +2.30)-107°,
dr, 2 —9.7)-10°°
(154 -97)-10"
dT ( ) b

and the resulting calculated Ak and SHG efficiency change is plotted in Fig.8. The temperature
difference inside the 1.7 mm LBO crystal required for the SHG efficiency to drop by 50% is 11.55 °C.
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Fig. 8. Temperature change of Ak caused by dn/dT and related SHG efficiency in LBO, (a) — Ak change
caused by dn/dT as a function of temperature, calculated from (16), (b) —simulated SHG efficiency from
Fig. 6a with AT instead of Ak on X axis.

3.2 Dispersion and CPA

Dispersion describes a dependence of some property (for example of the refractive index or of the
laser pulse phase velocity) on frequency. During laser pulse propagation in optical media the phase
and group velocity values are different, in contrast to propagation in vacuum. Dispersion of both
phase and group velocities will cause a short pulse (with broad spectrum) to become longer in time
after propagation. Dispersion management is important for modelocked oscillators, generation of
femtosecond pulses and for all lasers using the CPA scheme in general. For this thesis, the key
elements for controlling dispersion are chirped fiber Bragg gratings (CFBG) written in optical fibers
for stretching the laser pulses before amplification in a RA and Treacy-type free space MLD grating
compressors for shortening the pulses after amplification. These devices are related to geometrical
dispersion and the fact that different wavelengths travel different path. Propagation in air, optical
windows and crystals on the other hand are related to the dispersion of refractive index. More detailed
information about the types of dispersion and devices capable of modifying it can be found in a nice
review article here [80].

In order to easily model the laser pulse dispersion induced by propagation through a medium, a de-
scription of the pulse in the spectral domain is frequently used. By applying a Fourier transformation
to the complex amplitude of the pulse E(7) with intensity /(¢) and phase ¢(z), we get the complex
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frequency-domain pulse field E(®):

E(t) = /I(t)e #O L E(w) = /S(w)e 0. 1)

There, S(®) and ¢(w) are the pulse spectrum and spectral phase. The resulting influence of a medium
and its contribution to the spectral phase can be modelled* as a simple multiplication of E(®) by
a factor of €/?(@M_ The spectral phase ¢(®), accumulated by frequency @ during propagation in
medium with refractive index »n and length L, can be written as

o(0) =k(w)L=n(w)—L. (22)

It can be expanded as Taylor series around the center frequency y:
1 m
p(@) =1 ion(an)(@—o)". (23)

where @,,(ay) is the m™ derivative of the phase function with units of ps™ or fs™ depending on the
amount of dispersion.

The individual terms in the spectral phase expansions will affect the temporal profile of the pulse
as follows

* the constant phase offset ¢y = i L is related to the phase velocity v, of the pulse and the term will
not affect pulses longer than few optical cycles;
e the group delay (GD) term ¢ = VigL is related to the group velocity v, of the pulse and shifts the

pulse in time. Self-referencing pulse characterization techniques like autocorrelation (AC) cannot
measure this term;

e the group delay dispersion (GDD) term (and further higher orders of dispersion for that matter)

P = %v]—gL increase the pulse duration. If ¢,>2 # 0, instantaneous frequency depends on time

and we say the pulses are chirped;

e the third order dispersion (TOD) @3 and higher odd dispersion orders add oscillatory structures
outside the main pulse envelope;

The key process in CPA is to first stretch the pulse in time by adding a certain amount of dispersion
(preferably the GDD, chirping the pulse linearly) and later, after amplification, introduce a dispersion
of the opposite sign. The goal is to compensate the modified phase of the stretched pulse and make it
as flat as possible to compress the pulse back to its original duration, as only constant spectral phase
produce the shortest pulse duration for a given spectrum [80]. Generally, each medium will affect the
pulse by adding all orders of dispersion and the devices modifying the pulse spectral phase needs to be
designed carefully so that even the higher orders of dispersion are compensated (for example, cubic
phase needed to be compensated by prisms in [81] to reach 6 fs from Ti:sapphire laser). Otherwise,
the efficiency of the subsequent nonlinear processes depending on the temporal distribution of the
energy within the sub-optimally compressed pulse can suffer.

“This approach ignores the dispersion effects caused by spatial chirp, but can be used as a first approximation, which will
be enough for the lasers described in this thesis.
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CFBG stretchers and grating compressors

In L1 Allegra, the CPA technique is based on stretching the pulses in CFBG stretchers and compress-
ing them in Treacy type grating compressors [82] with folded geometry. The advantage of CFBG
stretcher is the ability to introduce large amount of dispersion into the pulse in a short length of mate-
rial (20 cm of fiber) and no need for alignment. With thermo-electric cooling (TEC) elements control-
ling the temperature across the fiber, dispersion can be tuned to compensate extra phase accumulated
inside the laser system due to B-integral. These stretchers are designed to match the dispersion of
the compressors up to fourth order and the amount of GDD introduced by them is 269 ps? for the last
3 pump lasers in L1 Allegra. In contrast, trying to achieve the same stretch factor with single mode
silica fiber at 1030 nm, having material dispersion of 22.5 ps>/km [83], would require about 12 km of
fiber (with 99.6% losses). Detailed properties and dispersion parameters of the L1 Allegra stretcher
and compressor are later mentioned in detail in Tab. 5.

For the purpose of this thesis, it is convenient to define the dispersion in wavelength rather than
frequency domain as well. As linear phase in frequency domain is not linear in wavelength domain
anymore due to the reciprocal relation @ = 27 ¢, transforming the spectral phase terms to wavelength

domain uses following relations:
21c
C
For example the GDD of CFBG stretchers is often defined by dispersion parameter D, with units of
ps/nm. Knowing the reflection bandwidth of the stretcher or full width at half maximum (FWHM) of

the seed spectrum at any point, D, then enables quick calculation of stretched pulse duration. Higher
order dispersion coefficients Dy, for m > 2 can be calculated by derivating the previous orders as

P
D= 5> Din-t. (25)

The result always contains all the lower frequency dispersion coefficients as well. For this reason,
when optimizing the spectral phase of a given laser pulse, it is good to start from the highest available
order and finish with optimization of GDD.

Time-bandwidth product

In order to calculate the shortest Gaussian pulse duration that can be reached with a given spectral
bandwidth, the time bandwidth product (TBP) T Av can be used. It will satisfy the inequality given

by the uncertainty principle:

cav = 1.5 an > 2@ (26)
A2 T

The pulses with TBP equal to the value on the right side of the equation are called Fourier-transform
or bandwidth limited. For example, the shortest pulse duration of the compressed 1030 nm pulses
from one of the 230 mJ RA described later in the thesis with spectrum FWHM of 1.2 nm is 1.3 ps.
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3.3 Laser pulse characterization
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Fig. 9. Second (AC®?) and third (AC®) order autocorellation of a simulated pulse with FWHM =2.4 ps
having a 5% postpulse at 10 ps. While the second-order autocorrelation cannot distinguish between the
prepulse and postpulse, the third-order autocorrelation trace can. Neither of the two methods can be used
to retrieve the potential temporal phase of a laser pulse.

In order to be able to calculate the laser pulse intensity, to evaluate or simulate the strength of the
nonlinear effects (the SHG efficiency, laser damage threshold or self-phase modulation effects) and
to optimize the pulse compression, the amplitude and phase of the pulse needs to be known either in
temporal or spectral domain. For certain applications we can use the SHG-Autocorrelator, capable of
measuring the temporal autocorellation function of the laser pulse. In it, a replica of the incident pulse
is created by a splitter, delayed by an adjustable delay line and both are sent to a nonlinear crystal.
There, the SHG signal is generated only when the two replicas of the pulse overlap. The measured
intensity trace is always symmetric and cannot distinguish between a pulse with a prepulse or a post
pulse. The trace is also ambiguous as different intensity profiles with different phase can generate the
same autocorrelation (AC) trace.

In order to distinguish between prepulses or postpulse, a non-symmetric technique needs to be
implemented, such as the third order autocorellation [84]. It is frequently used for measuring contrast
of the pulses. The difference between the second and third order autocorellation results, generated by
a simulated pulse having postpulse with 5% of the intensity is shown in Fig. 9.

To retrieve both intensity and phase of the measured pulse, a technique called frequency resolved
optical gating (FROG) can be used. It comprises of the experimental device and an iterative algorithm
[85] and the measured FROG trace is basically a spectrally resolved autocorellation trace. In the case
of SHG-FROG, the measured trace is still symmetrical and contains an ambiguity in time. This can

beam } beam
splitter SHG splitter SFG

----- ' L=<
-«
delay delay Powermeter (TOAC)

stage Powermeter (SHG-AC) stage SHG
Spectrometer (SHG-FROG) crystal

(a) b)

Fig. 10. Layouts of devices for characterization of laser pulse duration. (a)—2"¢ order SHG autocorrelator
(SHG-AC) using a powermeter to measure the SHG autocorrelation trace. By replacing the powermeter
with a spectrometer, an SHG-FROG is realized. (b)—3™ order autocorrelator layout.
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Fig. 11. Simulated FROG trace of a theoretical pulse from Fig. 9, having 5% intensity postpulse.
Measured FROG traces can be used by an algorithm to retrieve the pulse spectral and temporal intensity
profiles and both its corresponding phases. In this example, the opposite approach was adopted —the
temporal and spectral intensity profiles were fixed, the respective phases were iteratively calculated by

a similar algorithm used in the FROG method. Measured FROG trace can be used to retrieve the temporal
phase of a laser pulse. FROG trace was simulated by Alexandr Spacek.

be solved by putting a piece of glass into the beam and comparing the traces with and without the
extra material. Although for laser pulses with duration in order of picoseconds, such approach would
require the thickness of a glass to be at least 10m>. Basic layout of a typical 2" and 3" order
autocorrelator and FROG device is shown in Fig. 10.

Retrieving the complex signal E(¢) from the FROG trace has a unique solution and the measured
FROG trace of the same pulse with 5% postpulse having spectrum with 2nm FWHM is shown in
Fig. 11. Knowing the phase of the pulse is important for optimizing compression of laser pulses,
as any residual phase will make the pulse temporal profile different (longer or with wings) when
compared to the ideal Gaussian temporal profile. That can affect the SHG efficiency and this problem
in particular needed to be addressed during the work described in this thesis.

3.4 Amplification in thin-disk regenerative amplifiers

The main technology used in the pump lasers in L1 system is the Yb-based thin-disk RA, due to
its great scalability, generation of high energy pulses at 1030 nm with good beam quality and high
average powers. Amplification of laser pulses by using thin-disk technology was developed in 1994
[86]. Small thickness (~100 um) much smaller than the area of the active medium (several mm)
allows the disks to be backside cooled, while the pump light is entering the disk from the front.
That minimizes the effect of thermal lensing. The thickness of the disc limits the single pass gain,
which has to be compensated by multiple passes within laser resonator, known as roundtrips. Naming
convention "regenerative amplifier" is used for these types of lasers.

The pumping of the thin-disks needs to overcome the limited absorption of the pump light due to
the small thickness of the disk. This is solved by imaging the pump spot multiple times on the disk by
a system of a parabolic mirror in front of the disk and roof-top mirrors around it. The disk is usually
anti-reflection coated for both the signal and pump wavelength in the front and high-reflectivity coated
for both wavelengths in the back. This optical setup, together with the disk glued to a water cooled
coolfinger of copper or artificial diamond is called laser head and its design is shown in Fig. 12. The
disks have usually diameters of several millimeters.

SThe group velocity dispersion of BK7 glass is 25.1 fs?/mm at 1030 nm. To see a change in the FROG trace, dispersion
of ~1 ps? would be needed.
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Fig. 12. Layout of the thin-disk laser head and its pumping (courtesy of TRUMPF Scientific lasers).

As an active medium, Yb-doped crystals (YAG and LuAG) are usually used, due to favourable
properties of Yb>* ion [86]:

* low quantum defect (8.6%)

* high slope efficiency

* broad absorption bands at 940 nm

« high doping levels possible without quenching® (>20 at.%)

* no excited-state absorption or upconversion

* reliable pump diodes within the absorption region available, even at 969 nm
* long radiative lifetime on the upper laser level (~1 ms in Yb:YAG)

* broad emission bandwidth (1 ps pulses possible)

RA cavity can be realised in two basic designs - linear cavity and ring cavity (Fig. 13). Ring cavities
holds several advantages over the linear cavities. Namely the absence of a Faraday rotator, required
to separate input and output beam and absence of isolation needed to protect the seed beampath from
the amplified output. Two of the RA developed by Trumpf Scientific for ELI Beamlines L1 Allegra
system have linear cavity design, a third prototype developed later has a ring cavity design.

Linear cavity Ring cavity

PZM

Thin-disk

laser head Thin-disk [ ‘

\%
laser head @ A
Pump ‘
PZM PZM 7 TFP
/ Output

(a) (b)

Fig. 13. Layouts of linear (a) and ring (b) cavity RA. PC —Pockels cell, TFP — thin film polarizer,
ROT — Faraday rotator, PZM —mirror with piezoelectric adjuster.

Sreduction of an excited-state population by unwanted effects
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3.4.1 Temperature influence on the active medium spectral characteristics

The laser active media with crystal hosts doped by rare-earth elements such as neodymium or ytter-
bium have narrow peaks in the absorption and emission cross-section spectra. This is due to their
specific electron configuration where the outer shell electrons protects the inner ones from the ef-
fects of the environment. Varying the temperature of the active media affects these spectral peaks in
a several ways:

* The position of the spectral peaks can shift to shorter or longer wavelengths due to thermal ex-
pansion of the crystal host [87]. As thermal expansion affects the distance between atoms within
the active medium, so does the energy levels position changes and with it, the wavelengths of the
energy level transitions.

* The height of the peaks will change as the population of the individual energy levels within the
active medium is governed by the Boltzmann distribution, which depends on the temperature. At
lower temperatures, the lower energy levels within each manifold are becoming more populated,
which affects the effective cross-sections in the absorption and emission spectra.

* The width of the spectral peaks will always decrease at lower temperatures. It is affected by differ-
ence in radiation lifetimes, the host atoms influencing the inhomogeneous spectral line broadening
and Raman scattering [88].

Relevant for this thesis is the shift of the emission line of Yb:YAG from 1030 nm to higher wave-
lengths at higher temperatures. The 1030 nm peak typically shifts by 1 nm when the temperature of
the thin-disk rises by 200 °C [89]-[91]. In L1 Allegra system, Yb-based RA with output pulse energy
of 100 mJ have central output wavelength shifted to 1030.4 nm. RA with output pulse 230 mJ have
central output wavelength shifted to 1030.7 nm.

3.4.2 Gain narrowing

Commonly, during the amplification of a laser pulse, not all wavelengths from the seed pulse spectrum
will be amplified equally due to the spectral shape of emission line of the active medium. The spectral
bandwidth of the amplified seed pulse will get smaller and, as the TBP stays constant, the shortest
achievable pulse duration after compression will become longer. The shortest pulse duration limited
by the gain narrowing effect can be estimated assuming an unchirped pulse and it depends on the
gain G, spectral width of the emission line AA, central wavelength A, and the bandwidth limited input
pulse duration 7, as [92]
41n(2) In(G) A¢

Tour = Tin + ((ﬂz)z i Al = @7

Using one of the 230 mJ RA, described later in the thesis, the typical values of seed spectrum
FWHM, centered around 1030 nm is 3.5 nm, the corresponding input pulse duration is 7, = 450fs,
gainis G = 100, the resulting gain narrowed minimum pulse duration at the output is 7oy = 1.67 ps,
corresponding to a spectral bandwidth of AL = 0.93 nm. The measured spectrum from this laser has
a FWHM of 1.1 nm and output pulses can be compressed below 1.5 ps.

Gain narrowing effect can also be simulated by iterative multiplication of the RA input seed pulse
spectrum by the emission spectrum of the active medium. To illustrate this idea, [ assume an Yb:YAG
thin-disk. The emission cross-section coefficients of Yb:YAG around 1030 nm differs slightly in
literature, but the idea is captured in Fig. 14 where the seed spectrum with bandwidth AA = 3.5 nm
is multiplied by the Yb:YAG emission spectrum measured at room temperature in [90], resulting in
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Fig. 14. Gain narrowing simulation, using seed and output spectrum from the laser described later in
section 4.2). (a) —emission spectrum of Yb:YAG around 1030 nm (blue), seed pulse spectrum (red), and
output spectrum shifted to 1030.7 nm (yellow), (b) —simulated gain narrowed spectrum (blue and red)
with measured output spectrum (yellow). 50 passed through thin-disk were assumed. The Yb:YAG
emission spectrum from (a) had to be shifted by 0.55 nm during simulation to match the measured output
spectrum.

the gain narrowed spectral bandwidth of AL = 0.9 nm. The actual measured spectrum at the output
of the RA has a different central wavelength of 1030.7 nm. In order for the simulation to match the
measured output spectrum, the gain spectrum of Yb:YAG had to be shifted by 0.55nm to longer
wavelengths. The most porbable cause is the higher thin-disk temperature mentioned earlier section
3.4.1. In Fig. 15, I plot the calculated dependencies between the input spectral bandwidth (FWHM)
and output shortest pulse durations for different gain. We can see that even the seed pulses with
spectral bandwidth of only 1nm (with gain of up to 10'%) can still be compressed to 2—3 ps. This
compressed pulse duration is required to reach the designed intensity at the SHG nonlinear crystal
plane of 100 GW /cm?. Knowing this, we were later able to replace the original stretcher in the seed
distribution system of L1 Allegra system for an improved one with smaller reflection bandwidth. The
improved version had better temperature tunability and with it enabled faster optimization of stretcher
dispersion. That affects the compressed pulse duration and presence of prepulses or postpulses.
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Fig. 15. Shortest output pulse duration dependency on the RA input seed spectral bandwidth. Perfect
compression with flat phase assumed.
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3.5 Vacuum cleanliness and laser induced contamination

Portion of the L1 laser system is placed in vacuum (see Fig. 2) to avoid self-focusing and turbulence
related pointing instabilities in air. Great care should be taken when manufacturing vacuum chambers
and placing components inside, as any contamination can lead to undesirable losses of energy inside
the system and eventually to catastrophic failure through laser induced damage [93]. Particularly,
hydrocarbon (CxHy) molecules are undesirable to be present in the chamber as they can contaminate
optical components. As a consequence of certain level of contamination present in the vacuum cham-
bers of L1 laser system, several optical components in 1030 nm pulse compressors and SHG stages
developed distinct colored features. These laser induced contamination (LIC) features affected effi-
ciency of MLD gratings in pump beams compressors and reflectivity of certain mirrors. Mitigation of
this contamination was an important part of my thesis.

To identify potential contamination in vacuum chamber, we can use a measurement technique,
called residual gas analysis (RGA). The RGA device contains electrodes producing high energy elec-
trons that ionize the neutral gas molecules and atoms within the vacuum system and a detection
system that measures the ratio between the ions charge and mass. The resulting spectrum shows
distinct peaks and is a superposition of signals corresponding to a certain ion or ionized molecule
with atomic mass units (AMU) on X axis and relative signal proportional to the number of detected
constituents on Y axis. Molecules comprised of multiple elements (for example H,O) will produce
signal at multiple AMU (in this case strong peak of H,O* at AMU 18, 5 times weaker peak of HO*
at AMU 17 and 100 times weaker peak of O* at AMU 16). While typical and lighter gas contents
are easy to identify and not problematic (O,, CO,, Kr, Ne, He, H>O and others), complex molecules
(for example vacuum pumps oils or parts lubricants) can create complex fragmentation (or cracking)
patterns and their spectrum can be hard to analyze. Particularly, hydrocarbon (CxHy) molecules are
undesirable to be present in the chamber as they can contaminate optical components and their pres-
ence in the RGA spectrum is recognizable by a comb of peaks with AMU period of 12 (CH; group).
The processed spectra are usually normalized to AMU peak 44 (CO,) and the number and height of
the peaks above AMU 44 is the main focus of the analysis. In order to improve the cleanliness of
chambers and components and minimize the amount of future outgassing, the vacuum chambers and
components placed inside them can be baked out at high temperatures.

One of the leading facilities in terms of vacuum cleanliness is the Laser Interferometer Gravitational-
Wave Observatory (LIGO) has produced vacuum cleanliness standards, which provide useful guide-
lines and requirements for RGA spectra. Apart from the list of materials that can be placed in vacuum
they specify the main cleanliness criteria, which all the components prior to their placement inside
the vacuum environment have to fulfill, as follows [94]:

* The ratio between the amplitude of the peaks with AMU44 (CO,) and AMU 43 (hydrocarbon
C3H7) is below 1/10.

* The amplitude of peaks above AMU 44 is < 1/100 of the AMU 44 peak.

* There are no "significant”" high AMU components above the background or instrument noise floor
(even if < 1/100’th of AMU 44) up to AMU 100.

A typical RGA spectra of the compressor vacuum chamber from the L4 laser system at ELI Beam-
lines containing some heavy contaminants creating complex fragmentation pattern is shown in Fig. 16.
Initially, multiple peaks above the 1/100 value of peak 44 are visible, including the complex pattern
with AMU 12 period, suggesting a hydrocarbon contamination. After running the vacuum pumps for
12 days, most of the contamination got pumped down. Still, this vacuum chamber does not comply
with the LIGO cleanliness criteria due to a presence of peak at AMU 43, which is above 1/10’th of
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peak 44, as well as due to a presence of multiple peaks with AMU 50, 55, 57, 58 and 69, still indi-
cating the presence of hydrocarbon contamination (probably a pump oil, according to the reference
cracking pattern table [95]).

This described detailed cleanliness analysis and care was not taken when the L.1 vacuum system
was designed and constructed. As a result, contamination issues had to be addressed during my PhD
study and are further described in section 4.5.3.
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Fig. 16. The RGA spectra of the L4 compressor chamber. Even though the situation improved after

12 days of pumping, the chamber was not considered clean enough according to the LIGO standards and
further cleaning procedures had to be carried out. Data are normalized to peak with AMU 44. Data
provided by Petr Szotkowski.
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4. Pump lasers for L1 Allegra

>
1030 nm
seed pulses

Vacuum
S L1 Allegra final output
Stage 4 100 mJ, 15fs, 1 kHz
output 750 nm - 920 nm
Stage5 | | Stage6 | | Stage7 [ __| Chirped »
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1.9 mm 1.4 mm 1.5 mm

Fig. 17. Pump lasers for L1 Allegra layout with designed parameters. CMP — compressor.

L1 Allegra laser system is comprised of 7 OPCPA stages that are pumped by 5 pump lasers. All of
them use diode pumped Yb-doped thin-disk RA to generate 1 kHz pulses at 1030 nm, MLD grating
compressors to compress the RA output pulses to 2—3 ps and LBO crystals for SHG of pulses at
515nm. The first two pump lasers for stages 1—4 were developed together with their RA as part
of Jakub Novék’s dissertation thesis [54]. The last three pump lasers use commercial RAs. These
RA needed to be integrated to the system and tested, their beam transport, diagnostics and vacuum
pulse compressors with SHG stages needed to be built. This integration, commissioning and later
also improvements of the SHG efficiency were the main goals of this part of my thesis. This section
mentions all the parameters of the three pump lasers (RAs, compressors and SHG stages, including the
initial results). It then describes the steps taken to improve the SHG efficiency, temperature stability
of the SHG mounts, beam profile improvements of two RAs with linear cavity and to mitigate the
LIC.

The pump lasers are based on commercial Yb-doped thin-DIsk Regenerative Amplifiers (the man-
ufacturer’s naming convention is DIRA 200 — 1) from TRUMPF Scientific lasers, operated at 230 mJ,
1030 nm, 1kHz and pulses stretched to about 500 ps before compression. The 230 mJ output en-
ergy was a technological limit, given by the B-integral in the cavity, laser induced damage threshold
(LIDT) of intra-cavity mirrors, and thermal distortions allowing to keep the output beam quality fac-
tor M? below 1.2. Assuming compressor efficiency around 90% and SHG efficiency of 60%, the
designed output energy at 515 nm was 120 mJ at 3 ps, 1 kHz. The compressors and SHG stages with
LBO crystals for frequency doubling were placed inside vacuum chambers, to avoid problems with
self-focusing of pulses at high intensities. The layout is shown in Fig. 17.

The first two of the RA from TRUMPF were delivered to ELI between 2014 and 2016. They had
a linear cavity design, matching in principle the one described in Fig. 13a. The third RA was delivered
in 2017 with an improved ring cavity design and multiple upgrades, based on the experience from the
first two.

In order for the LL1 system output to reach 100 mJ at 15 fs, a multi-pass booster amplifier is planned
after the final RA. This upgrade should later boost the energy of the pump pulses of the last pump
laser to about 650 mJ at 1030 nm or 300 mJ at 515 nm and is currently being constructed. Some of
the improvements introduced during my work were designed with this upgrade already in mind. All
7 OPCPA stages were tested at one point, reaching 55 mJ out of the designed 100 mJ at the end of
L1 system. This result was limited by the energy from the last three pump lasers at 515 nm, reaching
only 100 mJ.
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Fig. 18. Rendering of L1 beamline. Render contains 3 RA (DIRA 1 - 3) with their beam transport covered
by the table enclosure system, pump beams compressor chamber with SHG stages, two smaller chambers
and vacuum beam transport tubes for three beams at 515 nm. On the right side is the vacuum chamber
housing the last 3 OPCPA stages with chirped mirror compressor (CMC) and also injector chamber,
sending the compressed broadband signal pulses down to E1 experimental hall.

The sections that follow describe the seed distribution system with Ti:sapphire oscillator at the
beginning, performance of the three RA themselves, results with compressed pulses and the SHG
results (with emphasis on laser parameters, affecting the pump laser performance). Separate sections
are dedicated to temperature stabilization of SHG mounts, improvements of the RA output beam
profile, contrast of fundamental pulses, and to cleanliness of the vacuum chamber.

4.1 Seed generation

Seed pulses for the pump lasers are generated inside the Ti:sapphire oscillator (Femtosource Rain-
bow CEP). The broadband (750 —920 nm) output pulses from the oscillator are used as signal to be
amplified in the OPCPA stages. By focusing portion of the output into a few mm long magnesium
oxide-doped periodically poled lithium niobate (MgO:PPLN) crystal, the spectrum is broadened by
SPM. Portion of the broadened spectra around 1015 nm is then picked by a filter and coupled into
a fiber in the seed distribution system. The resulting spectrum is shown in Fig. 19a. By using a single
oscillator as a common source of both signal and seed pulses, their basic synchronization later in the
OPCPA stage is assured. The temporal overlap of signal and pump pulses inside the nonlinear crys-
tals with femtosecond precision is achieved using in-house developed optical crosscorellators [96].
Without this effort, the temporal (as well as spatial) jitter and long-term drift between the signal and
pump pulses limits the OPA efficiency and affects the shape of the OPA output spectrum.

The seed distribution system of L1 Allegra laser system for stretching of the 1030 nm pulses and
their delivery to individual RA is described in the published paper here [97] and only the key com-
ponents will briefly be mentioned. Following the layout in Fig. 20, the 80 MHz seed pulses from
the Ti:sapphire oscillator (spectrum is shown in Fig. 19b) were originally stretched in a CFBG fiber
stretcher (Teraxion), introducing negative dispersion of —477 ps/nm with a reflection bandwidth of
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Fig. 19. Portion of the Ti:sapphire output spectra, spectrum after the first fiber amplifier (FA 1) and

a typical spectrum of the seed pulse, (a) —portion of the broadened spectra generated in the Ti:sapphire
oscillator. Depending on the oscillator performance and pointing into the MgO:PPLN crystal, the seed
distribution input spectra shape can differ (red and blue). Only a portion (10%) of the Ti:sapphire output
spectrum around 1030 nm is amplified in FA 1 (output spectrum in yellow) due to a spectral filter inside
the amplifier. (b)—typical spectrum of seed pulses at the input of the RA. The dip in the middle of the
spectra is a result of the first two FAs in the seed distribution system.

3.5nm (FWHM). Such a stretch factor was chosen to avoid problems with nonlinear effects other-
wise caused by short pulses inside the RA cavity. This resulted in an 80 MHz train of pulses with
roughly 1.7 ns pulse duration separated by 12.5ns. The dispersion of this stretcher was tuned by an
in-house built setup with TEC elements (with details described in section 4.3). This solution was later
replaced by an improved stretcher module from Teraxion. Although the reflection bandwidth of the
new stretcher is only 2.5 nm, it is still sufficient to support pulse durations below 2 ps (see Fig. 15).

An acousto-optic modulator is used in the seed distribution system to create 10 ps bursts of 80 MHz
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Fig. 20. L1 Seed distribution layout. Oscillator — Ti:Sapphire module generating 1030 nm, FA —fiber
amplifier, ISO —isolator, TC — tap coupler/ divider, CIRC —circulator, CFBG — fiber stretcher with Bragg
grating, AOM —acousto-optic modulator, MZM — Mach-Zehnder modulator, PD — photodiode, PZT
Delay —fine tunable fiber delay using piezo effect for changing the fiber length.
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Tab. 3. Seed pulse energy for all 3 RAs. The combination of a fiber isolator and a fiber collimator introduces
high losses. Thus, the available seed energy from the seed distribution system and at the input to RA cavity
differs.

Seed pulse Energy/Power Single pulse (10kHz) RA cavity input

DIRA 1 54p] 12.5pJ
DIRA 2 58pJ 14.3pJ
DIRA 3 56 pJ 29pJ

pulses with repetition rate of 10 kHz, which are later amplified by the third FA from layout in Fig. 20.
This solution was chosen in order to be able to provide seed pulses with enough energy to 4 different
RAs while keeping the seed average power within safe limits for the FA 3. When full power operation
of the RA is needed, a Mach-Zehnder modulator (MZM) in the seed distribution is used to pick one
pulse from the burst for seeding the RA, at which point the seed pulses have energy around 50 pJ. The
spectrum of seed pulses at the input to RA is shown in Fig. 19a. Instead of picking a single pulse,
the interferometer can be set to let the complete burst pass. This increases the average power and is
used for characterization of the seed and cavity alignment of the RA.The individual pulse energies
available for each of the RA are in Tab. 3.

After the MZMs, the seed pulses travel through fiber delay stages, that form part of the feedback
loop with optical cross-correlators to ensure temporal overlap of signal and pump pulses in OPCPA
stages. After the delay stages, the seed pulses passes through a fiber isolator and are then coupled
into the RA cavities with a collimator. This last portion of the seed distribution can introduce losses
between 48 —77%. Later in the conclusions, I recommend replacing these parts for some with lower
losses.

Ti:sapphire performance

One of the major downsides of using a Ti:sapphire oscillator for generating seed pulses for 1030 nm
RA is the limited amount of energy available at this wavelength. Although the FA requires the input
pulse energy to be above 1.25 pJ, the highest available energy at 1030 nm is only about 0.25 pJ. This
causes the first FA in the seed distribution system to always generate certain amount of ASE.

On top of that, the day to day performance of our oscillator is not always the same. The amount
of energy available for the seed distribution system at 1030 nm gradually decreases over a few days,
sometimes it can degrade within several hours. This is caused by gradual crystal surface contami-
nation. It is usually solved by either physically moving the crystal to a new position by moving the
crystal holder or by cleaning the faces of the Ti:sapphire crystal. Typical example of the seed energy
degradation during a day and its recovery by turning the oscillator off and cleaning and shifting of the
Ti:sapphire crystal is shown in Fig. 21a.

When the energy at 1030 nm decreases, the first FA introduces higher amount of ASE into the sys-
tem. With the degradation of the oscillator performance, the total energy of the 1030 nm seed pulses
decreases as well (see Fig.21b), which in turn negatively affects the SHG efficiency. Amplifying
pulses with tens of picojoules to 230 mJ requires gain around 10'°. Such amplification is possible,
but when compared to similar laser systems having lower gain (being seeded by pulses with higher
energy), the ASE generated as a consequence inside our RA is higher. RA will also amplify whatever
ASE is already present in the seed pulses. I show later in section 4.5.5 how the frequency doubling ef-
ficiency of 1030 nm pulses suffers from excessive ASE and how the contrast of compressed 1030 nm
pulses depends on the gain in the RA. For the best pump laser performance, the RA needs to be
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Fig. 21. Ti:sapphire oscillator output performance. (a)— After degradation to below 40% of the total
output after 4 h, the crystal was cleaned and shifted, (b) —seed pulse energy at the input of the RA,
dependent on the 1030 nm oscillator output.

seeded with a clean pulse with as low ASE and with as high seed energy as possible from the seed
distribution system. I discuss the necessary improvements of the seed distribution system to achieve
this in our system on page 83.

The issue of degrading oscillator performance made all the SHG efficiency measurements difficult.
For example, an energy drop at 515 nm could be explained by decreased performance of the oscillator
rather than by changed parameter of the RA.

These days, laser systems based on a single common Yb-based modelocked oscillator exist. The
IR output pulses from these oscillators are directly used as seed pulses for pump lasers. In order
to generate the broadband signal pulses for OPCPA stages, these systems utilize supercontinuum
generation driven by the pump laser rather than a Ti:sapphire oscillator. One of such systems is the
Sylos system at ELI Alps [44], using OPCPA scheme with signal and pump pulses with duration of
100 ps and 1 kHz repetition rate. In order to address the issues with the Ti:sapphire oscillator as the
source of seed pulses for pump lasers, we are considering two options. One would be to use the
Yb-based oscillator as a source of seed pulses while synchronizing it with the Ti:sapphire oscillator,
which provides the signal pulses for OPCPA. Another option would be to replace the Ti:sapphire
oscillator completely and utilize supercontinuum generation for signal pulses. Experiments testing
both possibilities are planned in the near future.

4.2 Regenerative amplifiers

The three RA from TRUMPF Scientific lasers are designed to generate 230 mJ, 1030 nm at 1 kHz
with M? <1.2. Photo of the system with linear cavity design is shown in Fig. 22. Layout details are
proprietary information and cannot be presented here. Nevertheless, all three RA (two are based on
a linear cavity, one on a ring cavity design) follow the well known and widely used designs of RAs
with key elements of each type described earlier in Fig. 13.

Each of the three cavities include a single laser head with a Yb-doped thin-disk mounted on a cool-
ing finger with a diamond substrate. The disks are pumped by two diode modules at 940 nm at 1 kHz
repetition rate (each module can provide up to 2kW of average power). All 3 systems have similar
output characteristics (see 4). For this reason, I usually show the measured data from DIRA 1 only.
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Fig. 22. DIRA 200 -1 photos from [98]. Details of the layout and cavity design are proprietary
information of TRUMPF Scientific lasers and cannot be disclosed.

The linear cavity length is about 11 m with roundtrip time of 72 ns. The seed pulse is kept in the
cavity by the Pockels cell (PC) for about 50 roundtrips and amplified (typical build-up is shown in
Fig.23a) to 230 mJ (gain of ~ 10'%). The output pulses have to travel through a Faraday rotator in
order to be coupled out as the linear cavity design requires the output pulse polarization to be rotated
(see Fig. 13 for details). A set of motorized A/2 waveplate with thin-film polarizer (TFP) controls
the amount of output power from the laser. One of the last optical components inside the RA is
the output telescope, magnifying the beam diameter in order to reach the designed pulse intensity of
100 GW /cm? after compression on the SHG crystal. All the RAs have M? of 1.2 or better in both
axes, with a typical measurement shown in Fig. 23b. The key parameters of each of the RA are listed
in Table 4.
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Fig. 23. DIRA 1 pulse build-up and beam quality, (a)— A typical build-up of energy inside the RA cavity
of DIRA 1, roundtrip time of 71.3 ns. (b)—a typical M? of DIRA 1 at 1030 nm before compression,
measured at output energy of 230 mJ with a lens having a focal distance of 1000 mm, Newport
FMS300CC Motorized Linear Stage, and BeamGage camera BGP-GIGE-SP920G.
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Tab. 4. Key parameters of the three RA with the latest settings (DIRA 3 beam diameter was increased by

a diverging mirror in preparation for the multipass upgrade experiments). The amount of ASE was estimated
from temporal profile of the RA output pulse, measured with a photodiode and an oscilloscope. ¢ —standard
deviation.

Parameter DIRA1 DIRA?2 DIRA3
Cavity design linear linear ring
Seed pulse energy 12.5 14.3 29 [pJ]
Output power 230 230 230 (W]
Long-term power ¢ 0.2 0.2 0.2 [%]
Pulse to pulse energy o (1030 nm) ~1 ~1 ~1 [%]
Gain 184x10° 16.1x10° 79x10° [-]
Roundtrip time 71.5 72.1 74 [ns]
Cavity length 10.7 10.8 11.1 [m]
Number of roundtrips 53 50 50 [-]
PC A/2 Voltage 7400 6300 7500 [V]
Highest prepulse <03 <03 <03 [%]
Highest postpulse <2 <2 <2 [%]
M?in X/Y 1.22/1.14 1.37/1.16 <12 [-]

Output beam X/Y diameter? 11.3/10.9 10.2/10.3 12.1/11.9 [mm/mm]
Beam X/Y diameter on LBO? 13.1/13.3 12.7/10.8 17.9/17.9 [mm/mm]

4@ 1/e2, measured with BeamGage camera BGP-GIGE-SP920G
b@ 1/2, calculated from diagnostics leakage with Basler camera acA1600-20gm.
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Output spectrum central wavelength

The output spectra of the RAs in Fig. 24a are affected by gain narrowing as the spectrum FWHM of the
pulses (and original stretcher at that point) decreased from 3.5 nm to 1.1 nm. The output wavelength
of the 230 mJ RA is shifted by 0.3 nm to longer wavelengths when compared to the output spectra
of two other in-house built thin-disk RA generating double pulses with 50 mJ. This could usually be
explained by two factors. One being the etalon effect in plan-parallel thin-disk and second being the
shift of the gain spectral bandwidth towards longer wavelengths at higher temperature of the active
medium.

The etalon effect, observed in plan-parallel disks [99], can (for 3 degree angle of incidence of cavity
mode on the disk) suppress the gain at 1030 nm and prefer 1030.7 nm. We know all our disks are
wedged and the etalon effect was not the reason for shifted output spectrum.

To assess the influence of the disk temperature on output spectra, I used FLIR ONE thermal camera.
I monitored the temperature in the center of the disk of DIRA 1 while pumping at 940 nm with no
lasing in the cavity. Starting at 21 °C with no pumping, the temperature of the disk rose to 80 °C
at 50% of pump setpoint and the data are shown in Fig.24b. The final setpoint during fullpower
operation of RA is usually around 69%. Linear extrapolation of the data shown in Fig. 24b estimates
the final temperature of the disk as 110 °C. Similar disk temperatures were measured in [100] where
a temperature difference of 120 °C was reached in a ~ 200 pm thick Yb:YAG disk pumped by 1.5 kW
at 969 nm. Taking into account the temperature effect on spectral peaks described earlier in section
3.4.1, such a temperature difference would shift the gain spectrum of Yb-doped active media by more
than 0.5 nm to longer wavelengths.

The other two RAs providing the 2 x 50 mJ mentioned in Fig. 24a are pumped at 969 nm with about
500 W of incident power over the disk (instead of ~2kW in DIRA). This means lower heat de-
posited inside the disk due to quantum defect. The maximum measured disk temperature of one of
the 2x 50 mJ RA show at least 25% lower value when compared to maximum DIRA disk tempera-
ture. The most probable reason for this temperature and spectrum shift difference is the difference in
thin-disk thickness between the RA, with DIRAs having thicker disks.

120

1 . .
2x50mJRA 1
2x50mJRA 2 | R
o038 1x230 mJ DIRA 1 5 7
5 < -1
s o -7
>06F 5 80f '
‘@ © e
5 2 ‘
c €
—~04r © 60r
£ Y
o (7]
z =}
0.2 40 + |
® Measured data
- = —Linear fit
o) : I | 20 1 | | | i T
1026 1027 1028 1029 1030 1031 1032 1033 0 10 20 30 40 50 60 70
Wavelength (nm) Pump setpoint (%)
(a) (b)

Fig. 24. RAs output spectra and temperature of the disk. Spectrometer — Ocean Insight HR4D2250 with
0.15 nm resolution, thermal camera—FLIR One (a)— Output spectra of two DIRA 1 and two other
in-house built RAs. Central wavelength is A. = 1030.4 nm for RA 1 and RA 2 and A, = 1030.7 nm for
DIRA 1, (b)—DIRA 1 Disk temperature at different pump levels without lasing. Inset — thermal camera
image at 50% pumping.
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Shifted output spectrum of RA will affect the pulse compression and affect the dispersion tunability
of the stretcher designed for 1030 nm. This issue, which limits the SHG efficiency, is further described
in section 4.3.

Cavity energy stabilization

Each RA is equipped with an internal photodiode (PD) monitoring the energy inside the cavity. PID
loop then stabilizes this energy reading by modulating the power of the pump diodes. This feedback
loop can compensate long-term drifts and speed up the warm-up time of the RAs. By keeping the
cavity energy constant, it also ensures constant accumulated phase due to B —integral. This keeps
the pulse duration after compression stable, which prevents the SHG efficiency from changing due to
a different intensity on the LBO crystal. A typical graphs of the RA cavity and output energy for the
case with active stabilization off and on is shown in Fig. 25. Cavity energy was measured by an RA
internal PD, output energy was measured by an external PD outside the RA.
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Fig. 25. Comparison of DIRA 2 cavity energy and output energy with diode pump stabilization loop off
and on. The stabilization loop speeds up warm-up time and compensates for long-term drifts. External
PD data plotted only at maximum output energy from DIRA 2. (a) —Loop off, (b) — Loop on, missing
portions of the output energy data caused by minimized output from DIRA 2.

ASE and prepulses at the output of the RA

One important aspect that can affect the SHG efficiency is the amount of ASE around the main pulse
at the output of the RA. The main portion of ASE originates from the seed distribution system and
gets further amplified in the RA. It is visible as 10— 15 ns pedestal around the main output pulse when
measured with a fast PD (EOT ET-4000F, rise-time <30 ps) and an oscilloscope with enough band-
width (Agilent-Infiniium 16 GHz oscilloscope). An example of two RA output pulse measurements
on different days with differently strong ASE pedestals is shown in Fig. 26. The duration of the ASE
pedestal in this example is related to the opening window of the MZM in seed distribution system.
The height of the pedestal is mostly affected by the performance of the Ti:sapphire oscillator. Since
the output spectrum of the oscillator used for pump lasers seed is not centered at 1030 nm (Fig. 19b),
only a limited amount of energy is utilized during amplification in the first FA. Depending on the
oscillator performance and FA input fiber coupling, the useful seed average power for the FA can
be as low as 5—25 uW at 80 MHz. The minimum seed power requirement from the FA datasheet is
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Fig. 26. The output pulses of DIRA 2 recorded over two different days with different Ti:sapphire
oscillator performance. Measured at the same output energy with the same signal level on the
oscilloscope. Prepulses are one cavity roundtrip (~ 72 ns) apart and are caused by leakage through the
cavity TFP. The height of the prepulses and postpulses is affected by cavity and the consequent PC crystal
alignment. It is not affected by the oscillator performance and is not related to the ASE level. (a)—day 1,
(b)—day 2.

100 pW. Simulation of the amount of ASE generated inside the first FA show that ASE can be as
high as 25% of the output signal [101]. It is no surprise that the output pulses from RA contain ASE
pedestals as a consequence of this. Usually, around 5—10% of total output energy can be contained
within the pedestal. As a consequence of this, the contrast of the 1030 nm pulses after compression
is affected (shown later in Fig41b). Without a well performing oscillator the SHG efficiency of the
pump lasers is lower and the problem is further described in section 4.4. An experiment confirming
that the amount of ASE can be decreased by using a different frontend with Yb:fiber modelocked
oscillator is described in section 4.5.5 and key improvements to the seed distribution system are later
suggested on page 83.

The ASE originating from the RA itself, rather than from the seed distribution is visible either
as a gradually growing baseline in the measurement of RA pulse build-up inside the cavity or as
pedestals of the Q-switch (~ 100 ns) duration around the output pulse. Both examples are shown
in Fig. 27, which illustrates the extreme case with seed pulse energy below 20% of the usual value.
Such low value was achieved by deliberately decreasing the amplification in the last FA in the seed
distribution system. The ASE pedestal from the RA is clearly present. This pedestal is usually not
visible on the PD and oscilloscope measurement of the output pulses, suggesting the ASE added by
the RA is usually lower than the ASE originating from the seed distribution system itself.

One of the other aspects that could affect the SHG efficiency is the amount of energy contained in
prepulses and postpulses. The height of the prepulses for the same signal level in two different days
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with two different PC crystal alignment and voltage level is shown in Fig.26. The highest prepulse
should, according to the experience of the RA manufacturer, be lower than 0.3% of the total signal
height while the height of the postpulse should be lower than 3%. Otherwise a significant portion of
the energy will not be contained in the main pulse. This can be affected by optimizing the PC crystal
alignment, the PC crystal voltage and the rotation of the waveplate next to it. The quality and the
orientation of TFP in the RA cavity can also play a role.
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Fig. 27. RA ASE contribution to build-up and output pulse traces. RA seed pulse energy was decreased
by more than 80% by changing the gain of the last FA in the seed distribution. (a) — pulse build-ups for
different relative seed energy. Empty markers indicate the top of each build-up peak, filled markers
indicate the bottom baseline. The baseline indicates how much ASE is generated in the RA. (b)—output
pulse for different relative seed energy. Measured at the same signal level. With lower seed energy, output
pulse contains a visible ASE contribution originating from the RA.

4.3 Pulse Compressor

In order to reach the designed intensity for efficient SHG of 100 GW /cm? at the LBO crystals, output
pulses from RAs are compressed to 1.5 —3 ps. Compression is achieved via a Treacy type compressor
with MLD gratings. A grating compressor based on Treacy design and MLD gratings when compared
to compression by volume Bragg grating is larger, but can handle high average powers and high
energies easily. In order to shrink the footprint of the required 4 m beampath between the two MLD
gratings of each compressor, the geometry is folded by an extra mirror between the gratings and the
optical layout of the compressor for one of the RA is shown in Fig.28. The key parameters of the
compressors are listed in Tab 5. The compressor for DIRA 2 and DIRA 3 laser have different optics
dimensions, as they are designed to handle 1J pulse energy. This supports any potential upgrades
in the future (the main one being the 650 mJ pulses from the multipass upgrade of DIRA 3 laser).
With the RA output spectrum with FWHM around 1.1 nm, the compressor allows compression of the
1030 nm pulses to 1.4 ps. During L1 Allegra system operation the pulses are usually compressed to
3 ps (while being negatively stretched). Originally, the main reason for 3 ps duration was to keep the
beam diameter smaller without using optics with larger apertures. Compressing to 3 ps also prolongs
the life of optical components, allows safe operation below LIDT values of optics and matches the 3 ps
signal pulse duration in OPCPA stages 5—7. During optimization and SHG efficiency measurements,
the pump pulses had to be compressed to shorter pulse duration between 1.4 -2 ps. The reason was
lower contrast and lower energy contained in the main RA output pulse and the consequent lower
intensity on the LBO crystal.
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Tab. 5. Key parameters of the three compressors for 1030 nm pulses from DIRA 1 —3. CMP — compressor,
n —efficiency. The GDD value in brackets is related to units in wavelength domain.

DIRA1CMP DIRA2CMP DIRA3 CMP Units
Grating 1 dim. 84x96x25 154x134x30 154x134x30 [mm?]
Grating 2 dim. 150x70x25 230x100x40 230x100x40 [mm?]
Central wavelength, A, 1030 [nm]
Groove density, b 1740 [mm!]
Angle of incidence, 3 62 [°]
Diffraction angle, B’ -65.4 [°]
Diffraction order —1
Gratings separation, d 1655 [mm]
GDD, ¢ 269 (—477.2) [ps? (ps/nm)]
TOD, ¢®) 4.62 [ps’]
FOD, ¢*) 0.13 [ps*]
Gratings avg. 1) 97 [%]
Compressor 1 86 86 82 [%]
Min. pulse duration, T 1.6 1.5 1.4 [ps]

Each of the three 1030 nm pulse compressors for DIRA 1 —DIRA 3 are placed on two separate
levels of an optical bench comprising of two optical tables and the bench is placed inside a vacuum
chamber’ (photo of the open chamber is shown in Fig.29a). The layout of the vacuum chambers
related to compression, frequency doubling and the subsequent transport of 515 nm pulses is shown
in Fig. 30. This configuration avoids transmission of high intensity pulses through vacuum windows
and the associated nonlinearities. It also eliminates self-phase modulation and self-focusing effects in
air, which would otherwise corrupt and focus both 1030 nm and 515 nm laser pulses over the distances
we are using.

3 ps, output

1030 nm, 500 ps, input

Fig. 28. DIRA compressor layout inside the chamber. The table dimensions are 3.6 x 1.2 m?. 1 —first
diffraction grating, 2 —second diffraction grating, 3 —end mirror, which folds the beam back through the
compressor under a slightly different angle, resulting in 2 distinct laser spots on both gratings where the
laser beam hits both gratings, 4 — SHG crystal, 5 —dichroic mirror separating 515 nm from residual

1030 nm.

"The 515nm beam transport, the last 3 OPCPA stages, the final chirped mirror compressor and the injector chamber
housing the final mirror sending the broadband fs pulses down to experimental hall are also placed in vacuum.
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Fig. 29. Compressor photo and pressure. (a) — photo of the open compressor chamber during installation.
The optical components can be accessed from 4 large doors on each side of the chamber. For larger
maintenance tasks, the whole bench can slide out on rails when the front part of the chamber is removed.
(b)—Pressure in the compressor during pumping. It takes 16 h to reach pressure of 2-10°° mbar.

The pump beam compressor chamber dimensions are about 3.8 x 1.9 x 1.4 m? and it takes about an
hour to reduce the pressure in the chamber below 10 mbar (see Fig. 29), which is safe for full power
operation. All vacuum chambers in the system are evacuated using turbomolecular pumps with dry
screw vacuum pumps for pre-vacuum. Flanges and doors are sealed using unbaked Viton o-rings.

The leakage of compressed pulses through one of the 1030 nm mirrors inside the compressor is used
for diagnostics. The leaked diagnostic beam is split and is incident on a camera where it is used for
beam pointing stabilization. The other part is used to measure the pulse duration either by an in-house
built autocorellator or an SHG-FROG (Picosecond FROG —-PS10 from Femtoeasy). The dispersion
tunability is an important factor of a CPA system. Here, it is achieved by temperature tuning of
the CFBG stretcher or by limited movement of motorized folding mirror between the gratings. The
mirror is capable of changing the compressor length by a total of 40 mm (that is 3 ps*> of GDD change,
compared to the tunability range of 64 ps? in the upgraded stretcher module).

Pump beams
compressor + SHG broadband OPCPA +
signal input  Chirped mirror
515 nm / compressor

L1 Allegra
output

Fig. 30. 5 chambers of the L1 Allegra vacuum system. The broadband vacuum beam transport into the
OPCPA chamber is not shown.
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Fig. 31. Beamdumps and camera boxes attached to the viewports of pump beams compressor chamber.
(a) — photo of beamdumps for 0" diffraction orders of compressor gratings and camera boxes, monitoring
the LBO crystals and the gratings. (b) —water-cooled beamdumps for the residual beams at 1030 nm after
SHG.

In order to be able to control the mirrors and gratings axis of rotation, most of the optical compo-
nents within the chamber are motorized. The mechanical parts with motorized stages, optical benches
and the chamber was manufactured in Delong company, Brno, based on ELI Beamlines design. Sev-
eral inspection cameras designed to monitor the LBO crystals and diffraction gratings are placed in
separate boxes and mounted on flanges on the side of the chamber (see Fig.31a). We use water
cooled beamdumps placed around the chamber in key positions to absorb the 0 diffraction orders
from compressor gratings and to absorb the residual 1030 nm beams after SHG (see Fig. 31b).

Compression and dispersion compensation

The shortest compressed pulse duration from the RA with a given output spectrum can only be reached
with flat spectral phase spanning over the whole output spectrum. Any residual phase in the laser pulse
will prevent us from reaching such duration. The main contribution to this extra phase can originate
either from dispersion mismatch between the stretcher and compressor, present due to manufacturing
tolerances of the CFBG stretcher, or as a consequence of self-phase modulation due to B —integral in
the RA cavity.

The pump lasers were designed to generate pulses with energy of 120 mJ at 3 ps and 515 nm. Ideally,
the CFBG stretcher should be able to compensate the dispersion necessary to reach FT limited pulse
duration and then introduce only negative GDD to stretch the pulses to 3 ps (the advantage of negative
stretching is described here [102]).

In theory, the 7 TEC elements placed underneath the original stretcher from Teraxion as part of the
in-house built setup [97] should be able to change the amount of dispersion introduced by the stretcher
(concept, first published in 2007 [103]). Unless the spectral phase is heavily modulated, this approach
usually leads to good compression results. In our case, our TEC setup lacked the spatial resolution
to fully optimize the compression and additionally we could only control the temperature and not the
individual dispersion coefficients (although good results were still achievable with compressed pulses
having more than 90% of energy in the main peak). That is why we bought an improved commercial
solution with improved dispersion tuning capabilities in 2021. The comparison between the properties
of the two stretchers is summarized in Table 6.

The advantage of the new module (Teraxion, TPSR-Xtended 1200ps) is the calibrated tuning of
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Tab. 6. Properties of two CFBG stretchers. The original stretcher introduced an extra dispersion due to larger
manufacturing tolerance. Values after symbol + show the tunability of the calibrated dispersion coefficients of
the new stretcher. Lower bandwidth of the new stretcher (2.5 nm FWHM) decreases the gain-narrowed RA
output spectrum to 1.1 nm FWHM, which still supports 1.4 ps pulses.

Parameter Original stretcher New stretcher Compressor  Units
Model PSR TPSR-Xtended 1200

Year 2015 2021

Fiber type PMCMS PMCMS

Central wavelength, A, 1030 1030 [nm]
Bandwidth, A4 5 2.5 [nm]
Reflectivity, R 73 79 [%]
Measured GDD, ¢(?) 267 270+ 64 269 [ps]
Measured TOD, () 532 -4.62+196 -4.62 [ps’]
Measured FOD, ¢ 0.89 0.13 0.13 [ps*]

each dispersion coefficients (D, —Ds) separately, the disadvantage is the limited tuning range, corre-
sponding to a smaller reflection bandwidth of 2.5 nm (compared to 3.5 nm of the original stretcher).
The actual output spectrum from DIRA lasers is centered at 1030.7 nm (shown in Fig. 24a). Smaller
tuning range and the fact that the new stretcher was specified for central wavelength at 1030 nm still
prevents us from optimizing the dispersion completely. The best achieved result is a Gaussian tem-
poral profile with about 10% of the energy still distributed outside the main peak and is shown in
Fig. 32b.

The fact that 4 nominally identical, but different pump lasers are sharing the same stretcher inside
the seed distribution system (see Fig. 20 for details) made it impossible to find optimal stretcher setting
for all RA at the same time. For example, after optimizing the RA pumping OPCPA stage 43 to 2.5 ps
with all the energy contained within the main temporal peak, DIRA 1 output pulse has a prepulse with
an amplitude of 30% that of the main pulse at —5.7 ps. That means DIRA 1 itself needs a different
stretcher settings for best compression. The difference between the measured FROG traces with their
retrieved temporal pulse profiles of DIRA 1 at those two settings are shown in Fig. 33.

On top of that, measured FROG traces of each DIRA with fixed stretcher settings being different
(shown in Fig. 34) demonstrate that each of the RA must have slightly different parameters (either
differently curved thin-disks, different PC crystal lengths or different cavity modes), causing the
output compressed pulses to be different at the same nominal power. The pulse duration between the
three, affected by GDD and evaluated from the central peak, might be different due to different grating
distance of each compressor, so only the presence and intensity of prepulses or postpulses should be
taken into account. It is clear from this investigation that all four pump lasers need their own tunable
stretcher in order to reach the optimal compression. I discuss the necessary design changes of the
seed distribution on page 83.

8This RA has smaller linear cavity with two laser heads and smaller gain than DIRA 1 with 2 x 50 mJ at the output.
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Fig. 32. New stretcher FROG results using DIRA 1, comparing the stretcher default settings (a) with
optimized settings (b).
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Fig. 33. Stretcher optimization for different pump lasers. Eg —laser pulse energy distributed within the
main Gaussian peak, 7 —retrieved pulse duration. (a) — FROG trace of DIRA 1 while the 2 x 50 mJ RA was
optimized for 2.5 ps with nice FROG trace. (b) —optimized DIRA 1 FROG trace.
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Fig. 34. Measured and reconstructed SHG-FROG traces with retrieved spectral and temporal intensity
profiles and phases. Measured with fixed stretcher settings at 230 mJ output energy. Eg — laser pulse
energy distributed within the main Gaussian peak, 7 —retrieved pulse duration. (a)— DIRA 1,

(b)—-DIRA 2, (c)—DIRA 3. These FROG traces proves each RA needs custom stretcher settings in order
to fully optimize the output pulse compression at 1030 nm.
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4.4 Initial SHG results

The 515 nm pulses needed for pumping the OPCPA stages are generated through frequency con-
version in LBO crystals and the SHG stages are placed in the same vacuum chamber as the three
compressors. The SHG stages were designed to convert pulses with 3 ps duration, 200 mJ (assuming
RA geneating 230 mJ and compressors with 87% efficiency) at beam diameter of 13 mm at 1/¢%. The
resulting intensity on LBO crystal was to be 100 GW / cm? and with reasonable 60% conversion effi-
ciency, the energy at 515 nm was expected to be 120 mJ. This section describes the initial results with
low SHG efficiency and how it is affected by the Ti:sapphire oscillator performance and by the rising
temperature of the SHG stages in vacuum. It also shows pointing and pulse to pulse energy stability,
and M? measurements at 515 nm.

We chose LBO crystals for SHG® due to their many favourable properties. Compared to crystals
like YCOB, BBO or KTP, they have superior manufacturing quality, laser damage threshold as well
as available aperture sizes!?. They also have large angular acceptance bandwidth for type I phase-
matching (1942 GHz cm), limited spatial walk-off angle (7.55 mrad) and reasonable effective coeffi-
cient describing the strength of the desired nonlinear process desr (0.83 pm/V [75]). With the crystal
thicknesses we use, their lower temperature acceptance (7 K cm, which is five times less than BBO for
example) is not an issue. The LBO crystals were manufactured by Cristal Lasers (France) and they
were anti-reflection (AR) coated for 1030 nm as well as 515 nm on both surfaces. The default crystal
dimensions were 33x33x 1.7mm?>. SHG process in XY plane of the crystal was chosen for type I
SHG (ooe) and they were cut at angles 8 = 90° and ¢ = 13.6°, while the Z axis was perpendicular to
the optical table.

The SHG stages, which hold the LBO crystals (see Fig. 35), are manufactured from aluminium and
are designed as kinematic mounts with 2 axes, held together by a set of 6 springs. The horizontal axis
of rotation (yaw) of the kinematic mount is controlled by a picomotor and allows remote angle tuning
for phase-matching optimization. The vertical axis of rotation (pitch) can be optimized by a manual
screw and has not been needed after the initial optimization. The LBO crystal is mounted between two
indium foils to ensure good thermal and mechanical contact and placed in a round insert. Rectangular
aluminium spacer and a spring loaded front part, secures the LBO crystal within the insert. Even

Moving part

Round insert

LBO crystal

Spacer

Static part

el = Indium foil
57 Front part J

Fig. 35. SHG mount details. Design by Petr Strkula.

9They were also chosen for as crystals for the OPCPA stages pumped by the pump lasers described in this thesis.
0L IDT of 40 J/cm? at 10 ns and 1064 nm with aperture sizes of up to 100 x 100 mm are available these days according to
[104].
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though the design with the insert has the advantage of fast removal of the crystal from the chamber
for inspections or replacement, the whole kinematic mount has the following disadvantages:

* Low thermal contact between the insert and moving part of the kinematic mount and between
the moving and static part of the kinematic mount, limiting the possibility of establishing thermal
equilibrium quickly during operation.

* Large weight of the moving part of the kinematic mount holding the crystal and the round insert,
causing the mount get stuck sometimes as the picomotor is worn out by regular use.

* Rotation without encoding meant phase-matching optimization without any reference, always
maximizing the output power.

4.4.1 Initial SHG results

With each pump laser requiring its own stretcher settings for optimal compression, the SHG results
described in the following paragraphs were never measured at the same time and the laser used to
generate those results is always specified either in the text or the figure caption.

Initial results using DIRA 1 compressed to 1.4 ps with 1.7 mm thick crystal generated only 85 mJ at
515 nm. The calculated SHG efficiency at that point was merely 43%. Additionally, this amount of
energy was not stable over a longer period of time and was gradually decreasing, requiring frequent
phase-matching corrections of the LBO crystal in horizontal axis (see Fig. 36a). Trying to match the
measured data with simulation in SNLO software, several parameters can be assumed as a deviation
from an ideal case (see Fig. 36b). Simulation assuming larger beam diameter, longer pulse duration,
or suboptimal phase-matching (that is Ak # 0) influence the SHG curve differently and do not match
the measured data. In this case, the reason for generating less than 120 mJ at 515 nm was the lack of
energy in the main pulse for efficient frequency conversion.

In this work, I focused on finding out reasons for low SHG efficiency and on finding ways how to
improve it.
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Fig. 36. Initial SHG results and simulations with DIRA 1. Data measured with beam diameter of 15 mm
@ 1/€?, 1.4 ps pulse duration, using LBO with thickness of 1.7 mm. E —energy, (a)— SHG output energy
regularly decreasing, requiring phase-matching corrections by rotating the crystal. (b) — SHG data from
the first 1 h ramp up in (a) compared with simulation using different parameters. When fixing all the
parameters except the energy, the SNLO simulation matches the data well when 44% of energy is

assumed to be distributed outside of the main Gaussian peak.
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Different LBO crystal thickness and beam diameter

In order to improve the SHG efficiency as fast as possible and generate pulses with higher energy,
we bought and installed LBO crystal with thickness of 2.2 mm. We also decreased the output beam
diameter from the RA from about 15 mm at 1/¢? to 13.5 mm, by changing the magnifying telescope at
the output. This allowed work on OPCPA stage 5 and running the L1 Allegra system for experiments
while the work on further improving the SHG efficiency continued. Smaller beam diameter had also
an impact on heating of the SHG mounts described in section 4.5.2. The resulting SHG efficiency with
2.2 mm thick crystal and 13.5 mm diameter at 1.4 ps was 50% and the generated energy was 100 mJ.
The SHG efficiency with the two crystals is plotted in Fig. 37. In perfect case, a theoretical model in
SNLO software predicts SHG conversion efficiency approaching 90%. This assumes perfect Gaussian
spatial profile, perfect contrast, and all the energy contained within the main Gaussian temporal peak
after compression.

Apart from the suboptimal dispersion compensation, causing the presence of pre/postpulses after
compression, other factors influencing the SHG performance I found are described in sections that
follow: pulse duration stability, temporal contrast of the 1030 nm pulses, rising temperature of the
crystal mounts, non-ideal RA spatial beam profile and LIC in vacuum chambers. I also discuss the
results of M? measurement at 515 nm and pulse to pulse energy stability.
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Intensity at 1030 nm (GW/cmz)

Fig. 37. Initial SHG result with DIRA 1 using different LBO crystal thickness (1.7 mm and 2.2 mm) and
different output beam diameter (15 mm and 13.6 mm). Full points — measured data, dashed lines — SNLO
simulation. The intensity on X axis was calculated from the measured average RA output power. It was
changed by rotating the RA output waveplate. To match the measured data with simulation in SNLO
using Gaussian spatial and temporal profile, I had to assume 45% of energy at 1030 nm is not available for
efficient frequency conversion.

4.4.2 Importance of cavity energy stabilization

If the energy inside the cavity of the RA changes, different nonlinear phase acquired inside the cavity
can affect the temporal pulse profile after compression and with it, the SHG efficiency. I already
described in section 4.2 how this energy stabilization loop works. Fig. 38 shows the output energy at
515 nm for different RA cavity energy. The loop is not active at that point and the cavity energy is
changed manually by more than 20 mJ by adjusting pump diodes output. In this particular case, the
compressed temporal profile of the RA is better at 205 mJ. The output at 515 nm is later not chang-
ing, despite more energy available at 1030 nm. Different amount of higher order dispersion at higher
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energies within the RA cavity causes the extra energy in the pulse after compression to be distributed
outside of the main peak. To illustrate the situation further, Fig. 39 shows FROG measurement of the
same RA running at 25 mJ and 230 mJ. By keeping the cavity energy stable with the pump stabiliza-
tion feedback loop, the compressed temporal profile stays the same (for a given stretcher settings) and

with it the intensity on the LBO crystal.
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Fig. 38. DIRA 2 output energy at 1030 nm and 515 nm at different pump levels. Higher cavity energy is
contributing differently to B-integral, adding extra phase, causing the temporal pulse profile after
compression to be different. Worse compression result balances the higher energy available at 1030 nm
and the 515 nm output stays the same.
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Fig. 39. DIRA 2 SHG-FROG traces at different cavity energies. Stretcher was not optimized at this point,
hence the pulse duration around 4 ps. (a)—25 mJ in the cavity, (b)—230 m]J in the cavity.
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4.4.3 Picosecond Contrast and Oscillator performance
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Fig. 40. SHG output energy dependence on the RA seed pulse energy. Measured data are suggesting the
absolute seed pulse energy is not so crucial for the output SHG energy. Data measured by Robert Boge.

For the pump laser performance and the SHG efficiency, the amount of ASE in seed pulses is usually
more crucial than the seed energy itself, to a certain point. By changing the gain of the last FA, the
RA seed energy can be affected (the resulting build-up oscilloscope trace and RA output pulse profile
were shown earlier in Fig. 27). This has little effect on the SHG efficiency though, as seen in Fig. 40.
The SHG output energy stays about the same until the energy of seed pulses drops below a critical
value. It is only at that point when the ASE contribution from the RA itself starts to play a significant
role for the SHG efficiency.

The oscillator output energy at 1030 nm is much more critical. The SHG efficiency starts to drop as
soon as the oscillator output starts to decrease, visible in Fig.41a. The reason is the amount of ASE
in the seed pulse as a consequence of low seed energy for the first FA in the seed distribution system.
An important diagnostic tool to measure the amount of ASE present in compressed 1030 nm pulses
is the third order autocorrelator (Tundra from Fast Innovations, with maximum delay range of 600 ps
and detection limit of 10-%). Contrast measurement of two different RA compressed pulses using
this device is shown in Fig.41b. It shows three sets of data - two from the DIRA 3 laser, measured
at different Ti:sapphire performance, and one from a different pump laser providing 2 x 50 mJ pulses
and using Yb:fiber modelocked oscillator instead of Ti:sapphire. While the SHG efficiency of DIRA 3
was between 45 —55%, the other RA with better contrast had SHG efficiency of 73%.

The disadvantage of the third order autocorrelator is the energy requirement on the input pulses in
picosecond regime (in this case about 500 mW). Since the maximum energy of the diagnostic leakage
beams from the compressor is about 50 mW with RA output at full power, contrast measurements can
only be done in air at low powers, with extra mirrors inserted into the beam path, sending the com-
pressed beam out to the autocorrelator. Since the stretchers were optimized for vacuum conditions,
the closest interval around the main peak of DIRA 3 data at 0 ps might be misleading, especially when
compared with the different RA build and optimized in air.

Data plotted in Fig.41 show that the Ti:sapphire oscillator performance can affect the contrast
of the RA output pulses after compression. And that the SHG efficiency decreases, when the the
performance of the oscillator drops. It also shows that a different RA using a seed distribution system
based on Yb-modelocked oscillator can have much better contrast. I later show in section 4.5.5 how
the same Yb-modelocked oscillator based front-end can be used to seed DIRA laser can benefit when
using the same and how it improves the SHG efficiency.
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Fig. 41. Oscillator performance, contrast and related SHG efficiency. (a) — Oscillator performance
affecting the SHG efficiency. Even though the RA still generates the same output energy at 1030 nm, the
SHG output drops due to lower energy from the Ti:sapphire oscillator available for the seed distribution.
This also affects the 1030 nm contrast. (b)—Contrast measurement of 2 different RA, the 230 mJ one is
DIRA 3. The 2 x 50 mJ RA is seeded by Yb-based oscillator and different seed distribution system.
Detection limit of the device is 10%. SHG efficiency of the 50 mJ RA is 73%. The exact values of SHG
efficiency of DIRA 3 (<55%) were not measured at that point. This graph show one — Ti:sapphire
oscillator performance affects the DIRA 3 contrast and two —a different RA using a different front-end
have inherently much better contrast.

If using a different front-end would not be an option, there are other methods for improving the con-
trast of the RA, which would positively affect the SHG efficiency. One of them is the double chirped
pulse amplification method (DCPA, published first in 2005 [105]). In this scheme, the partially am-
plified pulses (for example having energy of 2 mJ) are compressed, filtered with cross-polarized wave
generation (XPW'!), then stretched again, amplified further and compressed for the second time.
Such IR pulses have better contrast (values better then 10!' were reported here [108]) and hence
could be frequency converted with higher efficiency. This approach would require building a separate
preamplifier and stretcher for each DIRA and would require significant financial resources.

4.4.4 Rising temperature of the SHG mounts

Frequency doubling of 1030 nm pulses at high energies and high average powers in vacuum might
be influenced by absorption in nonlinear crystals. With bulk absorption being generally low (values
mentioned by the LBO crystal manufacturers are below 2 ppm/cm [104]), it is usually the absorption
in the antireflection crystal coatings that dominates for thin crystals. Our crystals were AR coated for
both 515 nm and 1030 nm and the maximum measured absorption coefficients for both wavelengths
realized on a 4 mm thick coated sample by a commercial company showed values of up to 50 ppm
at 1030 nm and 100 ppm at 515 nm (see Fig. 42 for a typical graph of absorption measurement data,
showing higher absorption in the coatings).

UXPWisa x<3)-based nonlinear process, where a radiation with the same frequency but orthogonal polarization is created.
As a third-order nonlinearity process, its efficiency for portions of the laser pulse with low intensity (ASE pedestals for
example) suffers and the newly generated pulse have improved contrast. Separating the two pulses after XPW is done by
polarization filtering. The disadvantage of this process is its overall low efficiency (10-15% for the XPW plus additional
losses in the first compressor and second stretcher in DCPA scheme). As a consequence of XPW, the pulse duration and
beam diameter are decreased by a factor of V3 [106]. It was first published in 2004 [107].
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Fig. 42. Photothermal Common-Path Interferometry (PCI) Absorption Measurements of LBO at 515 nm
(data measured by Coherent company). Absorption in the coatings is represented by value at the top of
each peaks. Bulk absorption values are below noise threshold between the two peaks.

Let’s assume the incident energy on the crystal at 1030 nm to be 200 mJ, SHG efficiency to be 50%
and the absorption of the 515 nm beam only at the back surface coating of the crystal. In this case,
the absorbed power in the LBO back coating will be 30 mW.

The limited thermal contact between the round insert (holding the LBO crystal, two indium foils,
spacer and front rectangular part, see Fig.43a) and the static part of the kinematic mount can be
considered negligible for the following illustration. Due to vacuum environment and the lack of con-
vective crystal face cooling provided by the surrounding air, this amount of absorbed energy should
heat up all the parts of the insert by 0.56 °C every hour, causing the SHG output to slowly decrease
by a few percent during several hours of operation. The actual measurement of the insert temperature
in the chamber, holding the LBO crystal for DIRA 1, showed a temperature rise of 6 °C /h instead
(Fig. 44a). Clearly, there was another source of heat, warming up the mount so much.

Such a temperature rise of the mount actually caused the SHG energy to change by more than 50%
every hour. The mount temperature measurement (shown in Fig. 44a) can be used to simulate the
effect on SHG output energy. This set of data was measured together with the SHG output energy
showed in Fig. 44b. By using the temperature change of Ak calculated from dr/dT (20), the simulated
SHG output energy matches the measured data really well in Fig. 44b. This explained the need for
frequent phase-matching corrections shown previously in Fig.36a. In addition, the moving part of
the kinematic mount was basically insulated from the static part of the mount and with it, from the
rest of the optical table inside the chamber. The only few point contacts between the two parts of the
kinematic mount, showed in Fig. 43b, did not allow any thermalization through conduction.

During my work on the pump lasers, I discovered this problematic temperature rise of the SHG
mounts is caused by two issues. First of them was a thin carbon layer, deposited on the surfaces
of the LBO crystals as a consequence of LIC in the vacuum chamber. This layer was causing extra
absorption on the crystal and its process of creation and its mitigation are described in more detail in
section 4.5.3. This investigation led to a paper published in Applied Optics journal [109]. Second of
them was related to non Gaussian beam profiles from the first two RA, having portion of the energy
contained in diameter larger than the clear aperture of the SHG mount. The mitigation of the rising
SHG mount temperature is described in section 4.5.1. The parallel beam profile improvements are
described in 4.5.2).
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Fig. 43. Parts of the SHG mount with poor thermal contact. (a) —the round insert, holding the LBO
crystal, with milled out channel to allow all the screw threads to be vented. The surface area in contact
with the rest of the kinematic mount is shaded blue. (b) —details of the contact between the moving and
static part of the kinematic mount. The two parts are thermally connected mainly through 3 points
(picomotor, manual screw and the ball joint). This effectively caused the moving part to be almost
thermally insulated.
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Fig. 44. SHG performance using DIRA 1 and 2.2 mm LBO crystal. (a)—rising temperature of the front
rectangular part of the SHG mount securing LBO crystal during the measurement, (b) — SHG output
energy dependence on temperature during the same time. Phase-matching angle was optimized from the
previous day for mount temperature of 32 °C and was not changed. Cavity energy stabilizing loop was not
used in this case and the 1030 nm drops 3 times during the measurement. Red curve is simulated in SNLO
assuming the maximum measured energy and phase-matching Ak changing as a consequence of refractive
index change dn/dT.
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4.4.5 Other SHG related results

Three small diagnostic setups are built for each of the pump lasers described in this thesis. They are
placed in air and use leaked beams transmitted through vacuum windows. The position of the leaked
beams used to measure the following pump laser parameters is shown in Fig. 45:

* compressor input and output beam profile, and input energy at 1030 nm
* output beam profile and energy at 515 nm

* pulse duration (with AC or FROG)

* pulse to pulse energy stability at 1030 nm as well as 515 nm

M? at 1030 nm as well as 515 nm

Pump beams
compressor + SHG  puylse to pulse (515 nm)
M2 (515 nm)
‘4

output beam profile (1030 nm) e — 3
AC/FROG (1030 nm) *-------.. i

pulse to pulse (1030 nm) " ————— e
M’ (1030 nm) x 1030 nm S

Fig. 45. Layout of the diagnostics for 1030 nm and 515 nm. Dashed lines — leaked beams for diagnostics,
Full lines — input and output beam paths.

Beam quality measurement at 515 nm

M? measurement of the 515 nm beam from the SHG stage for DIRA 1 was carried out by using a re-
motely controlled translation stage!?. This setup measured a beam leaking through one of the mirrors
in the 515 nm beam transport and a nearby viewport with an uncoated vacuum window. Measurement
was realized at two output energies at 515nm—10mJ and 110 mJ. Data, showing M? values of 1.15
and 1.20 in X and Y axis at full power operation are plotted in Fig. 46a,b.

Before the above mentioned experiment, I also measured the M 2 of DIRA 3 at 515 nm, using the
compressor and SHG stage for DIRA 1 [110]. This M? measurement was realized with older mirrors
in the beam transport of DIRA 1 and the data are shown in Fig. 46¢,d. They show the M? degrading
from about 1.2 at low power to 1.9 and 1.6 in X and Y axis at full power operation. We currently
see similar degradation of DIRA 2 M? as well. After replacing two mirrors in the DIRA 1 515nm
beam transport the M> measurement of DIRA 1 show no degradation (see Fig. 46a,b). That indicates
an issue (with defects or small damaged spots for example) with some of the mirrors inside the
beam transport for 515 nm pulses, rather than an issue with thermal deformation of optics inside
the compressor or with thermal lensing inside the LBO crystals. Further investigation of the beam
transport optics is necessary, as the degrading M? might be affecting the stability of optical cross-
correlators synchronizing the pump and signal pulses.

12With a lens having a focal distance of 1000 mm, Newport FMS300CC Motorized Linear Stage and BeamGage camera
BGP-GIGE-SP920G.
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DIRA 1,10 mJ @ 515 nm
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Fig. 46. M? measurement of DIRA 1 and DIRA 3 515 nm beam. (a)—SHG output with DIRA 1 at 10 mJ
(low output power). The M? of X and Y axis is 1.25 and 1.21, respectively. (b)—SHG output with DIRA 1
at 120 mJ (maximum output power). The M? of X and Y axis is 1.9 and 1.6 respectively. (c)—SHG output
with DIRA 3 at 10 mJ (low output power). The M? of X and Y axis is 1.1. (d)—SHG output with DIRA 3
at 110 mJ (maximum output power). The M2 of X and Y axis is 1.2.

Pointing and pulse to pulse stability at 515 nm

The input and output beam profiles at 1030 nm are used for active beam pointing stabilization of
the 1030 nm beam through the compressor. Active beam pointing stabilization ensures the standard
deviation of the beam angular displacement is below 10 prads in each axis (Fig.47). The beam
profiles of 1030 nm compressor input and 515 nm compressor output with their respective lineouts

are in Fig. 48.

Measurement of the pulse to pulse energy stability of DIRA 1 at 1030 nm and 515 nm shows slightly
larger standard deviation at 515 nm (2.2 mm crystal, 2 ps, 100mJ at 515nm) in Fig.49. Decreased
stability at 515 nm might be linked with lower SHG efficiency and might improve when higher output
energies are reached in the future with improved compression and contrast.
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Fig. 47. Angular beam pointing stability, measured from the center beam axis during the 8 h of operation.
Normalized probability density is plotted in Y axis. The standard deviation in X and Y axes is 6 and 7
prads, respectively. The total area of each histogram is normalized to 1.
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Fig. 48. Camera beam profiles of compressor input at 1030 nm and 515 nm output for each of the RA.
Lineouts of the beam profiles show the X axis data in blue, Y axis data in red. It is important to mention
that the beam profiles of the linear cavity DIRA 1 and DIRA 2 were recorded after I solved the issues with
non-Gaussian beam profiles, described in section 4.5.2. The beam profiles of DIRA 3 were saved after
installing a magnifying mirror with 50 m radius of curvature in order to prepare the beam path to OPCPA
stage 7 for the future multipass upgrade. Hence the larger diameter at 515 nm for the third RA.
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Fig. 49. DIRA 1 pulse to pulse stability for both 1030 nm and 515 nm. Measured with 2.2 mm LBO
crystal, pulse duration of 2 ps at 515 nm. The data were measured with 1 kHz repetition rate acquisition,
the X —axis is averaged over 0.5 s. Slightly worse stability at 515 nm might be caused by the lack of
energy in the main pulse and lower SHG efficiency (50%), not yet reaching saturated values. (a) —energy
stability at 1030 nm, (b) —energy stability at 515 nm.

4.5 SHG drifts and efficiency improvements

This section addresses the issues with SHG performance, some of them already mentioned in section
4.4. Tt describes how the temperature of the SHG mounts was stabilized and how the SHG mounts
were redesigned, how the two beam profiles from RAs with linear cavity were improved, how the
problems with LIC were mitigated, and how a new front-end improves the pulse contrast at 1030 nm
and with it, the SHG efficiency.

4.5.1 Temperature stabilization of SHG mounts

In order to mitigate heating of the LBO crystal mount described in Fig. 44, I first installed an alu-
minium mask in front of the SHG mount. This mask had the same clear aperture as the SHG holder
and was meant to block most of the stray light otherwise hitting the mount and heating it up. a photo
of the setup with the mask and two temperature sensors mounted on two places of the SHG holder is
shown in Fig. 50a. Even with the extra mask, the temperature of the SHG mount was still rising!?,
the situation did not improve, and the measured temperature data from the front part of the insert and
the part of the kinematic mount holding it are in Fig. 50b.

In order to assess the best cooling options for the SHG stages, I modelled heating of the crystal
mount'*. The parameters of the model were optimized to match the data shown in Fig. 50b. In the
simulation, I used laser beam with 15 mm diameter at 1/¢*. I simplified the model by assuming only
the absorption of the laser beam at 1030 nm in the front face of the LBO crystal and absorption co-
efficient was used as a free parameter (with thin crystal, the absorption of 1030 nm and 515 nm in
the crystal’s back surface could be simulated by larger absorption coefficient for the front surface).
The simulation covered a time-period lasting 1 h, no convective cooling was used (to simulate vac-

131t was at this point I realized there must be another process responsible for the extra absorption. It eventually lead me to
to discovery of the problems related to LIC.
14Simulation was done in Ansys [111].
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Fig. 50. Rising temperature of the SHG mount. (a)— Setup with aluminium aperture, blocking portion of
the beam otherwise hitting and heating up the SHG mount. Temperature sensors used for gathering the
data highlighted. (b) —data measured by the two temperature sensor on the SHG mount.

uum conditions) and heat radiation effects were neglected'>. The material properties of aluminium,
indium and LBO were considered constant and isotropic and are listed in Tab. 7. The thermal con-
tacts between the front aluminium part, the LBO crystal, two pieces of indium foil surrounding the
crystal, and the round insert, which holds them, were considered perfect. The bottom surface of the
round insert contact with the rest of the mount was limited (as explained in Fig. 43a) and the thermal
resistance was used as a free parameter.

The thermal contact between the static and moving parts of the kinematic mount in the model was
realized only through 3 points (two screw tips and one ball joint in the corner, following Fig. 43b)
and heat transfer by the springs was neglected. The only boundary condition in this model was the
temperature at the bottom of the static part of the kinematic mount, where it was secured to the optical
table through a small optical post. It was set to match the measured temperature of the table near the
mount, which rose from 19.8 °C to 21 °C within 1 h of operation used to gather the data in Fig. 50b.
The absorbed power from the beam and the thermal resistance between the round insert and the
moving part of the mount was optimized so that the resulting temperature in the model agreed with
the real measured values. The best agreement between the simulated model and the real measured
values was found with absorbed power of 1.4 W and thermal resistance of 50 W /m?. Compared to the
expected absorbed power of 0.03 W calculated from the measured absorption in the coatings (50 ppm
at 1030 nm and 100 pm at 515 nm mentioned in section 4.4.4), this higher value was caused by the

Tab. 7. Thermal properties of the SHG mount materials used in the simulation. Source: [112]-[115]

LBO Aluminium alloy 5083 copper indium

thermal conductivity, K 3.5 117 390 84 [Wm' K]
specific heat capacity, ¢, 0.875 0.9 039 024 [KJkg!'K!]
density, p 2.47 2.66 8.94 731  [gem™]

I5Stefan—Boltzmann law describes the radiated power P from a given surface area As with a given emissivity €, and
ambient temperature Tj to the surface temperature 7' difference as P = Ag GBS(T4 — TO4). op is the Stefan-Boltzmann
constant of proportionality. The radiated power of the model is less than 1% of the assumed heat load causing the
temperature rise of the SHG stage.
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Fig. 51. Simulation of the SHG mount heated by an absorption in the LBO crystal. (a) —meshed model of
the SHG mount in Ansys, (b)—simulated data matching the measurement. The absorbed power and the
thermal resistance between the round insert and the rest of the mount were used as free parameters and
the best agreement was found with values of 1.4 W and 50 W /m? (blue and red). Simulation assuming
fixed absorption of 0.03 W instead and perfect thermal contact between the insert and the rest of the
moving part of the mount is shown as well (yellow and purple). Fr. —temperature at the front side of the
mount, Ba. —temperature at the back side of the mount, meas. — measured, sim. —simulated.

LIC layer on the crystal and the simplifying assumptions of the model. Mitigation of the LIC and its
effect on the temperature of the SHG mount is described in section 4.5.3. The resulting comparison
between the measured data and simulation are in Fig. 51b.

I considered several solutions to improve the thermal contact between the insert with the crystal and
the rest of the mount or with the optical table. The goal was to decrease the slope of the temperature
rise and to speed up the thermalization of the mount. I modelled two of the most promising solutions
(0.5 mm copper plate on the side of the mount and 4 flexible copper straps on the front part of the
mount). Both still allow the rotation of the mount, do not require complete redesign of the stage and
could be easily implemented. When the thin copper plate was added to the model, a perfect thermal
contact with both sides of the kinematic mount was assumed, other boundary conditions stayed the
same. When the 4 copper straps were added to the model, the temperature of their end facets was
fixed to the same boundary condition present already at the bottom of the optical post (assuming
these straps would later be secured to a metal heatsink, placed in front of the mount and attached to
the table). The results, showing the advantage of the straps solution are evident from Fig. 52.

The copper straps solution feasibility was tested by mounting a single copper braid designed for
high current transmission in electric industry to the front of the SHG mount (Fig. 53a). Copper, with
its high thermal conductivity and vacuum compatibility is a good material for transferring heat in
vacuum environment [116]. Since the front part of the mount secures the LBO crystal in place by
pushing on it through 4 screws with springs, the copper braid mounted at the bottom created a lever
tilting the front rectangular part. In order to avoid damage to the LBO crystal, the crystal was removed
from the mount. The laser beam from DIRA 1 was used for this test and the aluminum aperture,
otherwise blocking portion of the scattered light, was removed. Fig.53b shows how the installation
of the braid improved the thermal situation.

After the successful test with the copper braid, proving the thermalization can be sped up by remov-
ing the heat from the front part of the mount, the strap solution design was further modified. In order
to avoid damage to the crystal, the placement of the copper straps was shifted from the front part to
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Fig. 52. Simulation results of the SHG mount heated by an absorption in the LBO crystal with two
improvements considered. The original measured temperature is plotted as well for reference. Absorbed
power of 1.4 W and insert thermal resistance of 50 W /m? is still assumed. (a,b)—0.5 mm copper plate
mounted on the side to increase the thermal contact between the two parts of the kinematic mount. The
effect on the temperature of the mount is minimal. (c,d)—4 copper straps mounted on the front with the

same temperature boundary condition at the end of the straps as on the bottom of the mount. Copper
straps significantly reduces the heating of the mount.

the circular insert to avoid any levers acting on the crystal through the front part of the mount. Also to
allow reaching thermal equilibrium faster and avoid crystal temperature changes whenever the output
of the RA is changed, 3 vacuum compatible TEC elements (Thorlabs, TECD2) were included in the
new design as well. Due to the limited space in the chamber around the mount and the diagnostic
beam propagating close to it, the TECs could only be mounted on one side of the SHG stage. a new
aluminium U-shaped piece secured to the round insert was used to enable mounting of the TECs on
the insert. The copper straps were used as a heatsink for the hot side of the TECs and were mounted
on top of them. The other ends of the copper straps were secured to the aluminium heatsink, con-

nected to the optical table and providing a thermal contact. The layout and photos of the setup are in
Fig. 54.

The TECs were powered and controlled by a commercial temperature controller placed outside the
vacuum chamber and built by Martin Hord¢ek. The temperature controller was powered by laboratory
DC power supply with current limited to 2.4 A to prevent overheating of the three TECs connected in
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Fig. 53. First test of improved heat transfer with copper braid secured to the front of the SHG mount.

(a) - The SHG stage without the crystal with copper braid and a temperature probe secured to the front
rectangular part, (b) — comparison of temperature measurement for three separate cases - the initial case of
the mount with crystal inside without any copper braid attached (blue), the empty mount without crystal
without any copper braid attached (red) and the empty mount without crystal with copper braid attached
(yellow). The measurements without the crystal show how much the mount heats up due to the scattered
light hitting the mount.

parallel due to the limited passive cooling capacity of the copper straps. The feedback for the PID loop
controlling the TECs was provided by a little thermistor placed right underneath the TECs to avoid
PID loop delays. The disadvantages of this design were later addressed by designing an improved air
cooling setup described in section 4.5.4.

The described thermal stabilization solution with the TECs was capable of maintaining stable tem-
perature of the LBO crystal holder for DIRA 1 and DIRA 2 throughout the day. It allowed the pump
lasers with linear cavity design to generate stable SHG output, which was frequently used to pump
the OPCPA stages 5 and 6 during experimental campaigns. No phase-matching angle correction were
needed. The graph of the DIRA 1 SHG mount temperature and the SHG output during a typical day
of L1 Allegra system operation is shown in Fig. 55.

Fig. 54. The solution to allow the LBO crystal in the SHG mount to reach thermal equilibrium, allowing
several hours of adjustment free operation. (a)—3D model, (b) — kinematic mount with the crystal and
copper straps (front mask removed for visibility). TEC elements stabilizing the mount are placed under
the copper straps on the right side. (c) — the same setup with the aluminium mask in front. a combination
of the connected straps, mask and optical table acts as a heat-sink for the TECs. The extra strap mounted
on the left side was eventually removed before full operation. Design by Petr Strkula.
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Fig. 55. Typical values of DIRA 1 output energy and SHG mount temperature during the L1 Allegra
system operation with TEC stabilization on. Temperature monitored by the thermistor (blue dashed line)
close to the TECs was set to 21.5 °C, the second temperature sensor mounted in the top of the moving part
of the kinematic mount measured slightly higher values (blue full line). The 1030 nm (orange) and

515 nm (green) energy were measured by PDs in the diagnostic section of the compressor chamber. After
an hour of running the laser, the 1030 nm output power was minimized briefly to allow the shutter to be
opened and the 515 nm beam (green) was sent to the OPCPA stage 5. The improvement of SHG output
stability is visible especially when compared with data shown in Fig. 36a and Fig. 44b.

4.5.2 Beam profile improvement at 1030 nm

The rising temperature of the SHG mount without the crystal inside showed in Fig. 53 indicated
the SHG mount was also heating up due to scattered light (when using the RA with linear cavity).
a quick measurement was carried out to find out how much power is not transmitted through the clear
aperture of the SHG mount by measuring the temperature of the aluminium mask, used in the TEC
temperature stabilization setup in Fig. 54 without the copper straps connected. The mask had the same
clear aperture of 31 mm as the SHG mount. It was mounted on a peek pedestal to thermally insulate
it from the rest of the optical table!S.

At full output power from the RA with linear cavity, the temperature of the mask rises by 31.2°C /h
(Fig. 56). From the known mask dimensions and material, the amount of light not passing through the
clear aperture of the mask was calculated to be 1.3 mJ (0.6% of the total 200 mJ after the compression).
The 1/¢* diameter of the RA beam was 15 mm at that time and the aperture blocking the same 0.6%
of the incident energy would normally have to be 24 mm in diameter instead of 31 mm. More careful
analysis of the RA output beam profile after 20 m of propagation from the RA (the distance to the
LBO crystal plane) showed 0.7% of the energy is distributed outside the clear aperture of the mask
and the beam profile is not strictly Gaussian (comparison between the measured beam profile and an
ideal Gaussian profile with the same diameter at 1/e* is shown in Fig. 56b).

We decreased the output beam diameter from the two RA from about 15 mm at 1/e? to 13.5 mm, by
changing the magnifying telescope at the output. Smaller beam diameter would avoid clipping on the
31 mm clear aperture of the SHG mount and would increase the intensity on the crystal - compensating
for the lack of energy in the main temporal peak after compression. Decreasing the beam diameter
and using a longer LBO crystal led to an improvement of SHG efficiency showed earlier in Fig. 37.

16thermal conductivity of peek is 0.26 Wm™ K! so it provides reasonably good thermal insulation [117].
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Fig. 56. Two experimental results related to the SHG mount heating up due to scattered light.

(a) —thermally insulated aluminium mask temperature rising due to portion of the energy being distributed
outside of the clear aperture of 31 mm, fitted curve show the mask’s temperature rise by 31.2°C /h,

(b) — X lineout of the beam profile with Gaussian fit and clear aperture of the mask depicted, calculated
energy outside the clear aperture is 0.7% for the measured beam profile and 0.005% for the Gaussian fit.

The non-Gaussian beam profile at the LBO crystal plane can be explained by extra spatial phase
added to the beam before propagation:

Ap(x) =21/ A An(x) L, (28)

where x is the radial coordinate, A is the laser pulse wavelength, An the refractive index change
caused by a given process and L is the length of a material. Such a phase can be added either
by transmission through medium with non-negligible nonlinear index of refraction (self-focusing),
in which case An =nyI(x), or by transmission through medium with thermal lens, in which case
An = (dn/dT)AT (x). In both cases the simulated beam profile after 20 m of propagation from the
RA (distance to the LBO crystal) has smaller FWHM diameter and higher portion of the energy dis-
tributed outside of the 1/e> diameter, when compared to the strictly Gaussian profile with the same
diameter. The problem with non-Gaussian beam profile at the LBO crystal plane is not present for the
ring cavity DIRA 3. I concluded that the only material that could affect the beam profile this way is the

Fig. 57. Photo of the Faraday rotator.
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Tab. 8. The properties of TGG and KTF crystals [118].

TGG KTF
Formula Tb3G8.5012 KTb3F10 [—]
Refractive index, n @ 1064 nm 1.944 ~1.5
Nonlinear refractive index, 7y ~20x1020 ~1x1020 [m2w]
Thermo-optic coefficient, dn/dT  17.9x 100 ~1x10° [mK"]
Thermal conductivity, K 7.4 1.67 [Wm! K]
Thermal expansion coefficient, o 7.3 13.7 (K]

20 mm long crystal of Terbium Gallium Garnet (TGG) inside the Faraday rotator (its position within
the linear cavity RA can be seen in Fig. 13 and the photo is shown in Fig. 57). This rotator is present
only in the two RA with a linear cavity. Simulation of Gaussian beam profile propagation through the
rotator, using some of the TGG crystal properties listed in Tab. 8 is shown in Fig. 58. In both cases
(extra phase from thermal lensing or from self-focusing) the calculated beam profiles resemble the
measured one from Fig. 56b. I later carried out an experiment concluding the effect responsible for
the extra phase is related to thermal lensing only (description on page 67).

Apart from the TGG crystal, a Pottasium Terbium Fluoride (KTF) crystal can also be used inside
the Faraday rotators and has only recently become available in large apertures. The KTF crystal has
more favourable properties for Faraday rotators used in high average power and high energy lasers
and the comparison of optical parameters of TGG and KTF crystals are in Tab. 8. Both nonlinear
refractive index as well as the dn/dT coefficient of KTF are significantly smaller than those of TGG
[119]. The manufacturing company of the original TGG rotators (Electro-optics technology, EOT),
were able to provide us with, at that time commercially unavailable, custom solution of a Faraday
rotator with KTF crystal inside. The custom made KTF rotator had the same clear aperture of 20 mm,
which enabled quick and efficient replacement of the TGG rotator. After the replacement, the output
beam profile of the RA with KTF rotator improved and became Gaussian. The output telescope of
each RA was originally compensating the thermal lensing inside the rotator and the newly collimated
RA output diameter after the KTF rotator installation changed from 13.5 mm at 1/¢* to about 13 mm.
The measured beam profiles from RA with TGG and KTF rotators after 20 m of propagation are in
Fig. 59.

Improvement of the RA output beamprofile in combination with the LIC mitigation described later
(section 4.5.3) led to an improvement in the heating of the SHG mount. After this, the active stabi-
lization with TECs was not needed anymore. The SHG output does not decrease by more than 1%
during a day and does not require phase-matching corrections. The combination of a small decrease
in beam diameter from 13.5mm to 13 mm at 1/¢*> and improving spatial intensity distribution due to
installation of the KTF rotator improved the SHG efficiency of DIRA 1 stage from 50% to about 54%
(see Fig. 60).
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Fig. 58. Simulated Gaussian beam profile propagation with phase added due to thermal lensing and
self-focusing. Both thermal lensing as well as self-focusing can add an extra phase that will cause the
beam profile’s FWHM to become smaller after 20 m while significant portion of the energy will be
distributed outside of the 1/¢> diameter. Beam with diameter of 7 mm at 1/¢* and energy of 230 mJ is
assumed at the beginning. After transmission through the Faraday rotator, the beam is magnified and

collimated by the output telescope to about 10 mm at 1/e? and propagated to 20 m. (a,b) — Thermal
lensing. Phase profile is calculated from a simulated temperature profile using dn/dT coefficient.
Temperature simulation was done in Ansys based on coefficients of TGG from Tab. 8 and absorbed power
of 0.6 W. (c,d) — Self-focusing. Phase profile is calculated from the assumed intensity profile and
nonlinear refractive index n, of TGG.
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Fig. 59. DIRA 2 beam profiles after 20 m of propagation from the RA (distance to the LBO crystal plane
inside the compressor). The extra Gaussian phase introduced by the TGG crystal inside Faraday rotator
within the linear cavity later causes portion of the energy to be distributed outside of the main Gaussian
peak decreasing the efficiency of the frequency doubling. (a,b) — X lineouts of the measured beam profiles
after 20 m of propagation with two different Faraday rotators, red curves are fitted Gaussian profiles
having the same diameter at 1/€* as the measured lineouts, (c,d) — captured camera beam profiles.
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Fig. 60. Comparison of SHG results between the case with TGG (blue) and KTF (red) rotator crystal. The
intensity on X axis was calculated from the measured average RA output power. It was changed by
rotating the RA output waveplate. Maximum SHG efficiency with TGG crystal was 50%. Maximum
SHG efficiency with KTF crystal was 54% with 108 mJ generated at 515 nm.
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Thermal lensing and self-focusing experiment

In order to identify the process behind the extra Gaussian phase introduced to the pulses passing
through the Faraday rotator I set up an experiment according to the layout in Fig. 61, using DIRA 2
with the new KTF rotator already inside. The presence of a rotator is needed for the correct func-
tioning of a RA with linear cavity. The goal of this experiment was to determine whether the extra
Gaussian phase is originating from self-focusing or from thermal lensing. I sent the DIRA 2 beam
through an extra TGG rotator at 1 kHz and 200 Hz at different energies and measured the pulse in-
tensity, wavefront and spectral phase. Measurements at different repetition rates but constant energy
would be affected by thermal effects. Measurements at different output energy but constant repetition
rate would be affected by non-linear effects. The output magnifying telescope inside the RA was
removed to keep the diameter of the laser beam small. A/2 waveplate and a TFP were used to safely
absorb most of the energy transmitted through the rotator on a powermeter. Part of the leaked energy
though TFP was used to measure the wavefront deformations as well as the intensity profile of the
beam by a wavefront sensor (Phasics, SID4 GE). The rest of the leakage was compressed to measure
the SHG — FROG trace (Picosecond FROG —PS10 from Femtoeasy). All the measurements were car-
ried out for range of RA output energies between 1 and 200 mJ transmitted through the rotator at both
1 kHz as well as 200 Hz repetition rate!”.

The wavefront and intensity measurement results in Fig. 62 showed these two parameters of the
beam stayed the same for the same average powers and different pulse energies and changed only
at higher average power. Hence, thermal lensing was identified as the main reason behind the extra
Gaussian phase. FROG measurements at 1 mJ and 200 mJ output at 1 kHz in Fig. 63 showed almost no
changes between these two cases. The amount of extra phase introduced by the material of the original
TGG crystal due to self focusing inside the rotator is negligible and does not affect the compression.

FROG

U, :
S
72
A \ 7 | Compressor
s -

DIRA2 0-200mJ
. T(AI'F 6-7mm @1/e’
—_— camera

TGG TFP

Fig. 61. Layout of the experiment verifying whether the extra Gaussian phase distorting the output beam
profile originates from nonlinear effects or from thermal lensing. RA with KTF rotator inside and
removed output telescope was used as a source of pulses with varying energies at both 1 kHz and 200 Hz
repetition rate.

17Changing the RA repetition rate was done via the control software of the RA, affecting the PC triggers and diode pump
timing settings.
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Fig. 62. Phase and Intensity profiles after transmission through 20 mm long TGG crystal. (a)—results
measured at the same average power of 40 W show negligible difference between 40 mJ and 200 mJ.
(b) —results measured at the same energy of 200 mJ show phase and intensity profile changes at higher
repetition rate, indicating an issue with thermal lensing.
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Fig. 63. Measured and reconstructed FROG traces with retrieved temporal and spectral intensity profiles
at 1 mJ (a) and 200 mJ (b) at 1 kHz. Minor saturation at 200 mJ affected the reconstruction, but both
retrieved profiles are very similar, showing the non-linear refractive index of TGG does not affect the
dispersion of the RA output pulses and the pulse compression that follows.
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4.5.3 Mitigation of Laser Induced Contamination

During the operation of 1030 nm pulse compressors and SHG stages in vacuum, the optical com-
ponents in the vacuum chambers that are hit by pulses with high intensity (compressed picosecond
pump pulses at both 1030 nm and 515 nm as well as compressed broadband femtosecond pulses in
the chamber with amplifiers and chirped pulse compressor) develop distinct features where the beam
is incident on the optic (see Fig.64). These features can have different shapes and color, but are
usually shaped like a donut (ring shape with a bright hole in the middle). The color can be either
slightly black or clear with milky surroundings. The spots introduce extra absorption and distort the
beam profile reflected from mirrors and transmitted through LBO crystals, or negatively affect the
diffraction efficiency of compressor gratings. This limits the performance of the system and together
with the need for potential damaged optic replacement affects the amount of time the system is fully
operational. The LIC layers are extremely important for the SHG performance due to the heating of
LBO crystals as a consequence of the extra absorption.

The details of the problem and suggested procedures to mitigate it were thoroughly described in
my paper published in Applied optics [109], which is added as an attachment at the end of this the-
sis. It introduces the LIC problem more broadly with context to other laser systems in the world. It
compares three different LIC cleaning methods (ozone cleaning, laser cleaning and plasma cleaning)
and focuses on LIC affecting the compressor grating efficiency and its improvement. The paper con-
cludes the problems with LIC can be mitigated by frequently running radio-frequency (RF) generated
plasma cleaning devices on vacuum chambers and the investigation related to published results led to
a review of cleanliness procedures within the ELI Beamlines projects. The list of vacuum compat-
ible components was re-evaluated, better vacuum compatible lubricants were suggested and all the
vacuum chambers are now regularly tested thoroughly with RGA before installation of any optical
components inside them. All the components themselves are also tested individually with RGA and
analyzed by Fourier transform infrared spectroscopy (FTIR). The newly established rules were im-
posed with hopes to minimize the need for using plasma cleaners on new parts of any of the laser
systems at ELI Beamlines in the future. For example, one of the biggest vacuum chamber of any laser
system in the world, the petawatt compressor for L4 Aton laser, was found to be not in compliance

(b) (©

Fig. 64. Photo of different LIC related structures on optical components inside the pump pulse
compressor and reflector tower. (a)—dark donut shape like structure with a bright spot in the middle on
a dichroic mirror separating the depleted 1030 nm from the generated 515 nm beam, (b) — milky surface
on a 1030 nm compressor mirror, visibly cleaned by the incident laser beam in four different places,
affected by different compressor alignment, (c) —milky surface around a cleaner spot with two damaged
spots in the center of a mirror reflecting 515 nm.
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Fig. 65. RGA scan comparison of o-ring removed from the Pump beams compressor chamber. Data
normalized to peak at AMU 44. Significant peak at AMU 58 before and after baking suggests a possible
source of hydrocarbon contamination.

with the LIGO cleanliness criteria as the RGA scans (see Fig. 16) showed hydrocarbon contamination.
After RF plasma cleaning and several days/weeks of pumping its cleanliness eventually improved and
by the time of writing of this thesis, the chamber was prepared for installation of optical components.

Unfortunately, I did not have RGA scans of the compressor chamber or components installed inside
at my disposal and the current RGA scans of the pump beams compressor chamber with installed
mounts and optics always show plenty of hydrocarbon contamination. Running the laser for exper-
iments frequently limited the possibilities of investigating the source of the contamination and of
removing it completely. One of the possible source of the contamination might be unbaked viton
O-rings that are used on all the flanges of L1 Allegra vacuum chambers. The RGA test of one of
the o-rings from the compressor chamber show strong peak at AMU 58 even after baking it at 120 °C
for 48 h (see Fig. 65). Hence, one of the future improvements of L1 Allegra vacuum system might
involve replacing all the o-rings on all the chambers with new ones, complying with LIGO cleanliness
criteria.

One of the downsides of the RF plasma source cleaning for mitigating the LIC inside the chambers
is the limited cleaning range of the device itself. As mentioned in the paper, the RF plasma source
placement is very crucial. We have learned the charged particles generated by the source cannot
reach all the parts of the chamber at the same time and some of the optics can be cleaned only when
placing the source closer to them. This complicates the cleaning procedures, as the design of the
chambers include two optical tables on top of each other in the pump beams compressor for example
or plenty of tubes and 90 degree corners with mirrors for the pump beams transport. This requires
ideally several independent plasma sources placed on the vacuum system at the same time. As the
number of the devices at ELI premises is limited and they are being shared among different research
groups, it requires frequent venting of the chambers and relocating of the few plasma cleaning devices
available at a given time. Despite the effort with RF plasma cleaning, several mirrors propagating the
515 nm pulses were damaged in the past and we had to replace them. Only the mirrors in the 515 nm
beam transport gets damaged, suggesting the current placements of the RF plasma source prevents
us from reaching those mirrors with the ionized particles and cleaning their accumulated LIC layers
efficiently.

A different method of LIC removal that could be used in L1 Allegra system is the laser assisted
cleaning. By using laser pulses with high enough fluence, the contaminated spot can be cleaned by
a combination of laser ablation and oxygen radicals creation, which help break down the contami-
nation layers. In order to create enough radicals, the vacuum chambers in L1 Allegra could be held
at partial pressure above the typical value of 10~ mbar (for example, a vacuum chamber filled with
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oxygen was held at partial pressure 0.4 mbar in [109]). This can be realized by leaking air through
a needle valve into the vacuum chamber on purpose. We might be able to utilize the laser assisted
cleaning by running the pump laser at full power output at higher pressure in the compressor chamber
and in the beam transport. This way, we might be able to remove the LIC layers even from 515 nm
beam transport mirrors, which are difficult to clean with the regular RF plasma cleaner.

Despite the problems with LIC on mirrors in the beam transport of 515 nm pulses, the RF plasma
cleaning is successfully mitigating any source of LIC in the compressor chamber itself. Together
with the improved output beam profiles from the RA with KTF rotator described in section 4.5.2,
the mitigation of LIC significantly decreased the heating of the SHG mounts to the point where the
temperature stabilization was no longer necessary as long as there is no LIC present on the crystals.
This improved situation is discussed further in the following section.

4.5.4 New SHG mount design with air cooling

After improving the beamprofiles of linear cavity RAs and mitigating the LIC layers on LBO crystals,
the heating of the SHG mounts decreased significantly. I show in Fig. 66 how the temperature of two
separate SHG mounts (for DIRA 1 and DIRA 3) changes during a few hours of full power operation.
Each of the two SHG setups was different. One (for DIRA 3) had no implemented cooling solution,
the other (DIRA 1) had the TEC cooling setup described earlier in section 4.5.1. The temperature
sensors were mounted on the moving part of the kinematic mounts holding the insert with LBO
crystal. During the experiment, the TECs were not powered and the cooling setup acted only as
a passive heat-sink for the SHG mount. This passive thermal contact resulted in slower temperature
rise of the SHG mount. The measured temperature change in the case of the mount with no cooling
solution agrees with the heating caused by the measured absorption in LBO coatings only (producing
30mW of heat with 200 mJ incident pulses at 1 kHz).

Two of the three pump beams compressors are designed to handle 1J of energy at 1030 nm for
potential upgrades of RA in the future (one being the multipass amplifier for DIRA 3 already under
construction to provide stronger pump pulses for OPCPA stage 7). The SHG stages of the upgraded
pump lasers will have to handle up to 5 times higher heatload due to absorption in the crystals and it
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Fig. 66. Temperature of the SHG mounts with (DIRA 1) and without (DIRA 3) implemented cooling
solution (TECs were not powered). The resulting temperature difference of 1.2 °C in the DIRA 3 SHG
mount without any added components would not cause the energy of pulses at 515 nm to decrease by
more than 1% during 24 h of operation. Data were fitted with function describing the temperature
evolution in transient heat conduction problems [120], where T is the final temperature.
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Fig. 67. New SHG mount with air cooled stainless steel attachment. (a) —cooler with highlighted air
channel. With air flow of 3 m/s at 3 bar available from the laboratory air supply, the cooler is capable of
removing up to 2 W of heatload. (b) —New rotational SHG mount with air cooler capable of being
mounted on top of the insert with LBO crystal. Simulations realized by Gavin Friedman, design by Petr
Strkula.

would be convenient to have a cooling solution ready. On top of that, during the L1 Allegra operation,
we have discovered that the OPCPA stages 5 — 7 are heating up faster than the simple LBO absorption
calculations suggest (despite mitigating LIC growth by plasma cleaning). These stages would also
benefit from a suitable cooling solution. To address these needs and improve the disadvantages of
the original cooling setup, a new air cooling solution has been designed in collaboration with Gavin
Friedman and Petr Strkula. It is smaller (usable in OPCPA stages 5—7 as well), does not transfer
the excess heat to the optical table but rather outside the chamber and does not block the clear view
of the inspection cameras monitoring the LBO crystals. It has a form of stainless steel ring, which
can be attached to the round insert with LBO crystal. The cooling is achieved by air flowing from
a feedthrough on the chamber through a Swagelok tubing connected to a sealed channel with multiple
fins. Fins create turbulent flow of air, utilizing higher heat transfer coefficient, and increase surface
area. Based on Ansys convection simulations, the channel is capable of removing 2 W of heat with
only 3m/s air flow at 3 bar (compatible with compressed air source in the laser hall). The design
with highlighted air channel is shown in Fig. 67a.

Together with new air cooler, the new SHG stage design was also created with higher reliability
in mind. The design is using rotational movement rather than kinematic mount, it has lower weight
compared to the previous design and together with stronger stepper motor (NSA12V6) minimizes the
risk of the mount getting stuck. The option of adjusting the pitch of the LBO crystal was omitted based
on experience with previous mounts in the chamber. The new mount has an option of encoding so the
precise angle of the LBO rotation can be monitored remotely. It is also compatible with the inserts
from the previous versions of the mounts, it enables easy attachment of the air cooler and a model of
both is shown in Fig. 67b. This new mount, including the air cooler, has already been successfully
tested in the chamber, where it replaced the SHG mount for DIRA 3 beam (see the pictures in Fig. 68).
The output SHG energy when using the new mount and the stainless steel cooler was the same as with
the old SHG mount without any implemented cooling solution.
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Fig. 68. Air cooled new SHG mount. Swagelok tubing allows air flow from feedthrough on the chamber
to the cooler, removing the heat outside rather than transferring it to the optical table.

4.5.5 Different front-end and seed energy experiment

I already mentioned in section 4.4.3 that the performance of pump lasers is influenced by the per-
formance of the Ti:sapphire oscillator at the beginning of seed distribution and its limited energy
available for the first FA. ASE present in the seed pulses gets amplified in the RA and decreases the
maximum SHG efficiency of the pump lasers. There is also a separate pump laser under development
in L1 lab, not part of the L1 Allegra chain, which uses a different front-end (meaning the oscillator
and seed distribution system). This pump laser provides 2 x 50 mJ pulses at 1030 nm with 1 kHz repe-
tition rate. Its front-end comprises of Yb:fiber modelocked oscillator (Origami), CFBG stretcher, one
FA and MZM for picking 1 kHz pulses from the 80 MHz train. The FA in this front-end is seeded
with pulses having higher energy from the Yb-based oscillator. As a consequence, less ASE is present
in seed pulses from this front-end. In addition, the seed energy available at the input of this RA is
higher than in DIRA 1'3, and the overall gain of this RA is lower. As a result, the 2x 50 mJ RA has
higher contrast when compared with DIRA 1 (shown earlier in Fig. 41b). More importantly, its SHG
efficiency is 73%. This is the highest SHG efficiency reached with any pump laser at ELI Beamlines.
To see how much a pump laser using DIRA could benefit from using the Yb:fiber oscillator based
front-end with less ASE in seed pulses, I used the output from this front-end to seed DIRA 1.

Seeing how good the SHG efficiency of the 2 x 50 mJ RA is, I also wanted to evaluate the DIRA 1
based pump laser performance operated at lower gain. With the Yb:fiber oscillator based front-end,
I operated DIRA 1 at two pump power settings. One at lower gain, generating only about 120 mJ at
the output, the other at the usual 230 mJ output. To have a comparison with Ti:sapphire oscillator
based front-end as well, I wanted to see if increasing the seed energy has any effect on the pump
laser performance. I bypassed some of the Ti:sapphire seed distribution elements (splitters and fiber
delays) to boost the seed energy to 170 pJ. In all cases I measured the output energy at 1030 nm,
output temporal profile before compression, contrast, pulse duration after compression, output 515 nm
energy, and SHG efficiency. With this, [ had 5 sets of data available — two sets with Ti:sapphire front-
end with seed pulse energy of 12.5pJ and 170 pJ, two with Yb:fiber front-end at 119 mJ and 230 mJ
output energy, and one with Yb:fiber front-end from the 2 x 50 mJ RA (measured by Jakub Novék and
Emily Erdman).

8The measured seed energy for this RA is 250 pJ, which is 20 times higher than seed energy used for DIRA 1, although
not all of the energy is distributed precisely at 1030 nm and used effectively during amplification. The reason is higher
reflection bandwidth of the CFBG stretcher for this RA, which is 10 nm. The reflection bandwidth of the stretcher for
DIRA lasers has only 2.5 nm.
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Fig. 69. Contrast of DIRA 1 seeded by Yb:fiber oscillator based front-end and Ti:sapphire oscillator based
front-end with various energies at different settings. The best SHG efficiency was reached with Yb:fiber
oscillator based front-end operating only at 119 mJ in the cavity. Measurement comparing the 50 mJ RA
included. Different contrast between DIRA 1 operated at 230 mJ and 119 mJ is most probably originating
from the RA different ASE amount at different pump levels (at different gain). Lower contrast of DIRA 1
around 0 ps is affected by the stretcher optimized for best compression in vacuum while the contrast data
had to be measured in air. Compression of the 50 mJ RA pulses on the other hand is always realized in air
and the stretcher is optimized for air as well. That is why the contrast around 0 ps is so much better.

In agreement with previous data (Fig. 40) showing little difference when seed energy was decreased,
there was little difference between the performance with Ti:sapphire oscillator front-end and seed
energies of 12.5 pJ and 170 pJ. Interestingly, the pump power needed to reach 230 mJ output was the
same and the contrast (shown in Fig. 69) almost didn’t change. Since the seed energy was increased by
bypassing fiber components just before DIRA 1 and not by changing the Ti:sapphire oscillator or the
first FA, there was still ASE pedestal visible on the temporal output pulse profile before compression
(see Fig.70a). The maximum SHG efficiency was 54% (shown in Fig. 71b) for both seed energies.
According to the SNLO simulation matching the measured SHG data, only about 56% of the energy
at 1030 nm is effectively used for frequency conversion.

With Yb:fiber oscillator front-end, the contrast of DIRA 1 improved by about one order of magni-
tude (Fig. 69). The seed distribution related ASE pedestal decreased (Fig. 70a) and SHG efficiency
improved when compared to the case with Ti:sapphire front-end (Fig. 71a).

Looking at the contrast data, it is clear that with the Ti:sapphire oscillator based front-end, more
seed energy does not improve the contrast and the fact that SHG efficiency stayed the same, while
it improved later with Yb:fiber oscillator based front-end, suggests good contrast is essential for the
SHG efficiency. In other words, with certain level of ASE already present in seed pulses, higher
seed energy does not lead to higher SHG efficiency. There might be a benefit of running the RA
at lower gain though. With lower gain, ASE generated as a consequence will be lower. There is
a difference in contrast between DIRA 1 running at 230 mJ and 119 mJ in the cavity (Fig. 69). The
3 order AC scanning range spans only 600 ps, making it impossible to fully measure the level of
~ 100 ns ASE pedestal originating from the RA. Maximum SHG efficiency of DIRA 1 was 69% in
case with 119 mJ in the cavity and 63% in case with 230 mJ in the cavity. The SNLO fit of the SHG
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Fig. 70. RA output characteristics with different front-ends. (a) - DIRA 1, output pulse measurement
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data from DIRA 1 seeded by the Yb:fiber oscillator based front-end shows the energy effectively used
for frequency conversion is 70% at 230 mJ and 80% at 119 mJ (compared to 54% at 230 mJ in case of
DIRA 1 seeded by the Ti:sapphire oscillator based front-end). The main difference between the case
with 230 mJ and 119 mJ is different contrast related to different gain and ASE level. Compression
was optimized by the tunable stretcher in both cases to reach the same pulse duration of 1.9 ps. Beam
diameter slightly increased from the measured 13.3 mm at 230 mJ to 13.6 mm at 119 mJ and this 2%
difference does not explain improved SHG efficiency at 119 mlJ.

SNLO simulation matching the 119 mJ output data show, that the maximum SHG efficiency with
this contrast could reach 75% at RA output energy of 230 mJ. This important finding could potentially
enable generation of pulses with up to 150 mJ at 515 nm at 2 ps in the future if such contrast can be
maintained at full power operation of the RA.

Measured FROG traces and reconstructed spectral and temporal profile of DIRA 1 and 2 x 50 mJ RA
using the Yb:fiber oscillator based front-end are shown in Fig. 72. The overview of all the results with
different front-ends, including the results shown previously in other section of this thesis is shown in
Fig.73.

Results showed in this section suggest that ideally, the DIRA lasers should be seeded with clean
pulses with as low ASE as possible using as low gain as possible. Lower ASE might be addressed by
replacing the current front-end with a Yb:fiber based one. Lower RA gain might be reached by de-
signing the new front-end to provide as much seed energy as possible. I addressed these requirements
by suggesting a modified seed distribution system on page 83. The results shown in Fig. 71 address
the issue raised in the aims of this thesis - that is, how to improve the performance of the pump lasers
so they could generate the designed pulses with energy of 120mJ at 515nm at 3 ps. If the current
Ti:sapphire oscillator based front-end is replaced by an Yb:fiber oscillator based one, DIRA based
pump lasers will be able to reach an intensity close to 100 GW /cm? and SHG efficiency above 60%.
With these parameters, pulses with more than 120 mJ at 515 nm at 3 ps could be generated. If the
Ti:sapphire oscillator is kept for generating the broadband signal pulses, synchronization of the two
oscillators will have to be solved. Otherwise, supercontinuum generation of broadband pulses from
the 1030 nm pump pulses would have to be implemented.
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Fig. 71. Comparison of all measured SHG efficiencies reached with DIRA 1. The best results were
reached with low ASE pedestal and good contrast while using Yb:fiber oscillator based front-end. Full
points —measured data, dashed lines — SNLO simulation. The intensity on X axis was calculated from the
measured average RA output power. It was changed by rotating the RA output waveplate. (a)—results
with Yb:fiber oscillator based front-end while running DIRA 1 at two different cavity powers (119 W in
light blue, 230 W in green). According to the SNLO simulation matching the data measured with 119 W
in the cavity at 1.9 ps (light blue dashed line), 15% of energy is still not efficiently used for frequency
conversion. Data from the 2 x 50 mJ RA included for comparison (dark red). All three results measured

with 2.2 mm LBO crystal. (b) —results with Ti:sapphire oscillator based front-end and cavity power of
230 W. I include the data with TGG as well as KTF crystal in Faraday rotator for comparison.
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Fig. 72. SHG - FROG traces of RAs seeded by the Yb:fiber oscillator based front-end. (a)— DIRA 1
output pulse with 119 mJ in the cavity. Stretcher was optimized to reach 2 ps pulses. With this settings,
the best contrast of DIRA 1 was reached with the highest SHG efficiency. (b)—2x 50 mJ RA with

positively stretched pulse. SHG efficiency of this laser is 73%. FROG trace of 2 x 50 mJ RA measured by
Jakub Novdk and Emily Erdman.
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Fig. 73. SHG results overview. (a)—results from DIRA 1 using the Ti:sapphire oscillator based front-end.
Using longer LBO crystal led to an improvement of SHG efficiency from 43% to 50%. Smaller beam
diameter and better beam profile with KTF Faraday rotator increased it to 54%. Increasing the seed
energy did not lead to any improvement. (b) —results from DIRA 1 using the Yb:fiber oscillator based
front-end. With this front-end, DIRA contrast improved by an order of magnitude and SHG efficiency
increased to 63%. Maximum output energy at 515 nm of 116 mJ was limited by using only 212 mJ of
output energy at 1030 nm due to LIDT concerns. At full output of 230 mJ, 126 mJ at 515 nm would be
achieved. Operation of DIRA 1 with lower gain resulted in further contrast and SHG efficiency
improvement. Maximum theoretical efficiency in this regime at full output energy of 230 mJ would reach
75% with 150 mJ energy at 515 nm. (c) —results from 2 x 50 mJ RA using the Yb:fiber oscillator based
front-end. Intensity on the LBO crystal was comparable between DIRA 1 and this RA (~ 120 GW /m?).
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5 CONCLUSIONS

5. Conclusions

In order to provide the pump pulses for OPCPA stages of the L1 laser systems at ELI Beamlines,
Yb-doped thin-disk based RAs were chosen as the most promising technology. They have already
proved to be able to provide pulses compressible to picosecond time duration with high energy, good
stability and beam quality and high repetition rate at 515 nm for stages 1—-4 in L1 Allegra system
[54]. This thesis focused on development and improvements of pump lasers for OPCPA stages 5—7
that are crucial for the future use of the L1 Allegra system and are still not available commercially.

5.1 Summary of achieved results

The pump lasers for OPCPA stages 5—7 are based on commercial RA from TRUMPF Scientific
lasers, and MLD gratings compressors with LBO SHG stages placed in vacuum. Each of the RAs
is capable of producing 230 mJ pulses at 1030 nm and 1 kHz with long term average power standard
deviation of 0.2% and about 1% standard deviation of pulse to pulse energy stability. The M? is < 1.2
in both axes. The compressors are capable of compressing the pulses to about 1.5 ps duration and
good beam pointing stability < 10 urads after the compressor at 1030 nm is achieved by active beam
pointing stabilization.

In my research I focused on finding reasons behind low SHG efficiency, on temperature stabilization
of the SHG mounts, on beam profile improvement of RA with linear cavity design and on mitigation
of LIC in vacuum. Higher SHG efficiency enabled generation of pump pulses with more energy at
515 nm, which helped reach higher output energy from OPCPA stages 5—7. Temperature stabiliza-
tion of SHG stages enabled stable output at 515 nm without the need for frequent phase-matching
corrections in LBO crystals. Beam profile improvement increased the amount of energy available
for effective frequency conversion at 1030 nm and prevented heating of the SHG mounts by scattered
light. Mitigation of LIC in vacuum prevented layers causing extra absorption from developing on
optical components with compressed pulses. The results can be summarized as follows:

* The initial SHG efficiency of the pump lasers was only 43%. By changing the output telescope
inside RAs, the beam diameter was decreased from 15 mm to 13.5 mm. Together with LBO crystal
with thickness of 2.2 mm instead of 1.7 mm, the efficiency was improved to 50%.

* Non-Gaussian beam profiles at the output of two linear cavity RA were improved by replacing
the Faraday rotator crystals. This increased the amount of energy available for effective frequency
conversion and also caused the output beam diameter to decrease from 13.5 mm to 13 mm. Combi-
nation of both effects improved the SHG efficiency to 54%.

e The thickness of LBO crystals in SHG stages for each of the three RAs is currently 2.2 mm, 2.1 mm
and 1.7 mm. Only the pump laser with 2.2 mm currently have the SHG efficiency of 54% and thicker
crystals needs to be purchased for the other two. According to theoretical simulation, crystals with
thickness up to 3 mm can be used without the risk of back-conversion from the 515 nm to 1030 nm.

* The contrast of the RA output pulses at 1030 nm strongly depends on the performance of the
Ti:sapphire oscillator and suffers from inherently high ASE caused by poor contrast of seed pulses.
Sub-optimal contrast and the consequent amount of energy not contained in the main Gaussian
temporal peak is the main contribution to low SHG efficiency.

* A different amount of dispersion added to output pulses inside each RA requires different stretcher
settings for each pump laser to reach perfect compression. Since 4 pump lasers in the L1 Allegra
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system share the same CFBG stretcher, this prevents them from reaching the same SHG efficiency
at the same time. New separate stretchers for each of the pump lasers were ordered to be later
installed in the seed distribution system.

» Using a front-end based on Yb:fiber oscillator to seed one of the pump lasers showed SHG efficiency
above 63% can be reached in the future if the RA are pumped by seed pulses with less ASE.
Together with the suggestion of separate stretcher for each of the pump lasers, this finding resulted
in a new design for seed distribution system.

» Compressed pulse propagation in vacuum develops laser induced contamination (LIC) layers on
optical components. LIC layers developed on gratings and mirrors in compressor, on LBO crystals
and on subsequent mirrors for beam transport of 515 nm beam. These layers were mitigated by
regular radio-frequency generated plasma cleaning.

* During pump laser development, issues with rising temperature of the SHG mounts for two pump
lasers with linear cavity RAs were solved by active temperature stabilization with TEC elements.
This solution was later not necessary, due to LIC mitigation by plasma cleaning and due to beam
profile improvement by the Faraday rotator crystals replacement.

* The experience gained by working with vacuum SHG stages led to a design of improved version
of the SHG mount. To address the potential heating of the SHG stages in the future upgraded
versions of pump lasers with multipass amplifier, these new stages also comprise of stainless steel
part cooled by air from outside the chamber. This new cooler can also be used for stabilizing the
temperature of the vacuum OPCPA stages, which are currently heating up.

Despite the issues with sub-optimal contrast and low SHG efficiency, the three pump lasers can
regularly generate 75—100mJ at 515 nm with pulse duration between 2—3 ps. DIRA 1 and DIRA 2
are already frequently used for pumping the OPCPA stages during experimental campaigns. They
recently helped achieve an important milestone of amplification of the broadband pulses of L1 Allegra
to 55 mJ. Based on the summarized results, I can state that all the aims of my thesis were successfully
accomplished.

5.2 Contributions of the author

In any large project such as ELI Beamlines, one can never achieve all the results by himself. This was
also my case, as I did my research on a system designed and partly developed by other colleagues
and collaborating companies. | joined the development of the three pump lasers in 2016. Back then
DIRA 1 and the vacuum chamber with first compressor and SHG stage were installed by Robert Boge
in section of the HiLASE laboratory in Dolni Bfezany. After carrying out the first SHG experiments
at full output power together, we moved the system to the newly built L1 hall within ELI Beamlines
premises. Together with other colleagues we cleaned, moved and installed most of the hardware into
L1 lab and I helped installing all the pump laser key parts. This included installation of DIRA lasers,
mounting optical components in air as well as in vacuum, building diagnostic setups, and providing
feedback to debug and improve control system software. Together with Robert I was responsible
for commissioning the RA, the compressors and SHG stages, and for RA repairs. As a part of my
thesis, my responsibility was then to identify all the potential issues preventing the pump lasers from
reaching the designed output energy at 515 nm. I suggested the main ideas behind the cooling TEC
setup based on simulations I carried out, I suggested the solution for improving the non-Gaussian
beam profile, and I was leading the efforts to mitigate the LIC. I also tested the different front-end to
prove that the pump lasers can operate at the designed parameters if the seed pulses contain less ASE.

80



5 CONCLUSIONS 5.2 Contributions of the author

The resultant benefits of my work can be quantified by the number of hours the .1 Allegra system
was provided to the experimental groups. Out of the total of 184 h of L1 Allegra operation in 2019,
OPCPA stage 5 was operated for 13 h. Out of the total of 313 h in 2020, OPCPA stage 5 was operated
for 186 h, and stage 6 for 20 h. In 2021, the number of total hours as well as stage 5 and 6 operation
hours doubled compare to 2020. This proves the benefits of having the pump lasers that can be
operated reliably on a daily basis. With further improvements, they will eventually enable the L1
system to reach the designed output energy of 100 mJ at 15 fs.

Before I started to work on pump lasers in the L1 Allegra system, I spent 2 years building a smaller
pump laser for the L2 DUHA laser system, comprising of a 30 mJ-level RA with repetition rate 1 kHz,
M? below 1.15 in both axes and pulse to pulse energy stability standard deviation of 0.5%. I solved
the problem with damaged coating for pump wavelength of 969 nm inside the laser head that was
causing the output power of the RA to decrease by 30%. I built the compressor with SHG stage,
which provided pulses with energy of 17 mJ at 515 nm at 1.8 ps with SHG conversion efficiency of
62%. This pump laser is now used for the first 3 OPCPA stages in L2 DUHA system.

During the time of my PhD studies, I was the first author of 2 and co-author of 5 papers published
in peer-reviewed journals (the two with my authorship are attached in the appendix of this thesis).
I presented 3 and co-authored many other conference contributions. I also enjoyed teaching several
years of laser physics and laser laboratory classes at FNSPE CTU in Prague.
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6. Outlook

In order to improve the performance of the three pump lasers in L1 Allegra described in this thesis,
I suggest a few upgrades and improvements. The goal is to obtain output parameters closer to the de-
signed values of 120 mJ at 515 nm with pulse duration of 3 ps and more reliable day to day operation.
They include a redesigned seed distribution system, longer LBO crystals, and a few changes to the
vacuum system.

The new seed distribution system (Fig. 74) addresses the delivery of seed pulses with minimum
ASE with optimized dispersion, which would improve the contrast and SHG conversion efficiency.
These would be the key points of the new design:

* Yb:fiber oscillator at the beginning.

* Individual stretchers, with central wavelength at 1030.7 nm to reflect the shifted output wavelength
and allowing custom dispersion compensation of each RA separately.

* Avoiding the use of acousto-optic modulator, minimizing the number of fiber amplifiers in each
branch and limiting the risk of replacements.

* Free space pulse picking with Pockels cells with lower losses, replacing the MZMs.

( R
_I-> Different pump laser seed @ Different
Stretcher P FA, 95 mw | |~ Pump laser
Yb:Oscillator TR seed
:
150mW —»[] 1SO >
80MHz Stretcher FA, 190 mW
Stretcher )
"1 FA, 190 mwW
—» [ 1s0 [[H|cIRC|[ H | IsO [—»
o »TFA, 190 mW
CFBG: -477 ps/nm
L Stretcher Box )
( )
TC _{-I ) Free space | DIRA 1 seed
PZT Dela: Stepper Dela > :
v jsteee 7 80 MHz, 1.6 nJ pulse picker [ 1 1z 1.3 nJ
> TC )| o~ Free space DIRA 2 seed
—{ PZT Dela Stepper Dela > ;
y Hstep 7 80 MHz, 1.6 nJ pulse picker | 1 47 1.3 nJ
>» TC ) _ | Free space DIRA 3 seed
—{ PZT Dela Stepper Dela > )
y H PP J] 80 MHz, 1.6 nJ pulse picker 1kHz, 1.3nJ
Delay Box
8 J

Fig. 74. New seed distribution design with Yb:fiber oscillator at the beginning, separate stretchers for
each RA, fewer components and free space pulse picking. The original seed distribution layout is shown
in Fig. 20.

If implemented, the new seed distribution would help utilize the good contrast and SHG efficiency
above 60% shown earlier in section 4.5.5. This would lead to the generation of 515 nm pump pulses

with energy above 120 mJ at 3 ps at 1 kHz. Picosecond OPCPA requires femtosecond synchronization
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of the broadband signal and the pump pulses. One disadvantage of the new design is the need to
address the optical synchronization due to the introduction of a new fiber oscillator.

There are two options for the generation of the broadband pulses. The first is to maintain the
Ti:sapphire oscillator as the source of the broadband signal while using a new Yb:fiber oscillator to
seed the pump lasers. This will be experimentally difficult, as we will need to obtain femtosecond syn-
chronization between two independent oscillators. We have yet to show that this is achievable, with
proof-of-principle experiment planned to be realized in L1 this year. The second option is to generate
the broadband signal pulses with supercontinuum stage pumped by the output of the RA itself, which
will be seeded by the fiber oscillator. OPCPA systems with single oscillator and supercontinuum
generation already exist. In [39] for example, an OPCPA system with signal pulses generated by
supercontinuum and signal-pump jitter of less than 10 fs was published. Another example would be
the Sylos system used in ELI-ALPS [44].

Even without replacing the Ti:sapphire oscillator, the suggested seed distribution changes could be
implemented. The amount of ASE in the seed pulses would still be limited by the combination of the
Ti:sapphire oscillator and the first FA. The main advantage though would be the custom dispersion
compensation due to the individual stretchers for each pump laser. Final seed energy available for
DIRA lasers would probably be limited to maximum of 0.3 nJ in this case.

With Origami-based front-end and 119 mJ in the cavity of DIRA 1, the best achieved efficiency
was 69%. The SHG simulation matching the measured data still show about 15% of energy missing
from the central temporal peak, which is not efficiently converted to 515 nm. As a consequence, the
intensity of the fundamental pulses on LBO crystal is smaller. To compensate for this, one could
decrease the beam diameter or the pulse duration of the 1030 nm pulses. By doing this, we would
risk exceeding the LIDT limits of optics used in the compressor and the subsequent beam transport of
515 nm pulses. Instead, we could use longer LBO crystals. SNLO simulation suggests crystals with
3 mm thickness for all three SHG stages could still lead to improved SHG efficiencies and higher
generated pulse energies without back-conversion of pulses from 515 nm back to 1030 nm.

The vacuum system could benefit from replacing the o-rings on all the flanges in order to improve
the cleanliness inside compressor vacuum chamber, which might decrease the required frequency of
plasma cleaning. Also, laser cleaning during elevated chamber pressure could be tested to gauge the
feasibility of more effective cleaning of the mirrors that can’t otherwise be efficiently reached by RF
generated plasma.

Currently, new open calls for experiments, offering the beam-time of L1 Allegra system, are being
published. As the number of L1 Allegra system operation hours doubles every year since 2019, so
grows the number of published results using the L1 Allegra for driving secondary sources of radiation.
The laser system has also been used for laser wakefield electron acceleration experiments [121]. The
L1 Allegra keeps proving to be an invaluable laser for fundamental research and I am convinced the
efforts with development and continuous improvements of pump lasers for the last few OPCPA stages
will eventually enable to exploit their full potential and allow the L1 Allegra OPCPA stages to reach
its designed output energy of 100 mJ at 15 fs.
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Vacuum chambers are frequently used in high-energy, high-peak-power laser systems to prevent deleterious
nonlinear effects, which can result from propagation in air. In the vacuum sections of the Allegra laser system at
ELI-Beamlines, we observed degradation of several optical elements due to laser-induced contamination (LIC).
This contamination is present on surfaces with laser intensity above 30 GW/cm? with wavelengths of 515, 800,
and 1030 nm. It can lead to undesired absorption on diffraction gratings, mirrors, and crystals and ultimately to
degradation of the laser beam profile. Because the Allegra laser is intended to be a high-uptime source for users,
such progressive degradation is unacceptable for operation. Here, we evaluate three methods of removing LIC from
optics in vacuum. One of them, the radio-frequency-generated plasma cleaning, appears to be a suitable solution

from the perspective of operating a reliable, on-demand source for users.

https://doi.org/10.1364/A0.414878

© 2021 Optical Society of America

1. INTRODUCTION

Itis quite common for large portions of high-energy high-power
lasers to be in vacuum in order to avoid problems with nonlinear
effects like self-focusing or self-phase modulation [1,2]. The
components in such vacuum systems must be chosen carefully
to avoid contamination of optical surfaces under vacuum.
Degassing of materials or contamination in an optical system
can pose a risk for optics by creation of an adsorbed layer on
it. While optical surface quality can degrade in air due to the
accumulation of layers of contamination [3], their growth is
much more pronounced in vacuum environments. The need to
remove these layers from optics has been known since the begin-
ning of the satellite programs [4]. Wide use of synchrotrons
generating extreme UV in the 1980s and 1990s showed that
the growth of these layers is strongly linked with a presence
of UV or x-ray radiation [5-9]; this phenomenon is often
called “radiation-induced contamination” or “laser-induced
contamination” (LIC).

The source of this contamination is mostly low-vapor-
pressure hydrocarbon molecules present in vacuum chambers,
which are difficult to remove with vacuum pumps. These
molecules dissociate by photon-induced ionization (called
cracking) and deposit a carbonaceous layer on the optical

1559-128X/21/030533-06 Journal © 2021 Optical Society of America

surfaces. The growth mechanism of this contamination has been
previously modeled [10,11].

Hydrocarbon contamination degrades the performance of
optical components, which is a problem in scanning electron
microscopy [12], lithography [13], or spacecraft systems using
lasers with UV wavelengths [14-16]. It has also been shown
that the LIC can degrade the performance of laser systems with
wavelengths outside the UV region [3,17] through multipho-
ton absorption process and can lead to laser-induced damage
[10,17,18]. Two examples of optical components from a laser
system with visible LIC spots are shown in Fig. 1 and support
the idea of LIC being caused by multiphoton absorption at
1030 nm.

Methods to remove the LIC from optical surfaces aim to cre-
ate ionized molecules and radicals, which bond to the molecules
deposited on the contaminated surface (often carbon) and
generate volatile molecules (water vapor, CO,, NO;, etc.),
which can be removed from the chamber by vacuum pumps.
One of the common methods uses gaseous oxygen in combina-
tion with UV radiation (either from an external source or the
laser/synchrotron itself) [12,16,19] to generate ozone or oxygen
radicals, which help break down the contamination layers.
Other methods include generating radicals through radio-
frequency discharge [8,20] or ablating the contamination layers
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Fig. 1.  Laser-induced contamination spots on two dielectric
gratings from two similar pulse compressors. LIC is visible only in
the area where the compressed pulse hits the grating. The laser pulse
parameters are 1030 nm, 3 ps, 15 mm l/e2 diameter, and 200 m]
energy. (a) Grating with a darkening in the bottom part. (b) Different
grating with similar contamination, with extra white edges visible due
to a different camera angle. The bright white saturated area in (b) next
to the LIC comes from the flashlight used to illuminate the grating.

with laser radiation [21]. Although more common in systems
with UV and x-ray wavelengths, short-pulse near-infrared lasers
can also suffer from LIC. Here, we describe how LIC affects the
performance of the Allegra laser and how it can be mitigated
insitu allowing high uptime for the laser source.

Allegra is a high-repetition-rate, high-energy, high-average-
power, ultrashort pulse laser intended to be used for laser-driven
x-ray and XUV light source experiments [22]. The system is
based on picosecond optical parametric chirped pulse amplifi-
cation (OPCPA) and is designed to generate 100 m], sub 15 fs
pulsesat 1 kHz.

To avoid nonlinear effects in air, we placed a large portion of
the system inside vacuum, including three diffraction grating-
based Treacy compressors, three second-harmonic (SHG)
stages, three OPCPA sections, and a series of chirped mirrors for
final pulse compression. The laser system is designed for user
operation with maximum uptime, and significant attention is
given to its stability, high reliability, and automation [23-25].
Because of the high demands for operation, it is not reasonable
to regularly remove optics from carefully aligned optical systems
in vacuum for cleaning. To maintain the maximum possible
uptime, cleaning must be performed 77 situ with minimal
disturbance to the laser.

Although there are other laser systems within ELI-Beamlines
with similar laser pulse intensities but lower repetition rates
(10 Hz and lower), under similar vacuum conditions, it is only
the 1 kHz Allegra laser that has observed beam degradation due
to LIC, indicating that the repetition rate is an important factor
in developing the contamination layers.

A. LIC in Allegra Laser System

Afteragiven period of laser operation, typically five days of oper-
ation at 20 m] output (107 shots), we begin to notice changes in
the laser performance and can observe LIC on optics in vacuum
(typical pressure reached in our chambers is ~107° mbar) in
both broadband amplification stages as well as in the pump pulse
compressors. It is represented by a darkening, with bright edges
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Table 1. Fluence and Intensity of Laser Pulse with
Different Wavelengths on Optical Surfaces inside
Vacuum Chamber and Presence of LIC Spots’

Pulse LIC

Wavelength Duration Fluence Intensity ~ Visible
1030 nm 0.5ns 260 mJ/cm? 0.5 GW/cm? no
1030 nm 3ps 260 mJ/cm?* 87 GW/cm? yes
515nm 3 ps 113 mJ/ecm* 38 GW/cm? yes
750-920 nm 3 ps 6.5mJ/cm®> 22GW/cm?  no
750-920 nm 15fs 6.5mJ/cm? 430 GW/cm?  yes

“Repetition rate of laser pulses is 1 KHz.

from certain viewing angles, as shown in Fig. 1. The spots are the
same size as the laser beam (~15 mm@1 /e?) and have the shape
ofa donut, with the middle part being lighter in color, similar to
what was previously observed [16,18,26]. To capture them on a
camera can be quite challenging, as the spots are usually visible
only from a narrow range of angles.

From our experience, the presence of LIC spots is closely cor-
related to the laser pulse intensity rather than pulse fluence, as we
only observe LIC on optics where the laser pulses are compressed
and see nothing where those same pulses are stretched. This
indicates the higher the laser pulse intensity is, the faster LIC
accumulates up to the point where it is visible with the naked eye
(see Table 1 for details). The visual presence of darkened LIC
spots on mirrors, OPCPA and SHG crystals, and diffraction
gratings degrades their performance by introducing absorption.
Contaminated gratings also suffer from increased diffraction
into the Oth order.

(a)

LIC present (b) Cleaned grating

-10 -10
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> >
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Fig. 2. Comparison of the 1030 nm Treacy compressor output
beam profile before and after 12 h of cleaning the vacuum chamber
with the RF plasma source. (a) Distorted beam profile with con-
taminated optics present in the compressor. (b) Undistorted beam
profile after cleaning the chamber with an RF plasma source overnight.
(c) Beam profile lineout at the center. The source of distortion might be
related to the asymmetric absorption on the grating with LIC present
(data in Fig. 8) or to a different setpoint of active beam-pointing sta-
bilization system, causing a slightly different overlap of the laser beam
and LIC, present on the optics in the chamber.
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Fig. 3.

RGA spectra of the pump pulse compressor chamber, both measured at ~10~¢ mbar. Both data sets are normalized to the atomic mass

units (amu) 44 peak. The blue data set was measured one day after the chamber was evacuated; the orange data set after 12 h or running the RF plasma
source. After the cleaning, in most cases, the amplitude of the peaks above 100 amu decreased by almost an order of magnitude. Despite this visible
improvement, the presence of peaks at amu 71, 85, 105, 119, 131, 147, 150, 169, 181, and 185 still suggests some level of contamination in the

chamber.

If not eliminated, these LIC spots can lead to undesirable
losses of energy inside the system and eventually to catastrophic
failure through laser-induced damage. In our case, the spot
on the left grating in Fig. 1 caused the efficiency of the grating
diffraction to drop by 13% and to the creation of distorted beam
profiles, visible in Fig. 2.

B. Possible Sources of Contamination

We have made efforts to keep our vacuum chambers as clean as
possible and use vacuum-compatible materials such as stain-
less steel, aluminum, and Kapton and Teflon materials with
vacuum-compatible lubricants. All components placed into
the chambers are ultrasonically cleaned. The chambers are
evacuated using turbomolecular pumps with dry screw vac-
uum pumps for prevacuum. Flanges and doors are sealed using
unbaked Viton O-rings.

When looking at typical residual gas analyzer (RGA) spec-
tra of our pump laser compressor chamber in Fig. 3, we can
compare two traces. In the first one, the chamber was vented,
opened, and evacuated again. The second trace is after cleaning
the chamber for 12 h with an RF plasma source, which greatly
improves the situation. The ratio between the amplitude of the
peaks with amu 44 (CO;) and amu 43 (hydrocarbon CsH>)
is below 1/10, and the amplitude of peaks above amu 44 is
<1/100 of the amu 44 peak, which is in accordance with the
laser interferometer gravitational-wave observatory (LIGO)
standard [27].

Both RGA spectra show concentrations of hydrocarbon
constituents, indicated by groups of peaks separated by 14 amu
related to CH, as well as multiple peaks with amu >100. The
peak with amu 58 is usually caused by the Viton O-rings used
on all the doors and flanges. The peaks with amu 119, 131,
147, 150, 169, or 185 are most probably linked with the use
of perfluoropolyether-based grease, and their amplitude is not
getting much smaller after the RF plasma cleaning process. That
can be explained by the absence of hydrocarbons in this type of
grease. Other peaks and the hydrocarbon groups in Fig. 3 might
be linked to the hydrocarbon-based ultrahigh vacuum grease
used in the past and to the fact that our chambers were cleaned
with vacuum wipes soaked in acetone and isopropyl-alcohol

immediately after the manufacturing process. Contamination
from the wipes is supported by Fourier-transform infrared spec-
troscopy tests from the walls showing clear presence of polyester
molecules.

2. METHODS OF REMOVING LIC FROM OPTICS

We have tested the following three methods to eliminate LIC
from our optics: UV-ozone cleaning, laser pulse cleaning, and
RF plasma cleaning. We used three nonidentical contaminated
mirrors from a different laser, the Ti:sapphire section of a Prague
Asterix laser system [28], with different degrees of contamina-
tion. The following results were obtained in a small, dedicated
vacuum chamber with the contaminated mirrors facing the
cleaning device/beam at an angle of 45 deg. All of the methods
successfully removed the LIC from the optical surface, and their
specifics are described below.

A. UV-ozone Cleaning

For this cleaning method, we used atmospheric pressure inside
the small chamber and mounted a simple commercially avail-
able 3 W mercury lamp to one of the flanges of the chamber. The
UV light from the lamp creates oxygen radicals (while generat-
ing ozone as an intermediate step) from the air in the chamber
and is also absorbed by the contaminants, helping the cleaning
process. A more detailed description of the method can be found
in [16]. It took 20 h to completely clean a contaminated mirror,
while its reflectivity improved by 12% back to its original value.
Results are shown in Fig. 4(c).

B. RF Plasma Source Cleaning

With the RF source, we evacuated the chamber and ran a clean-
ing cycle with an Evactron E50 RF plasma source mounted on
a flange. It took 4 h to completely clean a contaminated mirror,
while the reflectivity improved by 35% back to its original value.
The improvement in reflectivity is shown in Fig. 4(b), and a
visual comparison under a microscope is shown in Fig. 5.
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Fig. 4. Results of three LIC cleaning methods from three different

mirrors in a dedicated small chamber, arranged from the fastest method
on top. Although the laser cleaning seems faster (time scale in seconds),
it would later require scanning the whole surface area affected by LIC.
Microscope details of the surface cleaned by RF plasma source are
shown in Fig. 5.

(@) (b)

Fig. 5. Comparison of a mirror surface from a different system
(beam transport of Ti:sapphire section of Prague Astrix laser system)
under microscope. (a) Details of a contaminated area. (b) Same area

after 5 h of RF plasma cleaning.

C. Laser Cleaning

For the laser cleaning method, we evacuated the chamber and
partially filled it with oxygen (partial pressure 0.4 mbar). We
irradiated the contaminated area with ultrashort pulses from a
coherent Astrella laser with a fluence of 35 m]/cm?, repetition
rate of 1 kHz, pulse duration of 50 fs, and central wavelength
of 800 nm. The laser spot had a 500 pum 1/e* diameter. It took
only 1 min to completely clean a contaminated spot on the
mirror, while the reflectivity of the spot improved by 45% back
to its original value, as shown in Fig. 4(a). Contrary to the other
two cleaning methods mentioned in this section, removing
the whole contamination would later require scanning across
the contaminated surface. With LIC spots as big as 800 mm?
on the gratings, it would take more than 16 h to clean with the
cleaning laser spot of the same size.

Research Article

Using this method for cleaning the contaminated optics in
the Allegra system vacuum chambers, by reaching similar con-
ditions (partial atmosphere or oxygen pressure and intensities of
~1TW/cm?) and utilizing the same laser beam, which causes
the LIC in the first place, is not feasible for our system at the
moment. The slower cleaning rate, due to lower intensities (see
Table 1), possible self-focusing, due to the partial pressure in the
chambers and plasma generation due to the presence of foci in
the imaging system, did not justify the risks involved. Instead,
due to its simplicity and ease of use, we chose the RF plasma
source as the most suitable method for cleaning optics in the
Allegravacuum chambers.

3. IN SITU TEST OF LIC REMOVAL

For the 77 situ test, we chose to characterize one of the dielectric
gratings from a compressor inside the pump pulse compressor
chamber [marked as (1) in the layout in Fig. 6]. The original
average diffraction efficiency of the grating was 97%. This
grating is hit by the laser pulse twice: first on its way in, while still
stretched, and then once again on the way out where the pulse
is compressed. No LIC is observed where the stretched pulse
hits the grating, while LIC is clearly visible where the pulse is
compressed. Thisisshown in Fig. 1.

The RF plasma source was mounted to the top of the cham-
ber with the flange being roughly 60 cm away from surface of the
grating with the LIC spot.

To test the effectiveness, we ran the RF source i situ. To
evaluate the level of LIC on the grating after each cleaning iter-
ation, we measured the diffraction efficiency of the —1st and
Oth order across the spot with the LIC. For that, we used a small
1030 nm CW beam and moved the grating on a translation
stage, as depicted in Fig. 7. After the measurement, we returned

| 515 nm, 3 ps, output
3

1030 nm, 500 ps, input

Fig. 6. Compressor layout inside the chamber: 1) first diffraction
grating; 2) second diffraction grating; 3) end mirror, which folds the
beam back through the compressor under a slightly different angle,
resulting in two distinct laser spots on both gratings where the laser
beam hits both gratings; 4) SHG crystal; 5) dichroic mirror separating
515 nm from residual 1030 nm.

Power
A detection

1
-1* diff. order

Translation stage

CW laser, 1030 nm

0" diff. order beam diameter = 2 mm

Power detection

Fig.7. Diffraction efficiency measurement layout.
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besides reflection calculated from (a) and (b).

the grating to its mount in the chamber, evacuated the chamber
to ~107% mbar, and ran the 8 h RF plasma cleaning cycle while
running the turbomolecular pump at maximum speed. After
this cleaning cycle, the grating was removed and measured
again. This process was repeated nine times, until the diffraction
efficiency in the center of the LIC spot no longer improved, as
shown in Fig. 8.
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Fig.9. Lineouts at two different positions from Fig. 8. (a) At 0 mm,
indicating the center of the LIC spot where the change of the —1Ist
order diffraction efficiency and other losses are more pronounced.
(b) At —15 mm, indicating the center of the left peak in Oth order
diffraction.

The data show that the “donut” shape of the LIC influences
mainly the Oth order efficiency, which is larger on the edges
of the LIC spot. The reason for this shape is not clear at the
moment and will be the subject of future investigation. Apart
from this, the overall diffraction efficiency of the —1st order
is lower mainly in the center due to the absorption caused by
the carbon layer. Most of the improvement occurred in the first
48 h of the cleaning cycle, as shown in Fig. 9(a), which illustrates
the progress of the efficiency of —1st and Oth order and the
calculated absorption during the cleaning process. RF plasma
cleaning improved the diffraction efficiency of the —Ist order by
13%, after which the LIC spot visually disappeared.

A. RF Source Placement Consideration

After 72 h of cleaning cycles, the LIC from the gratings was
removed; however, the LIC on the dichroic mirror, which was
positioned on the other side of the same chamber, did not dis-
appear. This suggests the RF plasma cleaning is a viable solution
only for the optical surfaces close to the RF source itself, prob-
ably due to the lower concentration of radicals farther from the
plasma source. Other components in the chamber, which can
block optical surfaces from the plasma source, may also decrease
the efficiency of the cleaning. In addition, the placement of the
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turbomolecular pump (in our case at the center bottom of the
chamber) is important. It influences the cleaning efficiency of
surfaces on the other side of the chamber as the generated ions
are drifting from the RF plasma source toward the pump.

All this should be taken into consideration when choosing
the method of cleaning or, in our case, the placement of the
RF plasma source. For instance, in order to clean the dichroic
mirror, the RF source needed to be placed on the other side of
the chamber, closer to the mirror itself.

4. CONCLUSION

We identified LIC to be a problem for optical surfaces in vacuum
in the Allegra laser system. Visible contamination was present
only on the surfaces with compressed (<3 ps) laser pulses with
intensities higher than 30 GW/cm?. The wavelength of the
laser does not play a significant role, as the contamination was
observed for wavelengths at 515, 830, and 1030 nm. Based on
the lack of LIC in other high-intensity lasers at ELI, average
power and high repetition rate appear to be a factor in the depo-
sition along with high intensity. The influence of LIC presence
and its removal on the laser-induced damage threshold was not
measured and would require a separate study.

We concluded that the RF source is a suitable solution to
avoid problems with LIC in the future if the cleaning runs are
scheduled regularly.
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We report on a 1 kHz, 515 nm laser system, based on a
commercially available 230 W average power Yb:YAG thin-
disk regenerative amplifier, developed for pumping one
of the last optical parametric chirped pulse amplification
(OPCPA) stages of the Allegra laser system at ELI Beamlines.
To avoid problems with self-focusing of picosecond pulses,
the 1030 nm output pulses are compressed and frequency
doubled with an LBO crystal in vacuum. Additionally,
development of a thermal management system was needed
to ensure stable phase matching conditions at high average
power. The resulting 515 nm pulses have an energy of more
than 120 m] with SHG efficiency of 60% and an average
RMS stability of 1.1% for more than 8 h. © 2021 Optical
Society of America

https://doi.org/10.1364/0L.440448

ELI Beamlines is a facility that provides high peak power and
high average power lasers and secondary sources of radiation
for user-driven basic and applied research, including particle-
acceleration, plasma physics experiments, and ultra-high
intensity laser—matter interactions. The laser systems at ELI
Beamlines are based on a variety of amplification technologies
such as Ti:sapphire [1], Nd:glass [2], and optical parametric
chirped pulse amplification (OPCPA) [3]. The Allegra laser is
a high repetition rate (1 kHz) OPCPA system aimed at driving
various x ray sources such as a plasma x ray source [4] and a high-
harmonic source [5] for probing ultra-fast dynamics of processes
in various types of samples. The benefits of OPCPA over
Ti:sapphire amplification are simpler geometries not requiring
multi-pass arrangements, smaller thermal lensing due to the
lack of intrinsic heat deposition in the amplification crystals,
and better contrast due to the absence of spontaneous emission
[6]. Picosecond OPCPA especially has exceptional contrast due
to the complete lack of superfluorescence photons outside the
picosecond window of the pump pulse [7,8]. Another advantage
of using picosecond pulses for both broadband amplification as
well as frequency doubling of infrared pump lasers is the higher

0146-9592/21/225655-04 Journal © 2021 Optica Publishing Group

intensity on nonlinear crystals allowing crystals with thicknesses
of onlya few mm to be used.

The Allegra OPCPA chain consists of seven stages pumped by
five pump lasers. In order to ensure consistent output of the laser
system, reliable and stable pump lasers centered near 515 nm are
required. Frequency doubled Yb:YAG thin-disk amplification
was chosen as the pump laser technology for Allegra system; in
recent years, such thin-disk-based regenerative amplifiers have
proved to be excellent sources of high repetition rate, picosec-
ond pulse trains with output energies over 100 m]J at 1030 nm
[9,10]. In the Allegra system, the thin-disk amplifiers are run in
a chirped pulse configuration, and compression to picosecond
pulse duration is done via Treacy compressors with multilayer
dielectric gratings. A large portion of the L1 Allegra system is in
vacuum, including the compressors and SHG stages for the last
three pump lasers (one of them is the pump laser described in
this paper), the last three OPCPA stages, and the final chirped
mirror compressor. Such a configuration avoids transmission of
high intensity pulses through vacuum windows and the associ-
ated nonlinearities. It also eliminates self-phase modulation and
Kerr-lensing effects in air which would otherwise corrupt and
focus the fundamental 1030 nm laser pulses over the distances
we are using.

LBO is selected as the frequency doubling crystal due
to its favorable properties such as large aperture and large
angular acceptance. With the designed intensity of the inci-
dent 1030 nm picosecond pulses on the SHG crystal of
100 GW/cm?, crystals with a length of just 1-3 mm are needed
to reach near maximum conversion efficiency. With such thin
nonlinear crystals, surface absorption is dominant over bulk
absorption [11,12], due to defects and roughness influenced
by polishing, and the absorption in anti-reflection coatings.
Because the SHG crystals for the high average power pump
lasers are in vacuum, even a modest deposition of heat in the
crystal and/or crystal mount results in an increase in crystal tem-
perature and degraded phase matching, which requires angular
corrections [13]. In order to ensure long-term stable operation
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Fig. 1. Layout of the pump laser. The 1030 nm seed pulses gen-
erated by a long-wavelength module of the Ti:sapphire oscillator are
stretched by a chirped fiber Bragg grating (CFBG) and amplified in the
seed distribution system. The regenerative amplifier has a ring cavity
design with piezo-driven mirrors (PZM), thin-film polarizers (TFP),
and Pockels cell (PC). The multilayered dielectric grating (MLD)
compressor, together with the LBO crystal inside the kinematic mount
for frequency doubling (SHG), are placed in a vacuum chamber.

of the laser, it is important to address the thermal management
and temperature stabilization properly.

The overview of the layout of the whole pump laser system
described in this paper is in Fig. 1. To provide the 1030 nm seed
pulses for the regenerative amplifier, we are using an in-house
developed fiber seed distribution system [14], which is seeded by
along-wavelength portion of the spectrum from a mode-locked
Ti:sapphire oscillator (Rainbow, Femtolasers). The 80 MHz
pulses from the oscillator are stretched in a CFBG stretcher
(—477 ps/nm, Teraxion), and their repetition rate is reduced
by Mach—Zehnder interferometer pulse pickers. The 30 p]J seed
pulses are then amplified in a commercially available regen-
erative amplifier (DIRA 200-1, Trumpf Scientific Lasers, 50
round trips with a 74 ns round trip duration, gain of 7.5 - 10%),
resulting in a train of 224 m] pulses at 1030 nm at 1 kHz. The
pulse duration is 500 ps before being compression with a spec-
tral bandwidth of 1 nm FWHM and an output beam diameter
at1/e? of 15 mm.

To compress the amplified pulses, we are using a folded
Treacy type compressor (two multilayer dielectric diffrac-
tion gratings, separated by an optical path of 4 m, with 1740
lines/mm, incident angle of 62° and overall efficiency of 90%,
providing 202 m] at 1030 nm after compression). The com-
pressed 1030 nm pulses are then converted to 515 nm using
a 33 x 33 x 2.1mm? LBO crystal. The beamsize of the LBO
crystalis 15 mmat 1 /e2.

Compression and frequency doubling of picosecond pulses
in vacuum poses a challenge for two reasons. First, we had
to mitigate the issue of laser-induced contamination caused
by outgassing of components placed in vacuum. We are now
using regular plasma cleaning to prevent significant buildup
of contamination, which allows us to operate the pump lasers
on a daily basis without disrupting the time schedule of the
experiments. The details were published in [15].
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Fig. 2.  Solution to allow the LBO crystal in the SHG mount to
reach thermal equilibrium, allowing several hours of adjustment free
operation. (a) Kinematic mount with the crystal and copper straps
(front mask removed for visibility). TEC elements stabilizing the
mount are placed under the copper straps on the right side. (b) The
same setup with the aluminium mask in front, acting as a heat-sink for
the TECs due to the thermal bridge between the optical table and the
SHG mount. The mask also blocks scattered light otherwise heating
the mount.

The second issue that was solved was the heating of the SHG
mount in vacuum. Originally, the crystal was mounted in a
kinematic mount with minimal heat conduction to the opti-
cal table. For this SHG stage, the heating is mostly due to the
absorption in the ion beam deposited anti-reflection coatings
(measured to be 50 ppm at 1030 nm and 100 ppm at 515 nm).
In the other two pump SHG stages (not covered in this paper),
the dominant source of heating was the residual scattered light
around the fundamental beam, which required periodic adjust-
ment of the crystal phase matching angle when there was no
temperature stabilization active. To mitigate these thermal
effects, we connected the crystal holder to a heat-sink in form
of a simple aluminium mask through several copper thermal
straps (Technology Applications, Inc.) as shown in Fig. 2. The
heat-sink mask is secured to the optical table inside the vacuum
chamber, and it is sufficient to allow the SHG mount to reach
thermal equilibrium during operation. To decrease the time
it takes to reach thermal equilibrium, we use thermo-electric
cooling elements that stabilize the temperature of the mount
throughout the day to 21.5°C. The copper straps and the alu-
minium mask connected to the optical table act as a heatsink for
the TECs. The drawback of this configuration is the transfer of
excess heat to the optical table, which mightaffect the alignment
of other optical elements in the compressor and the chamber.
The future upgrade of this cooling scheme consists of a passive
stainless steel cooling block mounted on the SHG crystal holder.
The hollow structure of the block will be cooled by compressed
air, connected by Swagelok tubing and a feedthrough flange to
anair source outside of the chamber.

The laser system described here provides pulses at 515 nm
with an average energy of 121 £ 1 m]J at 1 kHz over the course
of 8 h (Fig. 3) without the need of phase matching corrections.
To the best of our knowledge, this is currently the highest energy
published from a single beam picosecond pump laser at 515 nm
and 1 kHz. The transform limit of the compressed pulse spec-
trum is 1.4 ps, and the shortest pulse duration achieved here is
1.5 ps (PulseCheck autocorrelator, APE). The M? of the 515 nm
beam is 1.25 and 1.21 at 10 W of output power for X and V'
axes, respectively, and is worse at full power (1.94 in X and 1.63
in Y, Fig. 4). This degradation probably originates from the
optical elements inside the vacuum chamber (vacuum window,
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(green) pulses, and temperature (blue) of the LBO crystal holder in
vacuum (stabilized by TEC elements) of the described pump laser
during 8 h of operation. Compressor efficiency is 90%, and SHG
efficiency is 60%. The 5% SHG energy decrease in the last 90 min is
caused by the 25% decrease in the 1030 nm seed pulse energy, provided
by the Ti:sapphire oscillator. Lower seed energy affects the contrast of
pulses at 1030 nm and with it, the SHG efficiency.
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Fig.4. M? measurement of 515 nm beam and near-field beam pro-
file insetat 121 m] (maximum output power). The M? of X and ¥ axes
atlow power (10 W) is 1.25 and 1.21, respectively.
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Fig. 5.  Angular beam pointing stability, measured from the center
beam axis during the 8 h of operation. The standard deviation in X and
Y axes is 6 and 7 pirads, respectively.

gratings, mirrors, or thermal lens in LBO crystal). The M? mea-
surement of the regenerative amplifier output at full power is
<1.2 in both axes. The M? of the compressed beam at 1030 nm
has not yet been measured and will be, together with the degra-
dation of M? at 515 nm, subject to a future investigation. Active
beam pointing stabilization ensures the standard deviation of
the beam angular displacement is below 10 pirads in each axis
(Fig. 5).

The achieved SHG conversion efficiency is 60% (power
measured with a thermal sensor L2000W-BB-120, Ophir)
and is below the value predicted by simulation with SNLO
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Fig. 6. Contrast measurement (third-order autocorrelator Tundra,

UltraFast Innovations). Laser 1 is the one described in this paper. Laser
2 is a different pump laser seeded with a different oscillator and differ-
ent stretcher. The calculated energy outside of the main Gaussian pulse
within the contrast measurement window is 35% for Laser 1 and 8%
for Laser 2. The SHG efficiencies of Laser 1 and Laser 2 are 60% and
75%, respectively. Inset, autocorellation trace of Laser 1 with retrieved

pulse duration (PulseCheck, APE).

software [16]. A similar value was reached with comparable
technology by another group [17].

A separate in-house-built laser system, 1 kHz 100 m] regener-
ativeamplifier with a different seed distribution system (Yb:fiber
mode locked oscillator, different stretcher, and only a single fiber
amplifier) has better SHG efficiency of 75%. A third-order
autocorellation measurement of the fundamental pulse contrast
comparing the two lasers in Fig. 6 shows how much energy
is actually not contained in the main pulse. Hence, the total
amount of energy available for efficient SHG conversion of the
laser described in this paper is smaller, and the calculated effi-
ciency is lower. We discuss the reasons for lower SHG efficiency
later.

Although the system described here can generate more than
120 mJ at 515 nm with 1.5 ps pulses, for day-to-day operation,
to increase the lifetime of optics, and for more stable OPCPA
amplification [18], we do not fully compress the pulses to 1.5 ps.
Instead, we use negatively stretched pulses with 3 ps duration,
reaching about 100 m] at 515 nm. Together with other pump
lasers, it recently allowed the Allegra system to reach output
energiesabove 50 mJ at 15 fs.

The reduced efficiency of the second harmonic process for
this laser can be explained by the significant portion of energy
being spread outside the main picosecond pulse, which is not,
due to the low intensity, converted to 515 nm. The measured
SHG efficiency dependence on the compressed pulse energy at
1030 nm s in Fig. 7. The simulation in SNLO software matches
the measured data if we assume 31.5% of the fundamental
energy is outside the main pulse. Most likely, there are two
main reasons for this energy distribution. First, the dispersion is
uncompensated, creating wings in the autocorrelation trace and
pedestal around the main pulse in the contrast measurement
(Fig. 6). The amount of extra dispersion might be influenced by
the stretcher due to manufacturing tolerances and by B-integral
in the regenerative amplifier cavity. We are planning to address
this issue by replacing the stretcher with an improved version
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Fig. 7. Measured SHG efficiency and a corresponding theoretical

simulation in SNLO. Blue data points show efficiency calculated
from power measurement, and the blue curve is simulated assuming
31.5% of the energy at 1030 nm is not converted. Red data points
show efficiency calculated after correction for the unconverted energy,
and the red curve is the same simulation, plotted against the corrected
amount of energy. Best case efficiency after correction is 88%. Similarly
high SHG efficiency was reported from an SHG stage converting
nanosecond pulses with energy of 650 mJ in LBO at 1 kHz in [19].

with higher resolution temperature tuning so that the residual
dispersion could be optimized [20].

The second reason for lower SHG efficiency might be related
to the overall energy available to the seed distribution sys-
tem. The limited energy the Ti:sapphire oscillator provides at
1030 nm is causing poor signal-to-noise ratio in the first fiber
amplifier. The amplified spontancous emission contribution
from this amplifier and possibly other amplifiers within the
seed distribution system leads to a degraded contrast of the
compressed pulses and, hence, to alower SHG efficiency.

We have shown the results of 1 kHz, 515 nm picosecond
pump laser, within the Allegra laser system at ELI Beamlines,
reaching more than 120 m]J. Although with non-ideal compres-
sion and contrast, we still achieved SHG efficiency of 60%. By
mitigating laser-induced contamination and by proper thermal
management of the vacuum SHG mount with TEC elements
and copper heat-straps, we showed that stable frequency dou-
bling and full-day operation of a high power pump laser in
vacuum can be realized without the need for phase matching
corrections. With an average power RMS stability of 1.1% for
more than 8 h, the system presented here proves to be a robust,
stable pump laser providing pulses with sufficient energy for the
final OPCPA stages of the Allegra system. Future upgrade aim-
ing for reaching better SHG efficiency will involve an improved
temperature tunable stretcher.
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