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Abstract

This doctoral thesis pursues the research and development of solid-state lasers with high average
output power, ultrashort pulse duration, high repetition rate, and output beam quality close to
the diffraction limit. Laser systems with these attributes find numerous applications not only in
industry, but also in science, medicine, and other fields. In order to obtain these — to some extent
contradicting — parameters from a single laser device, the thin-disk laser concept was selected
as the most suitable one and it is also the central topic of this work.

In the introductory chapter, known solid-state laser materials are summarized with focus
on those suitable for high-power laser generation. Methods most frequently used in high-
power lasers are discussed and current state-of-the-art ultrafast ytterbium thin-disk lasers are
overviewed.

The first part of the experimental section covers investigation of novel ceramic gain media
that have potential for use in thin-disk lasers. An ytterbium-doped transparent ceramic from
mixed garnet YGAG (Y3GayAl30,5) was tested and confirmed as a promising alternative to
the widely-used Yb:YAG crystal, especially for ultrashort pulse generation at low temperature,
which are conditions generally highly advantageous for solid-state laser performance. The de-
veloped picosecond, liquid-nitrogen-cooled laser oscillator utilized mode locking with a semi-
conductor absorber mirror (SESAM) and generated laser pulses with duration of 2.4 ps, a four
times shorter value than what has been reported with a cryogenic Yb: YAG laser. Another inves-
tigated material was erbium-doped ceramic sesquioxide Y,Og, offering emission wavelength in
an attractive spectral range around 2.7 um, i.e. near the boundary of the mid-IR region — this
makes it an interesting option for extension of thin-disk laser technology. The main advantage
of this laser material is its suitability for diode pumping with well-accessible 1-pm semicon-
ductor lasers. After several developmental stages, a compact watt-level continuous-wave laser
with optical-to-optical efficiency of 14.3% and nearly diffraction-limited beam quality was con-
structed.

The main part of this work describes the development of a picosecond thin-disk laser sys-
tem PERLA C based on Yb:YAG gain medium. Its architecture and individual modules and
sub-systems are presented in detail. A system of fiber and solid-state laser amplifiers was de-
veloped and chirped pulse amplification (CPA) technique was implemented in this laser system.
The main thin-disk regenerative amplifier with ring cavity reached its target parameters, i.e.
average output power over 500 W at repetition rate of 100 kHz with extraction efficiency over
43% and beam quality parameter M? around 1.4. At 50-kHz repetition rate then the maximum
pulse energy was 9 mJ. During the development, particular attention was paid to the design of
the optical resonator, implementation of an electro-optic switch (Pockels cell) including sup-
pression of piezoelectric resonances in its nonlinear crystals, and preventing pulse distortions
by nonlinear optical effects. For pulse compression, application of chirped volume Bragg grat-
ing (CVBG) was tested, but due to poor beam quality, a highly efficient Treacy-type grating



compressor with dielectric diffraction gratings was used instead. Measured duration of output
pulses was 1.03 ps and compression was, due to operational reasons, demonstrated at power up
to 350 W. The most important application results achieved with this laser system are mentioned
as well. The PERLA C laser system belongs among the most powerful picosecond laser ampli-
fiers of today and it is the most powerful single-thin-disk regenerative amplifier reported to this
day.
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Abstrakt

Predkladana dizertacni prace je vénovana vyzkumu a vyvoji pevnolatkovych laserti s vysokym
sttednim vystupnim vykonem, velmi kratkou délkou pulzu, vysokou opakovaci frekvenci a
s kvalitou svazku blizkou difrakéni mezi. Laserové systémy takovychto parametrii nachdzeji
bohaté uplatnéni zejména v primyslovych aplikacich, ale také ve védé a vyzkumu, v 1ékarstvi
a dalSich odvétvich lidské Cinnosti. Pro dosazeni téchto do jisté miry protichidnych pozadavki
byla jako nejvhodnéjsi vyuZita tenkodiskova koncepce laserového prostiedi, kterd je zaroven
pruvodnim tématem této prace.

V tvodni ¢asti jsou struéné shrnuty zndmé pevnolatkové laserové materidly se zaméfenim na
ty s vlastnosmi vhodnymi pro vykonové lasery. Probrany jsou nejpouZzivané;si techniky pouzi-
vané ve vykonovych laserovych systémech a soucasny stav vyvoje ytterbiovych tenkodiskovych
laserd s kratkymi pulzy.

V prvni Casti experimentu byly studovany atraktivni keramické aktivni materidly, které
by v blizké dobé mohly najit uplatnéni pravé v tenkodiskovych laserech. Testovdna byla
transparentni keramika z ytterbiem dopovaného smiSeného granitu YGAG (Y3GayAl30;5),
ktera se ukézala jako slibnd alternativa k Siroce pouzivanému krystalu Yb:YAG, a to zejména
pro generaci ultrakratkych pulzl za nizkych teplot, jeZ jsou obecné pro pevnolatkové lasery
ptiznivé. Sestaveny pikosekundovy laserovy oscilator chlazeny tekutym dusikem vyuZzival syn-
chronizaci médu polovodiovym saturovatelnym absorbérem (SESAM) a dokdzal generovat
laserové pulzy délky 2.4 ps, coZ je hodnota Ctyfikrat nizsi neZ bylo dosaZeno s kryogennim
Yb:YAG laserem. Dalsim zkoumanym materidlem byl keramicky, erbiem dopovany seskvioxid
Y103, ktery umoziuje laserovou generaci v aplikaéné velmi Zaddané oblasti 2,7 pm, tedy na
prahu stfedni infraervené oblasti — jednalo by se tak o zajimavé rozsifeni moZnosti tenkodis-
kovych laserd. Hlavni vyhodou tohoto materidlu je, Ze k pomérné ic¢innému fungovani laseru
postacuje buzeni dobfe dostupnymi polovodi¢ovymi lasery na vinové délce kolem 1 um. Po
nékolika fazich vyvoje byl vyvinut kompaktni wattovy kontinudlni laser s optickou tc¢innosti
14,3 % a kvalitou svazku blizkou difrakénimu limitu.

Hlavni ¢ést prace se pak zabyva vyvojem pikosekundového tenkodiskového laserového sys-
tému PERLA C vyuZivajiciho aktivniho prostfedi Yb: YAG. Podrobné popséna je jeho architek-
tura a jednotlivé moduly a podsystémy. Vyvinuta byla soustava vldknovych a pevnolatkovych
predzesilovaci a implementovana byla metoda zesilovani Cerpovanych pulzi (CPA). Hlavni
tenkodiskovy regenerativni zesilova¢ s kruhovym rezondtorem dosdhl planovanych parametrt,
tzn. stfedniho vykonu pfes 500 W na opakovaci frekvenci 100 kHz s extrakéni ucinnosti
pies 43 % a s kvalitou svazku danou parametrem M? blizkym 1,4. Na opakovaci frekvenci
50 kHz pak byla dosazena energie v pulzu pfes 9 mJ. ZvlaStni pozornost pfi vyvoji zesilo-
vace byla vénovana navrhu optického rezonatoru, realizaci elektrooptické zaveérky (Pockelsovy
cely), vCetné eliminace piezoelektrickych vibraci v jejich krystalech, a udrzeni nezadoucich
optickych nelinedrnich jevi v systému na pfijatelné trovni. Pro kompresi vystupnich pulzd
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byla testovdna moZnost pouZiti Cerpovanych objemovych Braggovskych miizek (CVBGQG), ale
kvili neuspokojivé kvalité svazku byla dana prednost kompresoru Treacyho typu s dielektrick-
ymi difrakénimi miizkami s difrakéni d¢innosti kolem 99 %. Zméfend délka vystupnich pulzi
pak byla 1.03 ps a komprese byla z provoznich diivodi demonstrovana s vykonem do 350 W.

Vv,

V rdmci préce jsou téZ shrnuty nejvyznamnéjsi experimentdlni vysledky dosazené s laserovym
systémem PERLA C. Tento vysoce t¢inny tenkodiskovy laser patii mezi nejvykonné;si pikose-
kundové zesilovace soucasnosti a v ramci regenerativnich zesilovaci s jednim tenkym diskem

se jedna o vibec nejvykonnéjsi laserovy zesilovac.
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Chapter 1

Introduction

Ultrafast high-repetition-rate high-average-power lasers are a key tool for further progress in
many industrial and scientific application. They help to increase processing speed in many ad-
vanced manufacturing processes, requiring high precision and the unique properties of ultrafast
optical pulses, or improve the signal-to-noise ratio in various scientific applications.

The HiLASE Centre [1], based in Dolni Brezany, Czechia, focuses on development of such
laser sources. Its main research activities are research and development of advanced laser sys-
tems and their applications in industry and science. The work presented in this thesis represents
a part of its extensive research activities in the field of thin-disk lasers [A3,A4]. The author’s re-
sponsibility was the development of a thin-disk beamline with the highest repetition rate within
the project (variable in range from 50 to 200 kHz). Introduced are also important results of
investigation of more rare laser materials, which were deemed as promising for further devel-
opment of the group’s research activities.

In this chapter, a brief historical overview of evolution of solid-state lasers is given in
Sec. 1.1 and the most important of their many applications are mentioned in Sec. 1.2. The
main goals of this thesis are then introduced in Sec. 1.3.

The second chapter approaches solid-state laser media in Sec. 2.1, with focus on ytterbium-
and erbium-doped materials. Some important technical aspects of high-power lasers are de-
scribed in Sec. 2.2, together with an introduction of the thin-disk laser concept and an overview
of the current state-of-the-art in this field. The Chap. 3 then covers the measuring methods and
instruments used in the experimental part of this work.

The Chapter 4 presents the experimental results obtained with small-scale laser oscilla-
tors. A picosecond cryogenic oscillator based on novel ceramic laser material Yb:YGAG is
introduced in Sec. 4.1. Development of an efficient diode-pumped ~ 3-pm laser source using
Er:Y,0j3 ceramics as the gain medium is described in Sec. 4.2. The main part of the experimen-
tal work is included in the Chapter 5, covering in detail the development of a high-repetition-rate
picosecond thin-disk laser system PERLA C, including a half-kilowatt thin-disk regenerative
amplifier.

Finally, a summary of results that have emerged from this work, and their impact to the
progress of laser science, are presented in Chap. 6.

1.1 Laser: The invention and historical perspective

The theoretical foundations of laser operation were laid in 1917 by A. Einstein [2], who de-
scribed, based on the work of M. Planck on black-body radiation [3], the three fundamental
processes of interaction between electromagnetic radiation and matter: absorption, spontaneous
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Components of the first ruby laser

100% reflective
mirror
Power ., Quartz flash tube

supply . S Ruby crystal

Switch

Polished aluminum Laser beam
reflecting cylinder a5%, reflective

mirror

Fig. 1.1: The first ruby laser of Theodor H. Maiman. Left — its technical design (the interior
of the laser was cooled by forced air flow, which is not apparent here); right — some newer
unit being inspected by the inventor (the crystal and flash lamp used in the original laser were
shorter). Adopted from [6].

emission, and stimulated emission. Although all these three processes take place in a running
laser, utilizing the stimulated emission for light generation or amplification is the defining and
distinguishing feature of a laser' device.

It took several decades before the necessary theoretical background was built up and first
operating device based on this principle was demonstrated. Predecessor of the laser, emitting
in the microwave region — so called maser — was invented in 1953 by Townes, Gordon, and
Zeigler [4]. The “optical maser” was next, as several research groups in the USA and the Soviet
Union investigated the cornerstones of laser technology: suitable active materials with multi-
level energy structure, possibility of optical pumping, and introduction of optical feedback by
means of open resonators. The main struggle was to store enough energy in the active medium
to obtain population inversion and thus optical gain. Finally, in May 1960, T. Maiman developed
a flash-lamp-pumped ruby laser (chromium-doped corundum, Cr3*:Al,O3) emitting red light at
wavelength of 694 nm [5]. This laser is shown in Fig. 1.1.

It seems fitting for such a high-tech field of science that although most of the essential
ideas and techniques were coined only months or few years after this initial invention, they are
still being honed and elaborated until these days. In the same year with the ruby oscillator, a
second laser, cryogenic uranium-doped CaF; (a four-level system, unlike the three-level ruby)
was constructed [7], as well as the first gas laser, employing a He-Ne mixture [8]. The first fiber
laser using the waveguide effect in glass was introduced only a year later [9]. Laser action in
semiconductor (GaAs laser diode) was reported in 1962 [10] and two years later, first diode-
pumped solid-state laser (GaAs-pumped U:CaF;) was reported [11]. Also the main methods
for short laser pulse generation were devised — the Q-switching of a ruby laser in 1962 [12] and
mode-locking in a He-Ne laser one year later [13].

Many different types of lasers emerged and, when classified according to the type of their
gain medium, the most important classes have been the solid-state lasers (doped insulator lasers
such as the ruby laser, but also fiber lasers and semiconductor lasers), gas lasers (including
excimer, metal-vapor and chemical lasers), and liquid dye lasers. Within this work, the term
solid-state lasers is used specifically for the doped insulator lasers.

The output power of first lasers was very limited and major effort was put in increasing the
laser power and intensity. Two most promising laser materials for power scaling were at the time
the solid-state neodymium-doped YAG (Y3Al;0;5, main emission wavelength of 1.064 pm)

'LASER — acronym for Light Amplification by Stimulated Emission of Radiation
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and gaseous CO, (10.6 um wavelength), both introduced in 1964 [14, 15]. For generation with
high intensity and high-average-power laser pulses, which is the main scope of this thesis, the
solid-state lasers have been more promising, with the flash-lamp pumped Nd: YAG crystal being
the usual material of choice.

After increasing the average power of the solid-state lasers by several orders of magnitude,
the largest potential for further increase in the peak power and intensity of their output lay in
shortening the pulse duration. Using the mode-locking technique, generation of sub-picosecond
pulses was possible as early as in the 1970s, while other methods, such as Q-switching, were
limited to pulse widths by three or more orders of magnitude longer and to much lower pulse
repetition rate (limiting the average power), although they could directly offer an incomparably
higher pulse energy. Amplification of pulses from a mode-locked laser oscillator was a favorable
way for obtaining intense light, soon so intense that the damage threshold of optical materials
in the laser amplifiers became a limit that could not be bypassed just by enlarging the laser
beam. A remedy was found in 1985, when the chirped-pulse amplification technique (CPA)
was introduced [16], which consisted in stretching the broadband oscillator pulses in time to
decrease the intensity in the amplifiers and compressing the pulses afterwards close to their
initial duration. As the stretching factor could be as high as 1000 or even more, this method
significantly moved the frontiers of high-intensity laser technology.

Significant drawback of neodymium lasers to short pulse generation (and to their use in CPA
laser systems) is their relatively narrow gain bandwidth. One exception were the Nd:glass lasers
with broad emission spectrum well-suited for femtosecond operation. The glass could be eas-
ily fabricated in large dimensions compared to crystalline materials — allowing storage of large
amount of energy — and enabled pulse amplification with kJ-level energy. However, very low
thermal conductivity of glass materials made these lasers unsuitable for high-repetition-rate and
high-average-power operation. About the same time as the CPA technique, a titanium-doped
sapphire [17] emerged as a perfect material for short pulse generation and almost entirely substi-
tuted dye lasers in the field of ultrafast optics (Ti:Sa gradually reached 5 fs pulse duration [18]).
Typically pumped with green lasers, Ti:sapphire has an extremely broad gain spectrum and
wavelength tunability from ca. 0.65 to 1.1 um, favorable thermo-mechanical properties and
it has allowed construction of laser systems reaching unprecedently high peak power (current
record holder is the 10-petawatt system in ELI-NP, Romania [19]), although these extreme sys-
tems are very limited in terms of repetition rate and average power.

In mid-1980s, several-watt diode lasers became commercially available and turned into an
interesting source for pumping solid-state lasers. While many neodymium-doped materials
including Nd:YAG had absorption spectra well-suited for pumping with krypton-filled flash
lamps, diode pumping offered increased efficiency and reliability and also allowed use of new
configurations in the laser design. Moreover, there were well-known laser materials that, al-
though deemed as unpromising with flash-lamp pumping, seemed to be tailored for diode pump-
ing. A good example are the ytterbium-doped materials (discussed further in Sec. 2.1.2) with
only two energy level manifolds and a single absorption band that is too narrow for flash-lamp
pumping. With narrowband diode pump, its simple energy-level structure was turned into an
advantage and in early 1990’s, first diode-pumped Yb:YAG laser was demonstrated [20].

The following decades were marked by power-scaling and maturing of the laser technol-
ogy. Some of the new approaches are described in Sec. 2.2. One of them was invention of
the thin-disk geometry by A. Giesen et al. in 1992 [21] that perfectly utilized then recently
rediscovered Yb:YAG gain medium and allowed for principally unlimited power scaling of
high-beam-quality, ultrafast solid-state lasers and it also made possible the results presented
within this thesis.
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Fig. 1.2: Comparison of SEM photographs of a hole drilled in 100 pum thick steel foil with
Ti:sapphire laser (wavelength of 780 nm) and (a) 200-fs, 120-uJ pulses, (b) 3.3-ns, 1-mJ
pulses [25].

1.2 Laser applications

At the time of its invention, the laser was described as a “solution looking for a problem” [22]
— there was no obvious application prepared for a device producing intense, monochromatic
and directed beam of highly monochromatic light. However, very soon after developing the
first ruby prototype, ruby lasers were used in eye surgery and skin treatment in 1961. For the
military, early lasers seemed too weak for direct use, yet Q-switched ruby laser was adopted for
range finding as soon as in 1964 [23]. With improving parameters of lasers and with general
technological progress, a great variety of applications has emerged; the following paragraphs
capture only a selection of their most important uses.

Use of lasers in material processing brought new possibilities, improved precision and econ-
omy to processes such as engraving and marking, soldering and welding, or cutting, drilling and
surface structuring. For many of these industrial applications, use of ultrafast lasers (producing
picosecond or femtosecond pulses) is highly beneficial, since they allow to easily exceed the
ablation threshold of material. In case of sufficient energy in a short pulse, material can be
efficiently removed from the workpiece without significant heating of the surroundings of the
processed spot. This leads to e.g. cleaner holes without excessive melting and defects in their
surroundings. A comparison of drilling with nanosecond and sub-picosecond pulses is shown
in Fig. 1.2. High-energy laser pulses can be also used for material hardening by so-called laser
shock peening, inducing internal mechanical stress in the surface and thus increasing the life-
time of heavy-duty components, especially those under high cyclic load [24].

Lasers have been applied in abundance also in medicine. As already mentioned, first medical
use of laser was in ophthalmology — to destroy a retinal tumor. Lasers are now a standard tool for
e.g. treating the retinal detachment and cataracts, or in refractive surgery for vision correction,
improving quality of life (as the author can testify) of millions of people every year. In surgical
operations, lasers operating in the spectral region around 3 pum, such as erbium lasers, are
the most suitable, since the absorption of water (and so in tissue) is maximal around 2.8 pwm
(see Fig. 1.3). With use of optical fibers, less invasive endoscopic operations are also feasible
(urology, cardiology, etc.). Lasers were successfully used in many ways also in dermatology
and cosmetic surgery, dentistry, for cancer treatment and others.

Lasers can provide means for precise measurements of different physical quantities. The
first applications were range finding and bar code scanning. Nowadays, laser scanning can
precisely map 3D objects, while lidars and atmospheric remote sensing based on laser spec-
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Fig. 1.3: Spectral dependence of water absorption coefficient and penetration depth [26].

troscopy greatly facilitate aerial navigation and land surveying. Ultrafast mode-locked lasers
working as optical clocks can be used for extremely precise time and frequency measurements,
while Doppler velocimeters can measure velocity of almost arbitrarily fast moving objects. Var-
ious fiber sensors can also monitor stress for instance in the frame of airplanes or in buildings
and structures; a comprehensive list of laser uses in metrology would make for an entire chapter.

Lasers have been always attractive for military applications. Although high-power lasers
have been tested for shooting down small aircraft and missiles, more frequent use is for tar-
get designation or infrared countermeasures blinding detectors of e.g. enemy missiles. There
are also other uses, such as secure optical communication and lidar, that are not exclusive for
military purposes.

Another field lasers have revolutionized are communications. Optical fibers enabled high-
capacity, long-distance data transmission and installing a new optical internet connection is
becoming more cost-efficient for homes than standard, slower wired connection. Lasers allow
for high-capacity free-space communications, such as the data transfer between satellites orbit-
ing the Earth. In data storing, lasers have been used for reading and recording CDs and other
optical disks, and have more potential for holographic data storage.

Beside these general applications, high-power, high-repetition-rate ultrafast 1-um solid-
state lasers, which are the main subject of this thesis, have additional attractive industrial ap-
plications. They can be used to produce large functional surfaces by means of laser-induced
periodic surface structures (LIPSS) by multi-beam nanostructuring, making surfaces with anti-
corrosion, anti-icing, anti-bacteria, self-cleaning, hydrophilic or superhydrophobic properties.
Thanks to the multi-beam approach with thousands of beams, high average power of these lasers
can be utilized without overexposing the workpiece and increase the manufacturing speed by
orders of magnitude.

Another field is EUV litography, where laser-produced plasma, generated by powerful CO,
lasers from tin droplets, is used to produce 13.5 nm radiation further utilized for the litography
process. In order to increase the conversion efficiency of EUV generation, it is beneficial to pre-
heat the droplets with a 1-pum picosecond laser (conversion efficiency higher by 60% compared
to nanosecond pre-pulses [AS]). The typical repetition rate of the irradiation process is 100 kHz
and few-mJ lasers operating at this frequency are ideal for the pre-pulse source. Similarly,
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EUV generation via plasma produced this way may be used also for inspection of litographic
masks. High-repetition-rate, high-power ultrafast lasers are thus essential for development of
new generations of microchips.

Lasers of similar parameters can be also used together with a linear electron accelerator as
an X-ray source via inverse Compton scattering (Fig. 1.4) [27], although sources with longer
wavelength than 1-um would be more efficient (if the technology advances sufficiently), since
they can produce hotter plasma. Other interesting applications of such sources would be an
initiator of electron emission from photocathodes in free-electron lasers for their improved re-
liability and lifetime [28], or development of a “laser lightning rod”, creating a conductive
channel in the atmosphere from ground to clouds [29].

1.3 Objectives of this thesis

The main goal of this dissertation thesis is research and development of high-power, ultrafast
thin-disk lasers. As listed below, the task of advancing the solid-state laser technology in this
field was approached in two ways — by developing an advanced thin-disk laser system based on
already available materials and techniques, and by investigating new laser materials. This way,
the presented work can be divided in two main areas:

1. Investigation of laser materials with potential of further expanding the capabilities of
thin-disk laser technology over those achievable with Yb:YAG disks:

= Research on Yb:YGAG ceramics, verifying that its capability of ultrashort pulse
generation and amplification at low temperature is superior to Yb:YAG (Sec. 4.1)

= Examination of Er:Y,Oj3 ceramics as an attractive material for direct diode-pumped
laser generation in the 3-pum spectral region (Sec. 4.2)

2. Design, development, and commissioning of a kW-class Yb:YAG thin-disk laser system
PERLA C with following parameters:

= High average output power — ideally over 500 W
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= High repetition rate — 100 kHz with possibility of switching to 50 and 200 kHz
= Duration of the output pulses below 2 ps
* Good beam quality with M? parameter < 1.5
* Compact and robust laser system — using a setup with a single thin disk
At the beginning of this work, such laser source has not been reported in the literature nor

it was available commercially. Still today, it is a state-ot-the-art laser system with large
application potential. The laser system is thoroughly described in Chapter 5.

The outcomes of this research effort are summarized in Chapter 6.
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Chapter 2

Solid-state laser materials and
contemporary state of development

2.1 Solid-state laser materials

The term solid-state lasers (SSL) is usually referring to the class of doped insulator lasers
with the gain material consisting of a transparent host in crystalline, ceramic, or glass form
that is enriched with a precise stechiometric amount of active ions (“dopants” or “activators”)
with electronic structure supporting lasing transitions (semiconductor lasers operate on differ-
ent principles and are usually treated separately). While the activator determines most of the
spectroscopic properties of the laser material, the host is responsible particularly for its thermo-
mechanical qualities.

First part of this section covers the known active ions in SSL with focus on the most com-
monly used activators. The second and third part focuses on ytterbium and erbium laser materi-
als that are further investigated in Chapter 4 and 5. The last section then points out the specifics
of low-temperature operated SSL materials.

2.1.1 Active ions in solid-state laser materials

Laser action has been achieved with ions from three groups of chemical elements — from tran-
sition metals (Ti, V, Cr, Mn, Fe, Co, and Ni), rare-earth metals (lanthanides — Ce, Pr, Nd,
Sm, Eu, Tb, Dy, Ho, Er, Tm, and Yb), and from one actinoid (uranium). All ions, including
emission wavelengths of their known laser transitions, are listed in Tab. 2.1. Furthermore, op-
tical gain was reported in crystals with following ions: Ti*t, Cu*, Rh**, Ag*, InT, TI, and
(UOy)** [30].

Solid-state lasers are optically pumped. The classical approach has been to employ a gas
discharge lamp pump, such as a xenon- or krypton-filled flash lamp or an arc lamp, or less
frequently an incandescent tungsten lamp. Such flash lamps can generate very high peak power
and have very broad emission spectrum (see Fig. 2.1) that can easily cover the pump region of
the gain medium, making one type of flash lamp applicable for many different laser materials.
On the other hand, only a small portion of the pump radiation happens to coincide with the
optimum pump region of the gain medium, the rest is either unabsorbed (escaping or heating
the pump chamber), absorbed by the host crystal and heating it, or absorbed and exciting the
active ions into different (higher) excited state, further increasing the heat load on the active
medium. Flash lamps are also not directional, necessitating use of side-pump geometry with
reflectors or a pump chamber with transparent cooling medium.
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Tab. 2.1: Spectral ranges of laser emission for known active ions (ordered by atomic number).
UV wavelengths are shown in purple, visible wavelengths in its respective color, and IR is rep-
resented in black (MIR transitions are underlined). The data are compiled from [30-33].

Active ion

Emission wavelength [pum]

Ti3+
2+
Cr?t
Cr3+
Crit
Mno+
Fe?t
Co2t
Ni2+
Ced+

PI'3 +

Nd3+

Sm?+
Sma3+
Eu2+
Eud+
Tb3+
Dy2+
Dy?+

H03+

Er3+

Tm2+

Tm3+

Yb3+
U3+

,0.66-1.18
1.05-1.33
1.88-3.50
0.680-0.704, 0.740-0.890, 0.86-1.48
1.167-1.950
1.168-1.181
3.53-5.05
1.62-2.5
1.314-1.939
0.286-0.326
- , - , -0.622, 0.632-0.662, 0.670, 0.699,
0.709, 0.717-0.754, 0.901-0.940, 0.996-1.022, 1.047-1.070,
1.334-1.347, 1.523, 1.611-1.644, 2.31-2.59, 3.605, 5.117-5.242,
7.24

0.172, 0.380, 0.413, 0.730, 0.879-0.947, 0.97, 1.037-1.120, 1.18,
1.306-1.486, 1.833, 5.15

0.679-0.745

,4.9-5.5
2.359-2.366

- ,0.6603,0.751, 1.4,2.432,2.972-3.040, 4.31-4.38

,0.750-0.761, 0.979-1.018, 1.014-1.031, 1.190-1.216
1.391-1.408, 1.486-1.491, 1.673, 1.933-2.171, 2.35-2.377, 2.83-3.05,
3.369, 3.893-3.914

0.470, - , , 0.670, 0.694-0.722, 0.843-0.863, 1.166,
1.22-1.26, 1.529-1.664, 1.645-1.777, 1.68, 1.965-2.003, 2.66-3.01,

1.116
0.348, 0.453-0.458, - ,0.511,0.650, 0.792-0.799, 0.810,
1.462-1.505, 1.568-1.580, 1.85-2.18, 2.274-2.46

0.980-1.108
2.234-2.827
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Fig. 2.1: The source of ineffectiveness of flash-lamp-pumped SSL (Nd:YAG in this case). The
yellow-shaded areas of Xe-filled lamp emission spectrum are not absorbed by Nd ions and are
wasted, while the red area is absorbed by the host YAG, heating it. In addition, most of the light
absorbed by neodymium overexcites it, further decreasing laser efficiency. Adopted from [34].

The diode lasers have much narrower emission spectrum, which can precisely match the
pump band of the gain medium, so virtually every pump photon can excite one active ion,
maximizing the laser efficiency. Apart from higher monochromaticity, diode-laser output is
also much brighter, which facilitates distribution of the pump light and allows for improved
pump layout (end-pumping) for brighter solid-state lasers. Also diode lasers operate at much
lower voltage, improving the laser safery; however, they are much more sensitive to electric
shocks and optical feedback. Diode pumping brings fundamental advantages mainly for high-
average-power and high-beam-quality applications. With the price difference between lamp-
and diode-pumped solutions gradually decreasing, diode-pumped SSL currently dominate the
solid-state laser technology and for applications with low requirements on beam quality and
peak power (short pulse duration), semiconductor lasers are direct competitors to SSL.

The laser transitions listed in Tab. 2.1 show that SSL can almost fully cover wavelength
range from 172 nm (vacuum UV) to 7.24 um (far end of MIR). However, only some lasing
schemes have the potential for efficient and high-power operation.

Second part of this section lists activators and their laser transitions that have shown some
significant application potential, primarily in line with the objectives of this thesis. Co-doped
laser materials, i.e. media with more than one activator, are not considered here. Such schemes
were used mostly with lamp pumping to boost pump efficiency of a gain medium by adding
an active ion with more favorable absorption spectrum. With coinciding energy levels of the
activators, the absorbed energy could be transferred to the lasing ion. One example of such ma-
terial is Cr,Tm,Ho:YAG crystal [35], where Cr3* is convenient for flash-lamp pumping, Ho?"
is the working ion with attractive 2.1 pm emission wavelength, and Tm3* mediates the energy
transfer between Cr and Ho ions. However, co-doping generally deteriorates properties of laser
material (such as thermal conductivity), and for high-power lasers it is therefore preferable to
look for a different pump scheme or laser material.
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Titanium lasers The transition metals with optical transitions in electrons of the 3d shell
generally possess very broad absorption and gain bandwidths with high cross section values,
but short fluorescence lifetimes usually in order of microseconds. Broad gain bandwidth allows
wide wavelength tuning and femtosecond pulse generation.

The only widely used host for Ti** ion is sapphire. Its absorption spectrum covers approxi-
mately 0.45-0.6 pm (typically pumped with green argon or frequency-doubled Nd: YAG lasers)
and emission spectrum spans over range of 0.65-1.1 um with peak at 800 nm. As mentioned
in the introductory chapter, Ti:sapphire lasers made possible generation of unprecedentedly
short and intense laser pulses (few-cycle, few-fs pulses and 10-PW-level peak power, respec-
tively [18, 19]). However, high-average-power capabilities are somehow limited, mainly due to
relatively high quantum defect. A thin-disk titanium sapphire laser has been under development
at IFSW Stuttgart [36], but its performance (reaching 10-W-level in CW) has remained behind
expectations so far.

Chromium lasers Chalcogenides activated by divalent chromium are of great interest for
ultrashort pulse generation in spectral range from 1.9 to 3.5 um with emission peak around
2.5 um and pumping wavelength range of 1.5-2.0 um (region of erbium and thulium lasers).
The main Cr?* host materials are ZnSe and ZnS, with ZnS having slightly superior thermo-
optic properties. Thanks to their exceptionally wide gain bandwidth, they support generation of
few-cycle pulses as short as 30 fs [37].

Output power of 140 W was demonstrated with Cr**:ZnSe in continuous-wave operation
with a rotating-disk configuration [38]. The main obstacle in power scaling of these lasers is the
very high thermo-optic coefficient of chalcogenides leading to strong thermal lensing in the gain
medium. In a laser system employing the chirped-pulse amplification technique (CPA), peak
power of almost 10 GW was reached with repetition rate of 1 kHz at wavelength of 2.4 um [39].

Lasers based on trivalent chromium cover mainly the boundary between red and NIR spec-
tral region (0.68-0.89 pum). Besides the original ruby (Cr®*:Al,Os) laser, alexandrite (Cr*-
doped chrysoberyl, BeAl;O,) lasers came into prominence as sources suitable for both high-
power and ultrafast operation between 700 and 800 nm [40]. Alexandrite has been also proposed
as a promising material for thin-disk lasers [41].

Iron lasers From the known laser materials operating in the mid infrared region (3-8 pum),
the most efficient ones are iron-doped chalcogenides, namely the Fe:ZnSe, which shares many
favorable attributes with the aforementioned Cr:ZnSe. The pump region is 2.8-4.4 pm with
peak around 3 pum, which can be covered using e.g. erbium and chromium lasers or hydrogen
fluoride chemical laser, and the emission range stretches from 3.4 um to 5 um with highest
gain at 4.4 um. Main disadvantage of this material is its very short upper-state lifetime at
room temperature (370 ns), which can be evaded by either cooling the medium to cryogenic
temperature (increasing the lifetime by two orders of magnitude) or by employing short-pulsed
pump.

In pulsed regime, average output power as high as 35 W was demonstrated at 4.1 pm [42].
Ultrashort pulse generation is possible using these mid-IR lasers. A CPA laser system produc-
ing 150-fs pulses with energy of 3.5 mJ was reported in 2019 [43], achieving peak power of
more than 20 GW. This system was operating only at very low repetition rate of 10 Hz, but
significantly improved pulse repetition should be achievable with upgraded pump lasers.

Neodymium lasers Trivalent rare-earth (RE) metal ions (i.e. lanthanides) feature some of the
most useful solid-state laser materials (energy-level structure of RE ions in this section is shown
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Fig. 2.2: Energy structure of trivalent lanthanides most widely used in SSL - trivalent
neodymium, holmium, erbium, thulium, and ytterbium ions [30].

in Fig. 2.2). Their electronic transitions take place within the 4f shell and in comparison with
transition metals, they provide longer upper-state lifetimes at a cost of lower gain bandwidth.

The first commonly used RE laser activator (and the third overall after Cr3* and U3*) was
the Nd* ion. It provided laser generation with more than 240 crystalline hosts (most notable
are YAG, YVOy,, YAP, or YLF) [32]. Its complex electron structure supports many different
laser transitions and is suitable for flash-lamp pumping. The most typically utilized emission
wavelengths in the NIR region are around 0.94, 1.06, and 1.34 pm and in case of diode pumping,
usual pump wavelength is between 0.8 and 0.9 pm.

The strongest laser transition 4 F; 12— 4 /2 at 1.06 um allows an efficient operation thanks
to high emission cross section and purely four-level behavior. In many regards, Nd: YAG is the
ideal laser material for high-power laser operation, offering continuous-wave output power up
to 100-kW level [44]. In the field of single-shot/low-repetition-rate high-energy pulses, the cur-
rent generation of Nd:glass laser systems has potential to reach energies as high as 25 kJ in
ultrashort pulses [45]. Nevertheless, in the last two decades, Nd materials have faced strong
competition from ytterbium-doped media that offer improved thermal management and dispo-
sitions for ultrashort pulse amplification.

Ytterbium lasers Thanks to their unique energy structure with only two energy level man-
ifolds (F% /2 and 2y /2), ytterbium materials are currently the workhorse for high-power laser
operation with minimum collateral heat deposition. Ideally suited for diode pumping, Yb3"
lasers superseded the neodymium-doped materials in many applications, particularly in high-
average-power ultrafast pulse generation. Sec. 2.1.2 pursues these gain media.

Erbium lasers The lasing action with Er3* was first demonstrated at wavelength of 2.94 um
with highly-doped YAG crystal in 1975 [46]. It used the *H;; /2 = ‘Hys /2 transition that covers
spectral range of 2.7-3.0 um. This transition is usually self-terminating (*H; /2 has shorter
lifetime than * Hy3 ), but this can be overcome thanks to higher rate of upconversion processes
occurring with higher Er¥*-doping concentration, although it still leads to a quasi-three-level
behavior of these media. The laser performance of erbium materials is not very extraordinary
in terms of their power output and efficiency, but unlike other MIR SSL materials, they are
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perfectly suited for pumping with 1-pm diode lasers and represent the easiest way of direct
laser generation in the 3-pum region, while their potential for short pulse generation has not yet
been thoroughly examined. With the 3-um wavelength they are also very attractive for medical
applications. Sec. 2.1.3 concerns these materials in more detail.

However, the most extensively used laser channel in Er®* nowadays is *H 3 2 — ‘His /2
with emission wavelength around 1.55 pm. It is mainly a domain of erbium fiber lasers, which
play an important role in today’s optical fiber communications.

Thulium lasers The only widely used laser transition of thulium laser materials is the 3 F; —
3 Hg with emission wavelength of 1.85-2.18 um. These lasers are conveniently pumped around
0.8 um (®Hg — 3H,) with good availability of laser diode pump sources. This laser scheme is
attractive thanks to a cross-relaxation process 3 H, + 2 Hg — 2 x 3 F} that increases the quantum
efficiency of the pumping process close to 2. This allows for efficient operation in the 2-pm
spectral region, although the heat deposition is still large compared to Yb and Ho materials.
Another advantage is their long upper-state lifetime, typically around 10 ms. However, this is
counter-balanced by low emission cross section on the order of 1072 cm?.

2-um thulium lasers are used mainly for medical applications and plastic welding, and are
suitable for pumping holmium and Cr?* lasers. The Tm?" ion is used mostly with crystalline
YAG, YLF, or YAP hosts or in fiber lasers. Compared to the Ho®>" lasers operating at slightly
longer wavelengths, their emission is strongly affected by absorption of atmospheric water va-
por.

Thulium-doped materials were not investigated so thoroughly for high-peak power genera-
tion, since holmium-doped laser materials, emitting in the same spectral region, show greater
potential for short-pulse and high-power generation. A notable example of a gigawatt thulium
laser is a small-scale sub-picosecond Tm:YAP regenerative amplifier reported in [47].

Holmium lasers Ho?"-doped materials lasers are of great interest thanks to their 2.1-pm
], — 513 transition. Similarly to ytterbium, only two energy manifolds are involved, leading
to a very low quantum defect. Therefore, holmium materials have potential to become an equiv-
alent to ytterbium media in the short-wave IR region. The pump wavelength region spans from
1.6 to 2.0 um, where available diode lasers are expansive and with limited power (although
40 W of output power was demonstrated with 1.9-um-diode-pumped Ho:YAG [48]). Usual
pump source for these lasers are thulium fiber and solid-state lasers.

Typical holmium host materials are YAG and YLF crystals. Ho:YLF was reported to am-
plify picosecond laser pulses up to 39 mJ [49], yet there seems to occur a limitation in pulse
duration (shortest pulse duration over 4 ps [50]). Thin-disk Ho:YAG lasers are promising for
achieving high peak power at 2 pm. In continuous-wave operation, output power of 50 W
was demonstrated [51] and pulses as short as 220 fs were generated from a 25-W mode-locked
thin-disk oscillator [52].

Holmium lasers can also operate at 2.8-2.9 um with energy transfer scheme very similar to
Er** media. Corresponding pump wavelength around 1.1 pum is less convenient than in case of
Er3* and their laser performance is somewhat inferior to erbium materials [53], making those a
more attractive choice.

Within this work, I performed experiments with ytterbium- and erbium-doped laser materi-
als; these are the subjects of following sections. However, our research group investigates also
thulium, holmium, neodymium, and chromium laser media. It has been a great opportunity to
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Fig. 2.3: Energy level structure of trivalent ytterbium ion in Yb3*:YAG crystal (energy values
from [31]). Right — Absorption and emission cross sections of Yb:YAG at room temperature
(data taken by V. Jambunathan).

realize some differences in practical aspects that occur when working with different SSL mate-
rials operating in various spectral regions, although the fundamental principles are universal.

2.1.2 Ytterbium-doped laser materials

The trivalent ytterbium ion has only two optically accessible electronic states, the ground state
’F, /2 and excited state 2F /2 (Fig. 2.2). This means that no excited-state absorption or upconver-
sion losses can occur in these media (although quenching processes can take place for high Yb
concentrations above 15%) and also the quantum defect (difference in pump and signal photon
energies) is low. However, the levels in both manifolds are not much separated and thermal pop-
ulation of the higher levels is not negligible. In the case of Yb:YAG [Fig. 2.3(a)], the lower laser
level of the major 1030-nm laser transition (c-sublevel of 2 F% /2) has in the thermal equilibrium
at room temperature thermal population of about 5%. This determines the quasi-three-level be-
havior of Yb-doped media, leading to higher lasing threshold and lower laser efficiency at low
pump intensity compared to four-level media® such as neodymium lasers (with well-separated
ground-state and lower-laser level). Efficient mitigation of the quasi-three-level nature of these
materials can be achieved through cryogenic cooling (Sec. 2.1.4).

During the search for the ideal SSL materials, it emerged that the most distinguished host
materials belong in the Y203-Al,03 system [31], with the most significant representatives be-
ing the yttrium aluminum garnet (YAG, Y3Al;0;2) and yttrium aluminum perovskite (YAP,
YAIOj3). They combine broadband transparency, good mechanical and thermo-optic properties,
and reasonable spectroscopic attributes. Thanks to its properties and well-developed produc-
tion process, the Yb:YAG crystal became the material of choice for 1-um high-power lasers.
Material properties of Yb:YAG and some other prominent ytterbium-doped media are listed in
Tab. 2.2.

The main advantages of Yb:YAG are e.g. its hardness, high thermal conductivity, and rel-
atively high emission cross section. An interesting alternative for some applications (such as
thin-disk lasers) is Yb:LuAG (Lu3Al;0;5) that offers higher thermal conductivity at high dop-
ing concentrations (Lu ions are closer in size to Yb than yttrium) [54], although the situation

>Three-level laser media, on the other hand, have common ground-state and lower energy level — more than one
half of the active ions must be excited in order to achieve population inversion and laser gain. The ruby laser is a
three-level system.
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Tab. 2.2: Room-temperature properties of various Yb-doped laser crystals: YAG — Y3Al5012,
LuAG - LugAl5012, YAP — YAIO3, YLF - LiYF,, CaF,, and KYW — KY(WOQOy)>. Values of
thermal conductivity x, thermo-optic coefficient dn/dT (for anisotropic materials, the highest
value is listed), and thermal shock resistance parameter Ry apply for undoped crystals. A
— central emission wavelength, . — peak emission cross section, A\ — emission bandwidth,

A;ZPL) — zero-phonon-line pump wavelength, 77, — upper-state lifetime. Data adopted from [53,

56-61].
Host crystal YAG LuAG YAP YLF CaF, KYW
Symmetry cubic cubic orthorombic tetragonal cubic monoclinic
Ae [nm] 1031 1030 1039 1020 1045 1025
e [10720 cm?] 2.1 3 0.6 0.81 0.25 3
A\ [nm] 9 6.5 5 14 70 24
AZPE) [nm) 968 970 978 972 979 981
77, [ms] 0.95 0.95 0.48 22 24 0.3
K [W/(m-K)] 11.2 8.3 10 53 9.7 2.7
dn/dT [1076 K—1] 7.8 8.3 11.7 -6.6 -10.6 -14.6
Rt [W/cm] 7.9 / 5.5 1.3 1.2 /

for undoped crystals is the opposite one. Ytterbium-doped garnets have also comparatively nar-
row emission bandwidth allowing pulse generation with duration of several hundreds fs at best
(although extreme cases as 49 fs Yb:YAG thin-disk oscillator have emerged [55]). For fem-
tosecond oscillators, laser media such with broad bandwidth such as CaFs, KYW [KY(WO,)-],
KGW [KGd(WO,).], or CAIGO (CaGdAlQO,) are more suitable. The fluorides and tungstates
are much softer and and more brittle than garnets, limiting their use in high-power applications.

The ytterbium materials feature broad pumping band around 0.94 um [Fig. 2.3(b)], which
is conventionally used for pumping. However, there is also an option of pump scheme with
significantly (by ~ 35%) lower quantum defect — the zero-phonon-line (ZPL) pumping directly
to the upper laser level, at wavelength around 0.97-0.98 um. The absorption line is fairly narrow
with few nm bandwidth — requiring wavelength-stabilized diodes— but it helps to significantly
reduce heat deposition in the active medium [62]. For low-repetition-rate lasers requiring high
energy storage in the gain medium, ZPL pumping is not suitable, since no more than 50% of
the active ions can be excited due to similar values of absorption and emission cross sections at
this wavelength.

Thanks to their characteristic attributes, ytterbium-doped materials and especially Yb:YAG
are frequently used in high-average-power lasers. These are the subject of Sec. 2.2.

2.1.3 Erbium-doped laser materials for the 3-yum spectral region

The laser transition of erbium-doped materials around 2.7-3 um is attractive due to extremely
high absorption of water and water vapor in this region (e.g. for medical applications, remote
sensing) or for driving wavelength conversion both to high harmonics (down to extreme UV
or even X-ray region) and mid and far infrared. The pump transition */;5 /2 —4 I, /2 at ap-
proximately 980 nm terminates directly at the upper laser level and can be easily covered with
well-accessible InGaAs diode lasers.



CHAPTER 2. SOLID-STATE LASER MATERIALS AND CONTEMPORARY STATE OF
DEVELOPMENT 17

uC1

S
S SV F- N
P

LB PR
- |}

4
I15/2

Fig. 2.4: Energy level structure and transitions in erbium-doped media. UC — upconversion
(process UCI is detrimental for 2.8-pum lasing action, while UC2 is beneficial).

The energy diagram of Er** ion with transitions relevant for the 3-um operation is shown
in Fig. 2.4. The lasing scheme for the I, /2 —4 I3 /2 channel seems as a typical four-level
scheme, but since the lifetime of the lower laser level is significantly higher than for the upper-
state level, these lasers exhibit a quasi-three-level behavior due to population accumulation on
the lower laser level and consequent re-absorption [53]. Therefore, this laser transition is nor-
mally self-terminating, impeding efficient continuous-wave operation. This can be ameliorated
by optimizing doping concentration of erbium ions and maximizing the rate of upconversion
process *113/0 +* I135 —* Iyj2 +* I15/2 (denoted as UC2 in Fig. 2.4) depopulating the lower
laser level or employ simultaneous laser action at 1.5 pm. This optimum doping concentration
is host-dependent [63].

Tab. 2.3 shows selected parameters of some of the most used erbium laser materials. The
Er:YAG was the first erbium crystal used for ~ 3-um lasing operation and its optimum doping
concentration is around 50%. It is widely used in practice, e.g. in medical lasers, but due to
high phonon energies, it has very short upper-state lifetime and at high doping concentration,
also its thermal conductivity decreases.

In general, hosts with low phonon energy such as fluorides or sesquioxides are more suit-
able for laser operation at these longer wavelengths. When comparing the fluoride (such as
YLF and CaF,) and sesquioxide hosts (most prominent are Y5203 and Lu,O3), the sesquioxides
evince significantly better mechanical properties and thermal conductivity. Due to the very high
quantum defect of this lasing scheme and consequent intense heat load on the gain medium, the
thermal conductivity is essential. On the other hand, sesquioxides have very high melting point
(over 2400 °C), making production of their monocrystals difficult and expensive. Therefore,
they are usually used in polycrystalline (ceramic) form. For these reasons, we chose Er:Y,05
ceramics for 2.7-pum laser generation in Sec. 4.2.

2.1.4 Effects of cryogenic cooling on gain medium

Many of the first laser devices, including the second laser (U:CaF, [7]), were operated at low
temperatures, since this way it was easier to achieve the optical gain. Typical operational tem-
perature of cryogenic lasers is that of liquid nitrogen — 77 K — although cooling with liquid
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Tab. 2.3: Room-temperature properties of various erbium-doped laser crystals: YAG —
Y3Al50712, YAP — YAIO3, Y203, LusOs, and YLF — LiYF,. Values of thermal conductivity
k, thermo-optic coefficient dn/dT (for anisotropic materials, the highest value is listed), and
melting point 717, stand for undoped crystals. \; — typical ~ 3-um emission wavelength, 77,
— fluorescence decay times for lower and upper laser level, £,"** — maximum phonon energy.
Data were taken from [53, 64] and Tab. 2.2.

Host crystal YAG YAP Y,03  Luy,Os YLF
A [um] 2.94 2.92 2.71 2.71 2.8
T at 41'13/2 [ms] 2.9 4.1 159 - 10.9
T at 41'11/2 [ms] 0.294 0.83 2.4 - 4.1
EJ [em™1] 700 550 383 - 400
k [W/(m-K)] 11.2 10 13.4 12.8 5.3
dn/dT [107¢ K] 7.8 11.7 8.3 9.1 -6.6
T, [K] 2200 2140 2703 2723 1092

helium to temperature as low as 4 K is also occasionally used. Operating the laser medium at
cryogenic temperature substantially enhances its spectroscopic and material properties. In RE
earth ions (i.e. lanthanides), cross section of both absorption and stimulated emission are at
lower temperature increased several times due to reduced spectral broadening (case of Yb:YAG
is shown in Fig. 4.1 and 4.2 on p. 34). Quasi-three-level media, such as ytterbium, thulium, or
holmium materials with the lower laser level in the same manifold as the ground state, oper-
ate as four-level systems at low temperature thanks to reduced thermal population of the lower
laser level (given by Boltzmann distribution). This leads to reduced lasing threshold and higher
efficiency. For many materials, longer upper-state lifetime and lower rate of quenching and
collective energy-transfer processes can be observed.

Also properties of the host material improve at low temperature. Thanks to longer mean free
path of phonons due to reduced thermal vibrations in the crystal lattice, thermal conductivity
of the material raises significantly, reducing temperature gradients in the medium. Further-
more, thermal lensing is reduced also thanks to decrease in thermo-optic and thermal expansion
coefficients. Change in these parameters for Yb:YAG is recorded in Tab. 2.4. Collectively, im-
provement in these three parameters leads to radical reduction of thermal lensing and possibly
to improved beam quality. Reduced thermal expansion also reduces mechanical stress in the
material and helps to prevent fracture of the material.

Cryogenic cooling brings also two major disadvantages. Beside the need for cooling mech-
anism (a reservoir with the cryogen or a Stirling engine), the gain medium also has to be placed
in vacuum chamber in order to prevent water vapor condensation on the optical interface. This
adds significant complexity to the laser system. The other drawback, emerging in case of rare-
earth-doped materials, is strong gain bandwidth reduction at low temperature (for Yb: YAG the
bandwidth is reduced more than six times, as shown in Tab. 4.1 on p. 35). This is an issue mainly
for generation and amplification of ultrashort laser pulses with cryogenic RE-doped lasers. Sig-
nificant limitation of the Yb:YAG material in this regard led us to investigation of an alternative
material (Yb:YGAG, Yb-doped mixed garnet Y3GasAl3045) in Sec. 4.1.

Regarding the 3-pm erbium materials discussed in the previous section, cryogenic cooling
is highly advantageous for high-power operation. Beside improving the material properties of
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Tab. 2.4: Thermo-optic properties of YAG at room temperature (300 K) and cryogenic temper-
ature (100 K) [57]. Values of thermal conductivity with asterisk hold for highly-doped (15 at.%)
Yb:YAG. LLL — lower laser level.

Temperature 300 K 100 K
Thermal conductivity [W/(m-K)] 11.2(6.7%) 46.1 (16.4%)
Thermo-optic coefficient [1076 K] 7.8 0.9
Thermal expansion coeff. [107¢ K™1] 6.14 1.95
Thermal population of LLL 4.65% 0.015%

the host, it can also significantly increase their upper-laser-level lifetime, improve the ratio of
upper- and lower-laser-level lifetimes, and increase lasing efficiency. For instance, while the
maximum CW power obtained from Er:Y,O3 ceramics at room temperature is 2.05 W [63], at
liquid-nitrogen temperature as much as 14 W has been demonstrated in CW [65].

In conclusion, operation of the laser medium at cryogenic temperature is a classical and
powerful technique for scaling lasers to high-average power and improving their beam quality.
Increased complexity of the laser associated with low-temperature operation is often worth con-
sidering given its significant benefits. However, its use is limited when working with ultrashort
laser pulses.

2.2 High-average-power laser systems

2.2.1 Intensity-reducing techniques for laser amplification
Chirped-pulse amplification (CPA)

In 1980s, researchers in field of high-power pulsed lasers were dealing with amplification lim-
its due to high intensity of short pulses and onset of nonlinear self-focusing. Strickland and
Mourou came with an idea® to use a technique already established in radar technology and to
stretch the pulses reversibly in time before reaching the amplifier and recompress them at the
output of the laser system [16]. The proposed laser system with master oscillator — regenerative
amplifier (MOPA) scheme with Yb:YAG and Yb:glass gain medium, respectively, is shown in
Fig. 2.5. This method was named chirped-pulse amplification (CPA).

At that time, all the necessary ingredients were known — for linear stretching of pulses they
used material dispersion in 1.4 km long single-mode silica fiber (also an alternative, a Martinez-
type grating stretcher with normal dispersion, was invented a year before [66]) and for pulse
compression they employed a dual-grating compressor scheme introduced by Treacy [67]. With
this setup, it was possible to obtain pulses with 1 mJ pulse energy and 2 ps pulse duration.

Although the idea of this method is quite straightforward, various obstacles may be encoun-
tered during its actual implementation. For amplification of long pulses with narrower spectrum,
e.g. with duration of several ps or more, one has to use impractically large amount of dispersion
and possibly different approach should be considered (such as coherent beam combining [68]
or the DPA method mentioned below). In the frame of this work, the CPA technique was im-

3In 2018, this invention earned them one half of the Nobel Prize in Physics.
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Fig. 2.5: Nd-based laser system used for the first demonstration of the CPA technique [16].

‘ H ’jNIDER ‘v,vnn...mln“...nn .............

; AR on OA
AMPLIFIER u ; p— '/\<, /@ .
}HD” coo < 000 ““m -------------- s ) P /L) >

RECOMBINER ﬂy

!

Fig. 2.6: Left: the principle of DPA (red pulses are horizontally polarized, blue ones are verti-
cally polarized) [71]; right: possible arrangement of divider/recombiner using a series of bire-
fringent crystals with changing length [72]. OA — optical axis.

plemented and optimized in the thin-disk laser system described in Chap. 5, as it is described in
Sec. 5.4.

So-called optical parametric chirped-pulse amplification (OPCPA) is a special case of this
method, applied on nonlinear optical parametric amplifiers seeded with chirped pulses in syn-
chronization with short pump pulses [69]. The main difference from the classical laser ampli-
fiers is that parametric amplification does not intrinsically generate heat. At large scale, multi-
stage OPCPA with Ti:sapphire pumping lasers has allowed reaching extreme peak powers of
10-PW level [19, 70].

Divided-pulse amplification (DPA)

An alternative method to CPA is the divided-pulse amplification [71]. Here, the peak pulse
power is reduced by dividing the seed pulse into a series of weaker pulses and after amplifi-
cation these are recombined back into a single pulse. The division could be performed using
a sequence of beam splitters, but the typical divider/recombiner arrangement is a sequence of
birefringent crystals with optical axes mutually tilted by 45° and with various lengths (long
enough so the relative delay between differently polarized pulses is larger than pulse duration),
as shown in Fig. 2.6.
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Series of N crystals allows for up to 2%V pulse copies and in case each crystal is twice
longer than the previous one, the pulses are equidistant. The pulses can be recombined in
a separate combiner with an opposite sequence of the same crystals as in the divider or, by
sending the pulses in reverse direction and utilizing a Faraday rotator, the divider can act also
as the recombiner.

DPA is an interesting option to CPA and for picosecond pulses it may lead to simpler and
cheaper setups. However, it limits polarization management within the amplifier (in this form
it is not compatible with regenerative amplification) and also its use in high-energy and high-
power laser systems is limited [73].

2.2.2 Advanced geometries of solid-state active media

The typical geometry of solid-state media is a rod shape, with the gain medium side-cooled
(transversely to the direction of beam propagation). For both end- and side-pumped config-
urations, the transverse temperature profile has approximately parabolic shape. The typical
diameter of laser rods is in the order of several millimeters — with limited thermal conductivity
of laser materials, a strong temperature gradient arises in the laser rod under intense pumping,
possibly leading to its fracture and promoting stress-induced birefringence. Furthermore, as
a result of thermally-induced change of refractive index and thermal expansion, the parabolic
temperature profile makes such gain medium act as a (thermal) lens, affecting the propagation
of the laser beam.

These adverse effects cannot be mitigated simultaneously by increasing the diameter or
length of the laser rod [23]. The stress fracture limit does not depend on the diameter of the
rod and more heat can be dissipated from a rod crystal before breaking it only by making it
longer (and possibly reducing its doping concentration). However, this does not suppress other
adverse thermo-optic effects; e.g. the optical path difference forming the thermal lens — at given
pump power — sums up over a longer and colder rod similarly as over a shorter rod with higher
peak temperature. Excessively long active medium also brings other constraints on design of the
optical resonator and is generally unsuitable for end-pumped configurations with low-brightness
pump source. Nevertheless, this principle is advantageously utilized in fiber lasers and, to some
extent, in single-crystal fiber lasers and amplifiers.

Since there are clear limitations in power scaling of rod lasers, several different approaches
were introduced. These consist in different shape and way of heat management of the gain
medium and their aim is to offer a true power scalability, i.e. a systematic way of increasing
output power of the laser without deterioration of other output parameters or encountering some
other fundamental frontier.

Slab lasers

In order to decrease the light intensity and increase the amount of stored energy in the laser
medium, it is clearly beneficial to increase its volume. The most straightforward approach to
improve the heat removal and avoid limitations discussed above is to increase the surface-area-
to-volume ratio of the gain medium by reducing its size in one dimension, giving it form of
a thin slab. This slab is then cooled obviously through both its large faces. Especially when
using flash lamps and transparent cooling medium, the gain element may be face pumped with
good pump homogeneity. With a high-brightness pump source (diode lasers), edge pumping is
possible, bringing more flexible cooling options. Virtually every conceivable arrangement of
the pump and laser beam path within the slab was tested and there are many working solutions
for different laser conditions.
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Fig. 2.7: Optical setup of an Innoslab amplifier [74].

In the basic configuration, where the slab gain medium is only replacing the laser rod,
several new issues arise. The geometrical asymmetry suggests use of a cavity with strongly
elliptic eigenmode in order to efficiently extract energy form the slab. Due to the dominant
one-dimensional heat transfer, the emerged temperature gradient is one-dimensional as well,
inducing a strong cylindrical lens. Therefore, it is more difficult to extract the energy from slab
medium in a good-quality beam.

A possible remedy is to use a zig-zag path of the laser beam through the slab with total
internal reflection on the slab side faces or with reflection on external mirrors parallel to faces
of the slab — instead of a straight-propagating beam. This way, the cylindrical thermal lensing is
mostly averaged out. However, due to bulging of its faces, the beam quality is still deteriorated,
the output beam usually requires conversion to a circular beam, and generally fabrication cost
is high, wider application of zig-zag slab lasers has been limited [23].

For high-average-power, ultrashort pulse operation, the most suitable is the Innoslab geom-
etry (Fig. 2.7) with side pumping and diverging zig-zag propagation of the signal beam through
the slab, which helps to keep intensity along the beam fairly constant. For a single-pass ampli-
fier with confocal cavity, up to 9 passes with amplification factor around 10% may be achieved
and with the single pass scheme the nonlinear effects are minimized [75]. Average power as
high as 1.1 kW was produced in a good-quality beam with 615 fs pulse duration using two
stage Yb: YAG Innoslab amplifiers [74] and due to high repetition rate of 20 MHz (pulse energy
55 wJ) it was not necessary to use the CPA technique. More recently, 54-mlJ, 1.5-ps pulses at 10-
kHz repetition rate were reported with a CPA-based two-stage Innoslab system [76]; despite the
half-kilowatt average power, the measured M? was 1.1. These parameters make the Innoslab
lasers a direct competitor to thin-disk lasers, although due to their nature they are limited in
maximum pulse energy, similarly to high-power ultrafast fiber lasers.

Laser systems with extremely high pulse energies above the kJ level are also based on the
slab geometry, although in this case the laser radiation propagates through the large faces. For
example, the largest laser system at National Ignition Facility consists of 192 beamlines of ~ 6-
kJ frequency-tripled, flash-lamp-pumped Nd:glass lasers [77] and its nanosecond pulses can be
shot with period of 8 hours. The recovery time of such single-shot systems is generally in the
order of minutes or hours and the cooling process takes place between the shots.

A possible modification of this high-energy slab technology for high-repetition-rate opera-
tion (over 1 Hz in this context), is to use a gain medium with higher thermal conductivity, diode
pumping, and to cool the laser slabs with gas. The most powerful laser of this kind is BIVOJ
system based on DiPOLE 100 [78] installed at HILASE Centre. In this case, six 10 x 10 mm?
Yb:YAG ceramic slabs of its main 100-J multipass amplifier are cooled with laminar flow of
150-K helium gas (Fig. 2.8). Efficient thermal management allows operation at repetition rate
up to 10 Hz. Recently, this laser with 10-ns pulse duration was upgraded to energy of 146 J
(1.46 kW average power), which is a record for this class of lasers [79]. Future development
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Fig. 2.8: A possible layout of a gas-cooled multislab amplifier [78].

of this platform will be aimed to picosecond pulse generation and to higher repetition rates
(100 Hz).

Thin-disk lasers

In 1991, the group of T. Y. Fan from MIT Lincoln Laboratory demonstrated the first diode-
pumped Yb:YAG laser [20] and pointed out its potential for high-power laser generation. After
seeing their presentation, Adolf Giesen from Institut fiir Strahlwerkzeuge (IFSW) of the Uni-
versity of Stuttgart came with an idea for a new type of laser combining low heat generation in
Yb:YAG with a new geometry of gain medium with improved cooling capabilities — using an
active medium in shape of a very thin sheet with a reflective back side (for both pump and laser
wavelength) contacted to a heatsink, thus acting as an active mirror.

Typical thickness of such disk is in the order of few hundreds of pum, leading to effective heat
removal, since it is generated very close to the heatsink. The key difference with thin-disk laser
concept is the dominant direction of heat extraction — unlike in rod or slab geometry, the disk
is cooled in the longitudinal direction and with flat-top distribution of pump radiation, almost
uniform temperature distribution over the active area can be attained. This greatly reduces the
thermal lensing and wavefront aberrations resulting from beam reflection off the disk, allowing
for output beam quality superior to other types of solid-state lasers.

Another advantage of this approach is the power scalability of such lasers. By increasing the
pump power while enlarging the pump area proportionally (i.e. keeping the same pump inten-
sity), the temperature of the disk remains almost constant and the extracted output power may
be increased correspondingly, also with the laser light intensity maintained at similar level. This
means that disk-geometry lasers can be power-scaled straightforwardly just by increasing the
size of thin disks, although some complications may arise, such as need for large mode sizes for
single-mode operation (complicating the resonator design) or increased amplified spontaneous
emission (ASE) in the transverse direction. For pulsed lasers with high peak powers, large mode
area on the disk and low thickness also greatly suppress the nonlinear effects occurring in the
disk.

On the other hand, thinness of the disk leads to low absorption and gain per double-pass
through the disk (single reflection). To some extent, the absorption is increased by using highly-
doped laser material (in case of Yb:YAG, concentrations as high as ~ 10% or even higher are
used). The original design of Giesen et al. [21] shown in Fig. 2.9 used an 8-pass layout with
four spherical mirrors imaging pump light from the fiber bundle of the pump diodes on the disk
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Fig. 2.9: The original layout of a thin-disk laser with an 8-pass pumping scheme as proposed by
Giesen et al. [21].
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Fig. 2.10: Pump chamber of a thin-disk module with 24 passes of the pump beam through the
disk [80]. This setup was used in Chap. 5.
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four times. However, for thinner disks and high pump intensity leading to pump saturation, and
especially for zero-phonon-line pumped lasers, eight passes of pump light are insufficient and
large portion of the pump light would be directed back towards the pump laser. An improved
setup, illustrated in Fig. 2.10, was later invented [82]. It uses 4-f imaging with a collimation
lens and parabolic mirror for the first double pass, while additional reflections are accomplished
using the parabolic mirror and two folding prism pairs. With a back-reflecting mirror after the
twelfth reflection off the parabolic mirror, such thin-disk module can provide 24 passes through
the disk (the case in Fig. 2.10). With modified back-reflector or larger module with smaller
angle between the prism pairs, more than 40 passes of pump light through the disk can be
achieved, effectively dealing with the low double-pass reflection in thin disk.

Due to low double-pass gain of thin disks, they require high number of passes through the
disk for significant amplification as well, leading to complex multipass amplifiers or regener-
ative amplifiers with high number of roundtrips. On the other hand, unlike with fiber or slab
lasers, thin disks are typically operated with a highly saturated gain at low output-coupling
rates. For this reason, thin-disk amplifiers are much less sensitive to back reflections (e.g. from
an experimental setup) and therefore they can be often operated without an optical isolator in
the output beam [75].

An interesting variation of the thin-disk concept, introduced in 2019 [83], eliminates the
need for complicated pump chamber by using a wedged disk with a special dielectric coating
on its front face. This thin 7 at.% Yb:LuAG wedge with 1° angle and 100-310 wm thickness
has the back side HR-coated for both pump 969 nm and laser 1030 nm wavelengths and wide
range of angles. The front face is then transmitting the pump light for angle of incidence (Aol)
higher than 45.5° and the laser light over 27.5°, for lower Aol the coating is highly reflective.
Both beams are launched (Fig. 2.11) at the disk under an angle slightly greater than the limit
angle, so the reflected beams get trapped in the wedged disk. This way, around 22 reflections
for pump and 14 for laser beam were accomplished [81]. The potential of this concept for
further development was proven in continuous-wave operation by achieving 890 W of output
power with 50% optical-to-optical efficiency and gain factor over 10 (cf. the value of ~ 1.1 for
standard thin disk, estimated in Sec. 5.3.4, Fig. 5.28).

Over the years, thin-disk lasers made it possible to obtain output parameters unprecedented
in laser technology, especially in the field of diffraction-limited, high-average-power pulsed
lasers. The next section covers the most powerful thin-disk laser systems presented up to date.

2.2.3 State-of-the-art high-average-power ultrafast ytterbium thin-disk
lasers

High-average-power laser system with picosecond or femtosecond pulse duration and good
beam quality close to the diffraction limit are attractive for many advanced laser applications.
Especially the 1-pum ytterbium lasers are the most versatile laser tools thanks to their high effi-
ciency and well-practicable wavelength conversion possibilities, extending their spectral range
from deep ultraviolet to mid-infrared.

For kW-level operation with excellent beam quality and some substantial pulse energy (mJ-
level and higher), thin-disks lasers are the most suitable technology, with possible alternatives
in ytterbium Innoslab and fiber lasers, although these are much more limited in the maximum
pulse energy (currently to some 50 mJ [76] and 10 mJ [84], respectively). For each topology
of thin-disk laser systems discussed here, the highest average power was reported exclusively
with Yb:YAG and all laser systems mentioned in this section were based on this material — if
not stated otherwise.
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Performance of continuous-wave thin-disk lasers can provide some projection of what are
the limits in power-scaling of this technology. The most powerful thin-disk system comprising
10 disks in a single laser resonator was developed by the Boeing company [85] and provided
28 kW in multi-mode operation (M? of 2.7) with 43% O-O (optical-to-optical) efficiency. In
multi-mode operation, the maximum power from single disk of more than 10 kW was extracted
by Trumpf Laser GmbH [86] with 63% O-O efficiency and highly multi-mode beam (M? of
10.7). In single-mode operation, 10 kW were obtained this year by Trumpf [87] from a laser
system with two polarization-combined oscillators and a multipass amplifier (i.e. 3 disk in total)
with M2 of 1.76 and O-O efficiency of 51%. With single disk oscillator, 500 W of average power
in truly diffraction-limited beam (M? < 1.05) was presented also with 51% O-O efficiency [88].
1.1-kilowatt power was later achieved by a Singaporean research group with somewhat lower
beam quality (M? of 1.4) and O-O efficiency of 40% [89]. These last two results are the most
relevant for the ultrafast lasers addressed in the rest of this section and in Chap. 5.

It is possible to generate ultrashort pulses with high-average-power from thin-disk lasers
in two ways — either with a single-stage system, i.e. with a mode-locked thin-disk oscillator,
or using a MOPA scheme with low-power front end and regenerative or multipass thin-disk
amplifier. In general, laser oscillators are much less complex than multi-stage systems, but they
offer less parameter flexibility and lower pulse energy, since their repetition rate is given by
the length of their optical resonator. The rest of this section covers these two approaches and
Tab. 2.5 lists the most powerful systems reported in literature, showing the tremendous progress
that the thin-disk technology has made over the last decade.

The first thin-disk oscillator was developed at ETH Ziirich in 2000 [90] and employed the
passive mode locking technique with semiconductor saturable absorber mirror (SESAM, this
method was used also in Sec. 4.1). Its 16.2 W of output power and 730 fs pulse duration made
it at the time the most powerful femtosecond laser oscillator and the pulse energy was 0.5 wJ
(due to high repetition rate of 35 MHz). Improvements in thin-disk and SESAM manufacturing
allowed power scaling over 200 W level — 242 W with 80-pJ, 1.1-ps pulses [91], weaker 17-uJ
pulses with only 580 fs pulse duration at 275 W [91], and currently record-holding 350 W os-
cillator produced 40 pJ, 940-fs pulses in 2019 [92]; further increase in output power to 500 W
is planned for the near future. In order to obtain such high pulse energy and short pulse du-
ration, the laser requires operation in low-pressure (30 mbar) nitrogen atmosphere. Also other
ytterbium-doped materials were tested with SESAM mode-locking, and from the power point-
of-view, the most notable was 141-W, 740-fs Yb:Lu,O3 oscillator [93] (this material has higher
thermal conductivity and emission bandwidth than Yb:YAG). It should be noted that output
beam quality of thin-disk oscillator is typically excellent (M? < 1.1).

The alternative technique extensively used in Ti:sapphire lasers, Kerr-lens mode locking,
was successfully used with thin-disk laser in 2011 [94] with 45-W, 270-fs pulses. In short
time, the research group at MPQ Garching scaled the KLM oscillators to performance level
comparable to SESAM lasers. The maximum power demonstrated output power was 270 W
with 14-uJ, 330 fs pulses [95], all in standard atmosphere. The KLM mode locking does not
require demanding development of the SESAM element and can provide shorter pulses (even
down to 49 fs from Yb:YAG [55], although at cost of drastically decreased efficiency), but it
seems less versatile than SESAM mode locking, especially in terms of output energy. Finally,
for some applications it is possible to enhance oscillator’s parameters by using the intracavity
beam — this way Eilanlou et al. generated XUV light via HHG from a 48-W, 15-MHz KLM
thin-disk oscillator [96]; the intracavity pulses with 436 fs duration had 57 pJ energy and 860 W
average power.
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Tab. 2.5: Parameters of selected high-average-power (>100 W), high-repetition-rate (>1 kHz)
femtosecond and picosecond Yb:YAG thin-disk lasers. P, — average output power, F, — pulse
energy, frep — repetition rate, 7, — pulse duration, M? — beam quality parameter.

P, E, frep T M? Year Ref.

MODE-LOCKED OSCILLATORS

155 w# 10 W) 15.6 MHz 140 fs 1.1 2016 [97]
242 WP 80 wJ 3 MHz 1.07 ps 1.05 2014 [91]
270 W# 14.4 W 18.8 MHz 330 fs <Il.1 2014 [95]
275 WP 17 W) 16.3 MHz 583 fs <1.05 2012 [98]
350 WP 40 W 8.9 MHz 940 fs - 2019 [92]

REGENERATIVE AMPLIFIERS

100 W 1 mJ 100 kHz 1.6 ps <1.3 2015 This work
220 W 220 mJ 1 kHz 1.9 ps <l.4 2015 [99]
300 W 30 mJ 10 kHz 1.6 ps - 2013 [100]
554 W¢ 5.5mJ 100 kHz 1.03 ps 1.4 2019 This work
1.05 kW 200 mJ 5kHz 1.05 ps 1.09 2017 [101]

MULTIPASS AMPLIFIERS

528 W 413 WJ 1.28 MHz 294 fs 1.28 2020 [102]
720 W 720 mJ 1 kHz 920 fs 2.1 2020 [29]
1.03 kW 206 mJ S kHz <500 fs 1.15 2020 [103]
1.4 kW 4.7ml] 300 kHz 6.5 ps <14 2015 [104]
1.6 kW 39m] 400 kHz 1.3 ps 1.5 2020 [105]

4 KLM mode locking (MPQ Garching group) > SESAM mode locking (ETH Ziirich group)
¢ 554 W is uncompressed power, compression to 1 ps was demonstrated up to 350 W

For pulse amplification with thin-disk gain medium, regenerative amplifier is a natural
choice of architecture, since it overcomes the drawback low single-pass gain of a thin disk by
allowing high number of passes of the seed pulse through the disk, making possible values of
amplification factor as high as 10°. The principle of operation of a regenerative amplifier (RA)
is in detail described in Chap. 5. In short, RA is in fact a laser oscillator (i.e. a gain medium in
optical cavity) equipped with an electro-optic modulator (EOM) serving as a polarization switch
for locking a seed pulse in the cavity and after a sufficient number of cavity roundtrips it ejects
the amplified pulse from the resonator. Its major advantages are its flexibility and good beam
quality thanks to the use of a stable optical resonator. Its weak point is the EOM implemented
as a Pockels cell with quite bulky nonlinear crystals (Ilength in order of several cm), which
limit the achievable peak power due to emerging nonlinear effects (self-phase modulation and
self-focusing caused by Kerr effect).

The first thin-disk RA was developed in 1997 at ETH Ziirich [106] and it generated 180-
wl, 2.3-ps pulses at 750 Hz repetition rate (1.35 W of average power). Further increase in
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average power required improvements in thin-disk technology and high-voltage switches for
Pockels cells, allowing higher operating voltage at increased repetition rate. First 100-W-level
RA was reported in 2009 with 25-mJ, 1.6-ps pulses at 3 kHz repetition rate (75 W of average
power) [107]. Two high-energy, 1-kHz picosecond RAs worth mentioning were developed at
the Institute of Physics CAS, a 45-mJ single-disk system at HILASE by Michal Chyla [108] and
a 100-mJ dual-disk system by Jakub Novdk et al. at ELI Beamlines [109]. The highest energy
from a room-temperature thin-disk regenerative amplifier is currently 0.5 J at 100 Hz with 2.2-
ps pulse duration obtained from two large Yb:YAG disks (diameter 25 mm) [110]. At the time
our work on 500-W single-disk RA started, the most powerful amplifier was the 300-W, 10-kHz
system from Trumpf Scientific Lasers [100]. The current state-of-the-art regenerative amplifier
with two disks was presented by Nubbemeyer et al. in 2017 [101], reaching kilowatt average
power level in 200-mJ, 5-kHz picosecond pulses in diffraction-limited beam and at 10-kHz
repetition rate, it was possible to achieve output power of 1.4 kW for several minutes.

Even higher output power and pulse energy may be obtained using a multipass amplifier
(MPA) after a smaller-scale regenerative amplifier. To overcome the low gain of a thin disk,
setups with large number (usually between 10 and 50) of passes through the disk are used,
requiring exceptional mechanical stability of its components. Furthermore, the absence of an
optical resonator makes it more difficult to maintain good quality of the amplified beam. On
the other hand, since there is no need for an electro-optic switch or other bulk optical element,
kilowatt, high-repetition-rate amplifiers can produce pulses with multi-mJ energy without using
the CPA technique.

The first, 48-pass TD amplifier was constructed at IFSW Stuttgart in 2003 with 12-mJ pulse
energy at kilohertz repetition rate [111]. The current frontiers in output parameters of thin-disk
lasers are represented by MPAs from Trumpf, with the highest pulse energy of 720 mJ (1 kHz,
920 fs, M? of 2.1) obtained from a 4-disk, two-stage MPA using CPA technique [29] and the
highest average power of 1.6 kW in single-mode beam (M? of 1.5) was produced by a CPA-free,
two-stage MPA operating at 400-kHz frequency with 1.3-ps pulse duration [105].



Chapter 3

Used methods and measuring instruments

This chapter lists measuring instruments used in experiments described in Chapters 4 and 5.

3.1 Measurement of laser power

Measurement of average laser power was the most frequent one during the experiments. While
the output power of pump diode lasers was measured only before assembling the laser or while
replacing the pump, laser output power was measured almost continuously.

Used power meters are listed in Tab. 3.1. Most of them were thermals sensors based on
thermopile principle (series of bimetallic junction around the measuring area, producing voltage
proportionate to absorbed power). They are relatively slow (response time of several seconds),
but cover a wide power range and have almost flat spectral response over a broad spectral range.

The only exception was Ophir PD300-3W, which was based on a silicon photodiode. There-
fore, it had about 10 times shorter response time (0.2 s) and much higher sensitivity, but nar-
rower spectral range with typical Si-photodiode spectral response. It was used to measure low
power output of fiber amplifiers and low power beams in general. It could be used for measuring
power up to 100 mW with removed filter and up to 3 W with the filter clipped on.

3.2 Measurement of optical spectra

Optical spectra presented in this work were obtained using devices listed in Tab. 3.2. For mea-
suring spectra in the vicinity of 1-um wavelength, spectrometers based on Czerny—Turner de-
sign with a linear CCD-array detector a light delivery using optical fiber were used for their
high precision and simple and quick use. Czerny—Turner scheme includes an entrance slit (in
this case the fiber-core tip), a concave collimating mirror directing the light onto a diffraction
grating, and focusing concave mirror imaging the different diffracted spectral components onto
their respective places on the sensor (or on an output slit in case of a monochromator). The
spectrometers for 1-pm range had high spectral resolution around 0.2 nm and were utilized
with a 50-um-core multi-mode fiber. For measurements of beams with power above ~ 20 mW
and below 1 W (or where the beam could be attenuated), the fiber was connected to an integra-
tion sphere Thorlabs IS200-4 in order to provide more accurate measurement. In case of the
pump diode lasers, where the beam could not be attenuated, the measurement was performed
on a diffuse reflection off a power meter.

In the 3-pum spectral region, spectra were acquired with an Oriel MS 257 monochromator
and Hamamatsu C12492-210 InAs photodiode (spectral range 1-3.5 wm, 50 kHz bandwidth).
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Tab. 3.1: List of power meters used in the experiments. RA — main regenerative amplifier of
PERLA C, FE - front end of PERLA C.

Manufacturer & model Spectral range Max. power Min. power Typical application
Coherent PM5SK 0.19-11 um 5 kW 100 W Pump diode lasers
Ophir 1000W-BB-34-QUAD  0.19-20 pm 1 kW 5W RA output
Ophir FL500A 0.19-20 um 500 W 500 mW  Compressed RA output
Ophir 12A-P 0.15-8 pm 12W 2 mW PERLA C in general
Ophir 3A-P 0.15-8 um 3W 15 uW Preamplifier, Er: Y203
Ophir PD300-3W 0.35-1.1 um 3W 5nW Fiber FE
Molectron PM3 0.3-11 wm 2W 50 uW Yb:YGAG
Thorlabs S310C 0.19-25 um 10 W 10 mW Yb:YGAG

Laser Precision RT-150CHD - 150 W - Yb:YGAG

Tab. 3.2: List of spectrometers used in the experiments. CT — Czerny—Turner arrangement with
a linear detector, FC — fiber-coupled.

Manufacturer & model Spectral range Resolution Type Typical application
Ocean Optics HR4000  909-1075 nm 0.17 nm CT, FC PERLA C, Yb:YGAG
Narran BR8 968-1075nm =~ 0.2 nm CT, FC PERLA C

Oriel MS257 2.5-3.25 pm /~ 2 nm Monochromator Er:Y,03

This setup could provide also temporarily-resolved measurements. The monochromator was
also of Czerny—Turner type and was used with 50-pm slits and with Oriel 77774 grating, giving
spectral resolution around 2 nm.

3.3 Temporal characterization of ultrafast laser pulses

Temporal measurements of the laser output were usually done with a photodiode and oscillo-
scope. In Er:Y,03 experiment, the already mentioned InAs photodiode Hamamatsu C12492-
210 (50 kHz bandwidth) was employed and all measurements were performed on millisecond-
scale. For 1-um measurements on nanosecond scale and longer, all of the many used silicon
and InGaAs photodiodes and oscilloscopes were fast enough for accurate measurements.

The rise time 7z (defined on levels from 10% to 90%) of a photodiode or an oscilloscope
can be estimated from its bandwidth f3;5 as [112, 113]

0.35
TRT R ——.
7 foan
The response of the whole measuring system with rise time of the photodiode 7pp and oscillo-
SCope T,sc to a short pulse with duration 7,..,; may be assessed approximately as [113]

~ 2 2 2
Tmeas ~ \/Treal + TpD + Tose:
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For sub-nanosecond-scale characterization, InGaAs photodiode EOT ET-3500 with 15-GHz
bandwidth was used. On PERLA C, it was connected to a 16-GHz, 80-GS/s oscilloscope Ag-
ilent DSOX91604A, yielding theoretical system response time of 32 ps, although the real re-
sponse time to ~ 1-ps pulses was near 45 ps. The measurements with Yb:YGAG oscillator
were performed with the same photodiode and with oscilloscope LeCroy SDA 9000 with 9-
GHz bandwidth and 40-GS/s sampling rate. This system’s response time theoretically is 45 ps,
but experience from the other laser systems showed value around 70 ps. For pulse train ob-
servation and for measurement of stretched pulses in the CPA laser system, this measurement
technique was sufficient.

Electronic methods are too slow for measuring duration of ultrafast pulses and optical meth-
ods have to be used instead (I studied these in detail in [B3]). For picosecond pulses, the typical
technique is autocorrelation measurement, in this work it was the intensity autocorrelation with
second harmonics generation. PERLA C was characterized with a commercial autocorrelator
APE PulseCheck (maximum scanning range 50 ps), while Yb:YGAG oscillator was measured
with a laboratory-made autocorrelator with even longer scanning range of more than 200 ps.
Autocorrelation may give only an estimation of pulse duration for some assumed pulse shape.

More precise methods are FROG (frequency-resolved optical gating [114]) and SPIDER
(spectral phase interferometry for direct electric-field reconstruction [115]), both allowing com-
plete temporal characterization (intensity and phase), mainly for femtosecond pulses. From
these two, for longer, picosecond pulses FROG is more suitable, since SPIDER requires higher
spectrograph resolution and large amount of dispersion for longer pulse widths. Compressed
pulses from PERLA C were characterized also using a FROG option for the APE PulseCheck
autocorrelator, consisting of a thicker nonlinear crystal (with more wavelength-selective phase
matching) and modified optics.

Mode-locked output of the Yb:YGAG oscillator was also characterized using a 3-GHz RF
spectrum analyzer Rohde & Schwarz FSL3.

3.4 Other measurements

Beam profiles were measured using CCD and CMOS laser beam profilers. The output of
PERLA C main amplifier was monitored using CINOGY CMOS-1.001-Nano with resolution
of 2048 x 2048, CMOS chip active area of 11.3 x 11.3 mm? and 60-dB dynamic range (10-bit
depth). The rest of the measurements on PERLA C was performed with Spiricon SP620U CCD
profiler with resolution of 1600 x 1200 pixels, chip active area of 6.5 x 4.8 mm? and dynamic
range of 62 dB (12-bit depth).

For Yb:YGAG experiment, CCD profiler DataRay WincamD-UCD23 was utilized with res-
olution of 1360 x 1024, 8.8 x 6.6 mm? sensor size and dynamic range of 60 dB (14-bit depth).
For the 3-um measurement, no profiler was available. The beam was visualized only with
temperature-sensitive liquid-crystal sheets (produced by Edmund Optics) and measured using
the knife-edge technique, which was used also for the beam quality measurement.

Beam quality of the PERLA C laser system was characterized using an M?-measurement
device developed by Laser-Laboratorium Gottingen, Germany, and measured according to the
ISO 11146-1 standard. For the Yb:YGAG laser, the WincamD profiler was manually translated.

Temperature measurements were performed using thermal images cameras from FLIR. The
temperature measurement of the thin-disk and Er:Y,03; was done with camera A35 having
320 x 256 px microbolometric sensor and temperature range of -40 to 550 °C. Other measure-
ments were performed with handheld camera ESO with 240 x 180 px sensor and temperature
measurement range of -20 to 650 °C.
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3.5 Design of optical systems using approximation of geomet-
rical optics

In approximation of geometric optics, the laser beam propagating along axis z can be described
with a light ray with position x; and propagating angle «; (for 2D case). Propagation of this
ray through a linear system may be described using a matrix M with elements A, B, C, D [116]

(o) =)= (2 2) (1),

where x5, ais are parameters of the output beam. This method is called the ABCD formalism.

For most optical elements encountered in laser physics, this 2D approach can be used separately

for saggital and tangential planes, however, if necessary, it can be generalized to a 3D case by

adding two more coordinates (e.g. y and ) and expanding the matrix M to dimension of 4 x 4.
Linear elements can be concatenated simply by multiplying their matrices,

M:MiMifl...MQMl.

In case of an optical resonator, which is a set of optical elements, one cay obtain this way easily
its ABCD matrix (for linear cavity, one has to take into consideration also the back-propagation
of the beam).

ABCD formalism can be used also for Gaussian beams of wavelength A, which can be
described with a g-parameter, corresponding with the beam parameters w (beam radius) and R
(wavefront radius of curvature) as

1 1 A

¢ R(z) muw?(z)

The input beam with g-parameter of g;,, is then transformed by the system as

Gout = qun + D

Eigenmode of an optical resonator with ABCD matrix M maintains its g-parameter for each
roundtrip, hence q,,+ = ¢;n. It can be shown [116] that the eigenmode exists and may be
calculated from M, if the resonator satisfies condition

A+D

—-1< < 1. 3.1

This is the stability condition for an optical resonator.

The ABCD formalism was used throughout this work for designing optical resonators, since
the conditions of geometric optics were met. For the calculations, I used programs ReZona-
tor [117] and WinLase [118]. I have also implemented an equivalent calculation in the Python
programming language, with a module for resonator optimization being still under preparation.
Since this module has been not yet finished, there was no reason why not to use the aforemen-
tioned user-friendly programs for cavity design.



Chapter 4

Laser oscillators based on novel laser
materials

This and the following chapter summarize the experimental results of this work. While the
Chapter 5 deals solely with development of one larger-scale Yb:YAG thin-disk laser system,
this chapter describes development of smaller laser oscillators. The main goal of these research
activities was to test novel laser materials that have potential for use in thin-disk lasers, espe-
cially short-pulsed oscillators.

In this chapter, Section 4.1 presents investigation of the Yb:YGAG laser material, which is
shown to be a superior alternative to Yb: YAG for ultrafast pulse generation at low temperature.
The second section is then dedicated to 3-pum laser based on erbium-doped Y203 ceramic.

4.1 Development towards Yb:YGAG cryogenic oscillator

The ytterbium-doped YAG is an almost ideal gain material for high-power, short-pulse laser
operation, as explained in Section 2.1.2. It possesses excellent material properties and its only
major drawback is somewhat lower emission bandwidth, limiting the minimum achievable pulse
duration at room temperature to the order of hundreds of femtoseconds. However, this fact is
pronounced when operating at lower temperatures, in a regime attractive for high-power am-
plification due to enhanced thermo-optic and spectroscopic characteristics of the gain medium
(see Section 2.1.4). When cooling down Yb:YAG from room temperature to the temperature of
liquid nitrogen, its emission bandwidth is reduced more than six times. This makes generation
and amplification of even several picoseconds long pulses much more difficult.

An effective way to minimize this effect and preserve as much of Yb:YAG’s favorable ma-
terial properties as possible is to tune its chemical composition. The alternative are the mixed
garnets that derive from YAG (Y3Al50;12) by substituting part of the aluminum ions with other
metals like scandium or gallium. This results in inhomogeneous broadening of the lattice
structure and variation of the crystal field strength, leading to the desired broadening of ab-
sorption and emission spectra of the material and possibly also to a shift in peak absorption
and emission wavelengths. Studies on several of these materials, with neodymium or ytter-
bium doping and in both monocrystalline and ceramic form, were reported in the literature,
including Nd:Y3ScyAl3015 ceramic [119], Nd:Y3ScAl,O;5 ceramic [120], Yb:Y3ScAlLO45 ce-
ramic [121], Nd:Y3Ga,Al(5_,)O,2 single crystal [122], and Yb:Gd3Al,Ga(s_,)O;; single crys-
tal [123]. Our research group had access to another mixed-garnet ceramic material, Yb-doped
Y3GayAl;0412 (Yb:YGAG) fabricated by Konoshima Chemical Co. Ltd. in Japan, a company
renowned for production of high-quality transparent ceramics, especially garnets and sesquiox-
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Fig. 4.1: Absorption cross sections of Yb:YAG and Yb:YGAG at room temperature and at 100 K
(data measured by V. Jambunathan).
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Fig. 4.2: Emission cross sections of Yb:YAG and Yb:YGAG at temperature of 300 K and at
100 K (data measured by V. Jambunathan).

ides [124]. This ceramic was previously examined with neodymium doping [125] and its
promising spectroscopic properties at low temperature were demonstrated by V. Jambunathan
etal. in [126].

The most important differences can be grasped by comparing its absorption and emission
spectrum with Yb:YAG. As the Fig. 4.1 illustrates, absorption of Yb:YAG at room temperature
(= 300 K) peaks at 969 nm with cross section (CS) of 8 - 1072! ¢m? and bandwidth (BW) of
2.6 nm. At temperature of liquid nitrogen (=~ 80 K), this absorption peak becomes more promi-
nent with CS of 2-1072° cm? and BW of only 0.6 nm. This means that it is challenging to pump
cryogenic Yb:YAG efficiently at the zero-phonon line even with wavelength-stabilized diode
lasers and using the broad absorption band around 940 nm. The peak absorption wavelength
of Yb:YGAG is shifted to 970 nm and its maximum room-temperature CS of 1.1 - 1072° cm?
and 2.7 nm BW changes at 80 K only to 1.7 - 1072° cm? and 1.9 nm, respectively. This means
that Yb:YGAG is much less demanding when it comes to zero-phonon-line pumping at low
temperature.

Even more pronounced difference emerges for cross sections of stimulated emission (see
Fig. 4.2). The maximum emission CS of Yb:YAG at 1030 nm increases five times when tem-
perature is lowered from 300 K to 80 K, significantly increasing the achievable laser gain.
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Tab. 4.1: Peak values of stimulated emission cross section and emission bandwidths of Yb:YAG
(peak wavelength 1030 nm) and Yb:YGAG (peak at 1026 nm) at room temperature and at
80 K [126].

Yb:YAG Yb:YGAG
Temperature [K] 300 80 300 80

Peak emission CS [1072° cm?] 2.21 11.01 1.96 3.07
Emission bandwidth [nm] 8.13 1.26 9.68 7.12

However, this is accompanied with more than six-fold reduction of its gain BW to 1.3 nm. With
Yb:YGAG, both effects are mitigated, with the peak emission CS increased only by 56% and
the emission BW reduced just by 26% to 7.12 nm, which should still allow sub-picosecond
pulse generation. The corresponding values of emission CS and gain BW can be found in Ta-
ble 4.1. It should be noted that the peak CS of Yb:YGAG is shifted to 1026 nm and at low
temperatures, a subpeak at 1028 nm appears.

Beside these convenient spectroscopic properties of Yb:YGAG, there are several indis-
putable shortcomings of Yb:YAG. As can be expected from the more complex chemical com-
position, this mixed garnet possesses lower thermal conductivity. With 10 at.% concentration,
the thermal conductivity of this ceramic was determined as 5.5 W/(m-K) [127], which is about
15% less than that of a single-crystal Yb:YAG of the same doping concentration [128], but
still higher than with many other frequently used ytterbium laser materials with high doping.
Another drawback is a poor market availability of this ceramic, since to our knowledge, this
material is not ordinarily produced and has not yet been thoroughly researched, which brings
even more motivation to investigate its laser performance.

The following sections summarize the research of Yb:YGAG ceramic at room and cryogenic
temperature, comparison of its performance with Yb:YAG, and development of a SESAM-
mode-locked picosecond cryogenic laser oscillator. The experiments were carried out in the
laboratory of Professor Kubecek at the Department of Physical Engineering of FNSPE CTU.
The results were presented at several conferences [A14,A16% A17] and published in Optics
Express [Al].

4.1.1 Free-running operation and comparison with Yb:YAG

The sample of Yb:YGAG ceramic used in our experiment had doping concentration of 10 at.%,
clear aperture of 3.6 x 3.6 mm? and thickness of 1.5 mm. Also samples with thickness of
0.5 mm and 1.0 mm were available (all cut from an original disk with 18 mm diameter), but
the largest thickness was identified as the most suitable for laser experiments. Faces of the
samples were anti-reflection (AR) coated for spectral range from 900 nm to 1100 nm by Crytur
Turnov. To benchmark it against a well-known gain medium, we found a single-crystal Yb:YAG
manufactured by the Union Carbide Corp. It had very similar parameters — 10 at.%, dimensions
of 3 x 3 x 1.5 mm?, and AR-coated faces for 940 and 1030 nm wavelengths, making it an ideal
match for the comparison.

The experimental setup for low-temperature operation is shown in Fig. 4.3. The gain
medium was pumped with a fiber-coupled 40-W diode laser (Dilas M1F2S522-940.3-30C-SS2.1)
at the wavelength of 940 nm with bandwidth of 2.6 nm. The pump light from the fiber (core

4 Awarded by the 2015 ASSL Conference Outstanding Poster Presentation Award
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Fig. 4.3: Experimental setup for CW operation of Yb:YGAG laser at cryogenic temperature.
For experiment with Yb: YAG, only the laser medium and its holder were changed. Similar setup
was used for room-temperature operation. CC — concave, HRM — high-reflection mirror, R —
reflectivity.

diameter of 200 m and NA 0.22) was imaged by two 75-mm lenses onto the laser medium with
a spot diameter of approximately 200 yum. The Yb:YGAG/Yb:YAG was mounted in a copper
holder inside of a small cryostat with 5 mm thick BK7 windows, AR-coated for both 940 and
1030 nm, and cooled with liquid nitrogen to temperature of approximately 80 K. A 560 mm
long optical resonator encompassed a concave pumping mirror (AR for 940 nm and HR for
1030 nm) with 100 mm radius of curvature (RoC), a concave folding mirror with 300 mm RoC,
and a flat output coupler with reflectivity of 83% at 1030 nm; the resulting mode diameter in
the laser ceramic was approximately 190 pm.

For room-temperature operation, we used similar layout with several differences. The pump
source was a 5-W diode laser at 969-nm (for Yb:YGAG tuned to 970-nm via temperature adjust-
ment) with output coupled into a fiber with 100 ym core diameter and NA of 0.22 and delivered
to the laser using a pair of 50-mm lenses. The laser medium was left without active cooling
outside the cryostat, allowing use of more compact cavity (also V-shaped, length of 380 mm)
with a flat pump mirror and concave folding mirror with 100 mm RoC. The mode sizes of the
pump beam and resonator and cavity eigenmode were the same as with the cryogenic setup.

The room-temperature experiment was performed in quasi-continuous-wave (QCW) regime
with pump pulses with 2 ms pulse duration and 50 Hz repetition rate (duty cycle of 10%) to
avoid overheating of the active medium. The Yb:YGAG laser was emitting at central wave-
length of 1028.7 nm and the Yb:YAG laser at 1030.7 nm. Although effort was made to adjust
the pump wavelength to the optimum for both media, the pump absorption® for both cases varied
significantly — 76% with Yb:YGAG and only 65% with Yb:YAG — due to the different shapes
of the zero-phonon-line absorption peak.

The maximum obtained output power with Yb:YGAG was 103 mW at 424 mW of pump
power incident on the ceramic (slope efficiency of 30.2%), while with Yb:YAG it was only
81 mW at 424 mW of incident pump power (slope eff. 24.3%). When taking into account the
estimated absorbed power [Fig. 4.4(a)], the difference in performance is smaller, with slope
efficiency of 41.6% for Yb:YGAG and 37.3% for Yb:YAG and the optical-to-optical efficiency
(the output to absorbed pump power ratio) was 32.4% and 29.3%, respectively.

As mentioned before, for cryogenic operation we used a more powerful 940 nm pump laser.
Pumping in the broad conventional absorption band equalized the absorption rate to 81% for

SMeasured at non-lasing condition near the threshold pump power, since it cannot be measured during laser op-
eration. Considering the absorption rate as constant from this value brings realistic estimate of the real absorbed
pump power. Pump absorption at non-lasing condition decreases with increasing pump intensity (power), while
under lasing operation, the pump absorption is increased. Thus, applying the absorption rate measured for corre-
sponding pump levels would lead to an unrealistically high calculated values of optical efficiency.
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Fig. 4.4: Comparison of room-temperature, QCW performance of Yb:YAG and Yb:YGAG at (a)
room temperature with 969/970 nm pumping, (b) cryogenic temperature with 940 nm pumping.
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Yb:YGAG and 80% for Yb:YAG. Again, the comparison was performed in QCW regime, this
time with 4 ms pulse duration and 10 Hz repetition rate (4% d.c.), which allowed to use full
pump intensity of the diode laser without risking damage of the active medium.

At low temperature, the central lasing wavelength shifted to 1025.7 nm with Yb:YGAG
and 1029.3 nm with Yb:YAG, the lasing performance improved significantly in both cases
[Fig. 4.4(b)], and the differences in performance from the room-teperature case diminished,
probably mainly due to change in the pump source. With Yb:YGAG the maximum output
power was 706 mW (17.7 W power amplitude) at incident pump power of 1.29 W (slope ef-
ficiency 55.6%) and the optical-to-optical efficiency related to absorbed power was 67.3%. In
case of Yb:YAG, the highest output power was 673 mW at 1.28 W incident pump power (slope
efficiency 53.3%) and the optical-to-optical power was 65.8%. Also quality of the output beam
of Yb:YGAG at full pump power was evaluated and the measured M? parameter was 1.2 for the
horizontal plane and 1.4 for the vertical plane.

Room-temperature wavelength tuning range of both laser media was examined with a bire-
fringent filter (2.8-mm thick quartz plate) inserted in the room-temperature setup next to the
output coupler, which was this time replaced with an HR mirror in order to minimize losses in
the cavity. With Yb:YGAG ceramic, we recorded a continuous tuning range from 1022.4 mm
to 1064 nm with maximum output power obtained at 1028 and 1025 nm. The range achieved
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wavelength tunability of the Yb:YGAG laser at 80 K — normalized output spectra obtained with
a birefringent filter and corresponding normalized output power.

with Yb:YAG was narrower, from 1023.5 nm to 1057 nm with peak power emitted at 1031 nm
and a local maximum in output power emerged around 1044 nm. The measured data are plotted
in Fig. 4.5.

From this direct comparison of both samples it can be concluded that the Yb:YGAG ce-
ramic manufactured by Konoshima Chemical Co. is of high optical quality and good laser
performance, on par with Yb:YAG single crystal at least for low-power operation. It was also
confirmed that the inhomogeneous broadening of lattice structure occurring in the mixed garnet
leads to broader absorption and emission spectra and also to a shift in emission wavelength, as
indicated by the spectroscopic data.

Further work focused on CW operation of Yb:YGAG at cryogenic temperature. The thermal
load on the laser medium under continuous pumping was much higher, which led to an increase
in temperature of the ceramic and occurrence of thermal lensing, both causing deterioration of
lasing efficiency and beam quality. The pump power was raised as high as 28.7 W, yielding
maximum output power of 9.9 W with slope efficiency of 35.0% [Fig. 4.6(a)]. Estimating the
same rate of pump absorption of 81% like for the QCW regime, the optical-to-optical efficiency
related to the absorbed power was 42.7%, i.e. by 25% lower than in the QCW regime. The
beam quality degraded significantly with pump power from an excellent value of 1.04 at 5 W of
pumping to 1.5 in horizontal plane and 2.5 in vertical plane at full pump power. This was caused
mainly by mode-mismatching at higher power due to the thermal lensing and the asymmetry
in the beam quality is linked to the construction of the copper holder, where the heat removal
from the bottom part was less efficient than from the upper half that was in direct contact with
the cooling medium. Adapting the cavity design to the thermal lens and improving the copper
holder should efficiently address these issues.

In continuous-wave operation the laser was emitting at 1025.6 nm. Wavelength tunability
at 80 K was examined using the same birefringent filter like in the room-temperature setup
and with a HR mirror instead of the output coupler. It was found that the output spectrum of
Yb:YGAG pumped at 5.2 W can be tuned continuously from 1023.3 nm to 1031.1 nm with
maximum output at 1026 nm, as shown in Fig. 4.6(b). This concluded the free-running experi-
ment and we moved to short-pulse generation.



CHAPTER 4. LASER OSCILLATORS BASED ON NOVEL LASER MATERIALS 39

4.1.2 Mode-locking with cryogenic Yb:YGAG

For generation of ultrashort laser pulses we used the passive mode locking technique, which is
actually the only method capable of delivering pulses with duration of several picoseconds or
shorter. The mode-locked (ML) operation was formed using a semiconductor saturable absorber
mirror (SESAM), which is a well-established technique [129] and we found it more suitable and
robust than the alternative, Kerr-lens mode locking, based on nonlinear self-focusing altering
the cavity eigenmode [130].

In order to obtain stable mode locking with a saturable absorber, the laser should operate
above the Q-switched mode locking threshold

E? > EPESAR 4.1

given by dynamics (described via rate equations) of a mode-locked laser [131]. Here, £, is the

intracavity pulse energy, Eésat), Ek(;;‘lt) are saturation energies of the gain medium and saturable
absorber, and AR is the modulation depth of the absorber. In the opposite case, it is likely that
the laser would operate in a regime of Q-switched mode locking (QML) with large fluctuation in
pulse energy. Such mode of operation is essentially inapplicable and for the saturable absorber
it poses a significant risk of damage.

The equation (4.1) can be rewritten in a more approachable way as

(Poautr)? > FUV AL FS™ Ag A AR, (4.2)

where F,,, is the intracavity power (traceable from the output power and output coupling), 7 is
the cavity roundtrip time, F\"*, F{* stand for the saturation fluence of the gain medium and
saturable absorber, and A;, As4 are cavity eigenmode areas thereon. The saturation fluence
of laser material is than determined by the photon energy hv, emission and absorption cross
sections O, Oaps, and the number of passes through the gain medium per roundtrip m, i.e. by

relation
hv

F(sat) _ .
L m(aem + O-abs)

4.3)

Ytterbium-doped media have rather high saturation energy, which makes them prone to
Q-switching instabilities when employed in SESAM mode locking. The saturation energy is
approximately inversely proportional to the emission cross section. This means that in case
of Yb:YAG it is five time reduced when cooled down to 80 K, while the saturation energy
of Yb:YGAG decreases just by 36% — this is a trade-off for the broader emission bandwidth.
Therefore, achieving stable mode locking regime with Yb:YGAG is more difficult and this
makes the cavity design and SESAM choice more important. The cavity layout was based on
the setup used for the CW operation, adding an extension with the saturable absorber. The
modified, 1.2 m long resonator is shown in Fig. 4.7.

Compared to the original cavity, the flat output coupler was replaced with a flat HR mirror
and a SESAM with a concave output coupler with 98.5% reflectivity and 200-mm RoC were
added (so there are two output beams out of the cavity). As the absorber we used a commercially
available SESAM from Batop GmbH (SAM-1064-2-10ps) with modulation depth, relaxation
time, and saturation fluence of 1.2%, 10 ps, and 90 wJ/cm?, respectively. We used a rather
tight focusing on the absorber in order to meet the condition (4.2). The calculated eigenmode
diameters (Fig. 4.8) in the gain medium and on the SESAM were approximately 190 pm and
104 pm.
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Fig. 4.7: Experimental layout for mode-locked operation of Yb:YGAG laser at cryogenic tem-
perature. CC — concave, HRM — high-reflection mirror, OC — output coupler, R — reflectivity,
SESAM - semiconductor saturable absorber mirror.
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Fig. 4.8: Eigenmode radius along the cavity of the SESAM-mode-locked laser oscillator from
Fig. 4.7 for the sagittal (red dashed line) and tangential plane (green line). Green vertical lines
designate positions of optical elements; CC HRM - concave HR mirror, OC — output coupler.

With this setup and the gain medium cooled down to 80 K, we obtained stable and self-
starting mode locking with output power of 194 mW (sum of power in both beams) at incident
pump power of 3.9 W. The ML operation remained stable and without QML instabilities even
with pulsed pumping (4 ms pump pulses). The output power was significantly lower than what
was expected from the previous experiments. When analyzing the conditions in the cavity
against the stability condition (4.2) as in Fig. 4.9, it turns out that such configuration should
not even allow stable ML operation — higher intracavity power was assumed in the design pro-
cess. This discrepancy is probably caused by inaccurate input parameters, but since this case it
was a favorable one, no further investigation was performed. The fluence on the SESAM was
estimated as 640 pJ/cm?, which is 7 times its saturation fluence.

The laser oscillator operated at central wavelength of 1025.4 nm with spectral bandwidth of
0.64 nm (FWHM) and spectral shape corresponding to a transform-limited pulse with duration
of 1.8 ps [Fig. 4.10(a)]. The spectrum showed a partial modulation with period of 0.2 nm, which
could suggest presence of etalon effect in the 1.5-mm thick ceramic plate.
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Fig. 4.10: (a) optical spectrum of the cryogenic oscillator and beam profile (inset) measured
behind the CC HRM from Fig. 4.7, (b) waveform of the output pulse train, acquired with a fast
photodiode and oscilloscope.

Temporal characterization of the output laser pulses was first carried out using a photodiode

with 35-ps rise time (EOT ET-3500), a 9-GHz digital oscilloscope (LeCroy SDA9000) and an

RF

spectrum analyzer. The pulse train with repetition rate of 119 MHz is shown in Fig. 4.10(b).

The measured microwave spectrum (Fig. 4.11) confirmed stable CW mode-locked operation.
To determine the pulse duration, we used a laboratory-made intensity autocorrelator with long
delay stage. The acquired autocorrelation trace is shown in Fig. 4.12.
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In the autocorrelation trace with large delay range, there are clearly evident multiple peaks
separated equidistantly by 18.5 ps. The width of the main autocorrelation peak, as well as of
the side peaks, was 3.70 ps, while their shape was very close to sech?. Therefore we estimate a
pulse duration of 2.40 ps, i.e. four times shorter than the minimum value ever reported with a
cryogenic Yb:YAG (10 ps [132]).

The delay between pulses was 18.5 ps, corresponding to optical path of a double internal
reflection in a 1.5-mm thick plate with refractive index of 1.85. The refractive index of YAG
and YGG (Y3Ga5;042) at 1.06 pm is 1.822 and 1.912, respectively [133]; therefore, this value is
very plausible for their mixed garnet — Yb:YGAG (refraction index data for this material were
not available). We slightly tilted the ceramic plate in order to mitigate the etalon effect, but as
can be seen from both the output spectrum and autocorrelation, the internal reflection on the
ceramic surface was still considerable. This might be caused by reduced effectiveness of its
anti-reflection coating at low temperature. Possibly we could generate even shorter pulses with
the same setup after suppressing these reflections, since a smoother output spectrum should be
obtainable.
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Fig. 4.13: absorption spectra of Er: Y203 near 1 pm measured at various temperatures.

In conclusion, this experiment with Yb:YGAG ceramics showed that its laser performance
is comparable with Yb:YAG and it also confirmed its significant advantage for ultrashort pulse
generation and amplification at cryogenic temperature. The work on Yb:YGAG was contin-
ued by Jaroslav Huynh by developing a regenerative amplifier delivering 405 fs long pulses at
room temperature [127], and thin disks made of this material are under preparation for future
experiments.

4.2 Erbium 2.7-um laser

The erbium-doped materials exhibit favorable spectroscopic properties for direct mid-IR laser
generation, as explained in detail in Section 2.1.3. The experiments with erbium-doped yttria
ceramics (Er:Y,03) were carried out in the laboratory of Professor Ryo Yasuhara at the National
Institute for Fusion Science (NIFS, [134]). The ceramics were produced by the Konoshima
Chemical Co. Ltd., by the same manufacturer like the Yb:YGAG ceramics that was examined
within Section 4.1.

For 2.7 um operation, the most efficient pump source is a ~ 1-pm semiconductor laser. We
investigated the absorption spectra of 2.3 at.% Er:Y»Oj3 using a spectrophotometer Shimadzu
UV-3600 at the Department of Physical Engineering of FNSPE CTU. Although we planned to
operate the laser only at room temperature, we used an opportunity to characterize the material
in a liquid-nitrogen-cooled cryostat. The measured absorption spectrum for temperature from
80 to 295 K is in Fig. 4.13. It shows a strongly modulated absorption band from 963 to 985 nm
with peak cross section at 974 nm and other strong absorption bands around 971 and 981 nm.
At temperature of liquid nitrogen, the absorption cross section at peak wavelengths increases
roughly by a factor of 2.

Due to the complex energy level structure of the Er** ion, (ground-state) absorption spec-
trum is not the only factor for choosing the optimum pump wavelength. The excited-state
absorption (ESA) between levels *1;; /2 and ‘F, /2 plays also an important role, since it occurs
unfortunately in the very same spectral region. Some notion about the effect of ESA on the
laser efficiency can be acquired from measurements with similar Er:Lu,O3 crystal by Li et
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Fig. 4.14: The disk/active-mirror Er:Y2Os laser in operation.

al. [135], showing that the most effective pump wavelegths are around 971, 974, and 980 nm.
For Er: Y03, corresponding data are not available and we did not perform the pump-probe mea-
surement ourselves; instead, we experimentally optimized the pump wavelength by controlling
temperature of the 976-nm pump diode laser.

The next two sections cover the two phases of experiments performed with Er:Y»O3 ce-
ramics at NIFS. In the first part (Section 4.2.1), we examined Er:Y,0O3 samples with different
parameters and established the methods of characterization for ~ 3 pm lasers. We obtained
laser oscillation from what possibly was the first 2.7-um erbium active-mirror laser as well as
from a rod-type laser, which was reported in [A19]. For the second stage of experiments (Sec-
tion 4.2.2), we used a sample of Er:Y2Og3 ceramic of refined parameters to obtain ~ 1 W of
continuous-wave laser output in a nearly diffraction-limited beam. This result was later pub-
lished in Laser Physics Letters [A2].

4.2.1 Initial laser experiments with Er:Y,0; ceramics

We started the experiments rather ambitiously by employing a disk (active-mirror) configura-
tion. The available samples came in form of plates of various thickness (from 0.5 to 1.5 mm)
and Er3* concentration of 2.3 and 15 at.% with HR coating for 0.97 and 2.7 um on the back
side of ceramics. The most promising samples were bonded to heatsinks using a thermally con-
ductive glue. We used a prototype thin-disk pump module developed at HILASE for ytterbium
thin-disk lasers (Fig. 4.14), in this case with pump spot diameter of 0.7 mm. A 55-W, 976-nm
diode laser initially used was swapped for a 200 W, 981 nm to increase the pump intensity in
QCW regime at the cost of lowering the duty cycle and lower pump absorption. The sample
with most suitable parameters for lasing was the 1.5-mm thick plate with 2.3% concentration
(the 15% samples were too thick for efficient heat removal). Such medium cannot be considered
to be a thin disk, but the active-mirror configuration with a pump chamber using a ring elliptic
mirror was the same like what is used in thin-disk lasers.

The initial 2.7 pwm laser oscillation was detected when using the pump laser at highest cur-
rent (peak power of 250 W) with d.c. of just 0.9%. With a 50 mm long cavity and a 98%
output-coupling mirror, 5 mW of average output power was obtained with only 0.25% slope
efficiency. It was not possible to use a shorter optical resonator due to dimensions of the pump
chamber. Due to poor performance of the disk Er:Y,O3, we decided to continue with the com-
mon end-pumped rod geometry with a larger ceramic sample.
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Fig. 4.15: First version of the rod Er: Y203 ceramic laser. Left: optical scheme with the output
coupler mirror (OC) and high-reflection (HR) marked coating on one side of the crystal. Right
— the laser with visible green-yellowish light formed by detrimental energy transfer processes in
the laser medium.

The ceramic, we were able to obtain within a short time including coating, had clear aperture
of 2 x 5 mm?, length of 10 mm and high erbium concentration of 15%. One face was AR-coated
for the 2.7 um radiation, the other was high-reflective with high transmission for pump light.
For pumping we utilized the 55-W, 976-nm diode laser. The absorption of pump light in the
long sample with high concentration was very high, over 98% at non-lasing conditions. High
quantum defect and occurring upconversion processes led to significant heat deposition in the
pumped region and formation of a strong thermal lens. With this strong lens and a long ceramic
sample, we needed to use as short cavity as possible (Fig 4.15). This effort was aided by the
dichroic coating of the pumped face, but still a modification of the brass holder was necessary
to fit the output coupler just about 0.5 mm from the ceramic.

The high heat generation prevented us from reaching threshold of CW operation. The laser
was run instead in QCW regime with low duty cycle around 1%. The highest efficiency was
achieved with an output mirror with reflectivity of 95.5%, which was lower than expected and
led us to a presumption that the dichroic coatings from Sigma Koki (used also on the active-
mirror disks) had lower reflection at 2.7 um than specified. The threshold pump power with
20-Hz pulses and 1% d.c. was 260 mW and at pump power of 690 mW, output of 10.2 mW
was obtained (i.e. peak output power of 1.02 W) with slope efficiency of 3%. Maximum output
power of 25.4 mW was generated at repetition rate of 70 Hz with d.c. of 3.5%.

At this stage, the performance of the Er:Y,03 ceramics was still far from expectations,
although it was a significant improvement over the first experiment with the disk samples and it
helped to mark the direction for more efficient mid-IR generation with erbium-doped yttria.

4.2.2 Efficient, high-brightness ceramic Er:Y,Oj3 laser

After the previous experiments, new ceramic sample was ordered with its parameters adjusted
in order to obtain better laser performance. The Y,05 ceramic still had 15 at.% Er** doping
concentration, but for the sake of improved cooling, its clear aperture was reduced to 1 x 2 mm?
and length of the sample was 5 mm (former 10-mm sample was clearly too long to obtain gain
along the entire sample). Both its faces were polished but uncoated to rule out the possibility of
defective coating layers, and thus the optical cavity had to be formed using two separate mirrors
and made as short as possible to mitigate the effect of Fresnel reflections. The ceramic was



CHAPTER 4. LASER OSCILLATORS BASED ON NOVEL LASER MATERIALS 46

Fiber-coupled Pump mirror  Output coupler

diode laser T F
< | -
_‘ Output beam
Er:Y,04

Pump-coupling lenses

Fig. 4.16: Experimental setup of the high-brightness Er: Y203 ceramic laser.
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Fig. 4.17: Power characteristics of the Er: Y403 laser (a) for different configurations of the pump-
delivery optics and (b) for various reflectivity of the output coupler. The laser was operated in
QCW regime with 10% duty cycle. The indicated slope efficiencies are related to the incident
pump power.

mounted in a brass water-cooled holder with thermal conductive paste and cooled with 16 °C
water.

For pumping the laser ceramic, there were available two different diode lasers, a 55-W,
broadband laser with central operating wavelength of 976 nm and spectral width (FWHM) of
5 nm (nLight €06.0550976105, same as in the previous setup) and a 9-W, narrowband VBG-
stabilized laser emitting also at 976 nm with 0.4 nm bandwidth (BWT K976A02RN). Output of
both pump lasers was coupled into fibers with a 105-pm core diameter and numerical aperture
of 0.22.

The laser setup is shown in Fig. 4.16. Pump light was imaged on the ceramic using two
plano-convex lenses with focal lengths of 10 mm and 20 mm, yielding a waist diameter of
the pump beam equal to 210 um. Also lens configurations with larger magnification factors
were examined [Fig. 4.17(a)], but these resulted in lower laser efficiency. In resemblance of a
microchip laser, the compact optical resonator consisted of two plane mirrors spaced by 7 mm,
which was the minimum distance allowed by length of the gain medium and mounts of cavity
mirrors. The pump mirror was HR-coated for 2.7 um wavelength and had 97.9% transmittance
for pump radiation. The optimum laser performance was obtained with an output-coupling
mirror with 98.1% reflectivity, while other tested output couplers had reflectivity of 93.6%,
97.1%, and 98.7% [see Fig. 4.17(b)]. Stability of the cavity and diameter of its eigenmode were
given by the thermal lens induced in the ceramic. The focal length of the emerged thermal lens
fin can be estimated as [136]
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Fig. 4.18: Output power and efficiency (related to absorbed pump power) of the Er:Y2O3 laser
in quasi-CW regime (10-Hz, 10-ms pump pulses).

where K. is the thermal conductivity (4.6 W/(K-m) for Y,Oj3 as extrapolated from [137]), w,, is
the average pump beam radius in the medium, ¢ is the fractional thermal loading, which can be
estimated as 1 — P,,;/ Py (ratio of output power P,,; and absorbed pump power F,;) [138],
dn/dT stands for the thermo-optic coefficient (= 8.5 - 107 K~ for Y03 [139]), n = 1.879
is the refractive index of Er:Y,Og3 at 2.7 um [140], v is the Poisson’s ratio (0.298 [141]), ar
is the thermal expansion coefficient (=~ 6.5 - 1079 K~! for Y,03 [139]), and C, indicates the
photoelastic coefficient (estimate from the YAG crystal: 0.017 [23]). Focal lengths calculated
for Er:Y,0O3 using these parameters are on the order of 10 mm or even shorter.

The output power was measured with a thermopile power meter behind a Thorlabs FB2750-
500 band-pass filter (center wavelength 2.75 um and FWHM 0.5 um). Spectral measurements
in the 2.7-um region were performed using an Oriel MS257 grating monochromator, Hama-
matsu C12492-210 photodiode, and a digital oscilloscope. To facilitate the characterization
in CW operation, the output beam was modulated with an optical chopper. For spectrum and
beam quality measurements, the divergent output beam was collimated using a 50-mm lens.
Temperature of the gain medium was monitored with a thermal camera (FLIR A35).

The laser was first operated with pulsed pumping (1-ms pulses at 10 Hz repetition rate,
1% duty cycle) to reduce heating of the gain medium and to allow higher peak pump power.
Therefore, the pump source used here was the 55-W broadband diode laser, cooled down to
15 °C, shifting its central wavelength to 974 nm in order to achieve the best laser performance.
The pump light absorption at low pumping level was 82% (more optimum than 98% obtained
with the longer ceramic sample), but it increased to 90% at full pump power (measured at non-
lasing conditions). This was caused partially by increased ESA and other detrimental energy-
transfer processes in Er: Y203 during intense pumping and in part by the temperature-dependent
drift of the pump laser wavelength at higher current.

The maximum average output power of 90 mW was obtained at 636 mW of incident pump
power with slope efficiency of 17.7% with respect to the absorbed power (shown in Fig. 4.18).
Under these conditions, the peak temperature in the ceramic rose to 37 °C. The corresponding
peak power was roughly 9 W, and during relaxation oscillations at the start of each pulse it
reached even several times higher intensities. With a beam of very small diameter, this led on
several occasions to formation of damage spots on the pumped face of the gain medium.
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Fig. 4.20: Waveforms of the two spectral lines of the Er:YoO3 laser in quasi-CW operation with
10-ms pump pulses (same data as in Fig. 4.19).

The output spectrum with 1-ms pump pulse duration was centered at wavelength of 2725 nm.
However, when operating with longer, 10-ms pump pulses, the wavelength shifted to 2840 nm,
2842 nm and 2846 nm lines after 1 ms of laser emission (this is shown in Fig. 4.19 and
Fig. 4.20). This phenomenon can be explained by an increased population of the *I;3 /2 Mani-
fold (with longer lifetime than I, /2) during the pumping process that subsequently led to an in-
creased re-absorption. The laser therefore switched to a transition less affected by re-absorption.
This behavior was not observed in CW operation due to significantly lower pump intensity.

For CW operation, we switched to the 9-W wavelength-stabilized narrowband pump diode
laser, because the spectral thermal drift of the non-stabilized diode did not allow for reaching the
optimum wavelength in CW operation without cooling the pump laser below the dew point. 9 W
output power was fully sufficient for the Er:Y,Oj3 laser and the pump absorption of narrowband
976-nm pump was similar like with the broadband 974-nm source. The laser performance of
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Fig. 4.21: Output power and efficiency (related to absorbed pump power) of the Er:Y20O3 laser
in continuous-wave operation.
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Fig. 4.22: Ratio of absorbed pump power and peak surface temperature of the Er: Y203 laser in
CW regime.

Er:Y,0O3 under continuous pumping in terms of output power and optical-to-optical efficiency
vs. incident pump power is shown in Fig. 4.21. The lasing threshold was reached at incident
pump power of 0.72 W and the generated output power was increased to 0.95 W at an incident
pump power of 6.64 W (optical-to-optical efficiency of 14.3%) with slope efficiency of 16.0%
(17.4% related to absorbed pump power). Further increase in the pump power did not lead
to higher output power. Pump absorption under non-lasing conditions increased with pump
power from 82% to 90% (see Fig. 4.22) similarly to the case of QCW operation. The maximum
temperature of the ceramic increased up to 103 °C at 6.6 W pump power, but no damage of
the gain medium was observed in CW regime despite the very high temperature gradient. This
shows the exceptional mechanical properties of the Y,03 host material.

The output spectrum of the laser (Fig. 4.23) showed a strong spectral line at 2725 nm and
also a substantially weaker line at 2839 nm. Laser oscillations were not observed at any other
wavelength in the CW regime.
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Fig. 4.24: Measurement of the M? parameter of the output beam in CW operation at pump power
of 1.2 W (left) and 4.5 W (right). The horizontal beam radius is shown in blue, the vertical one
is shown in red.

Beam quality was measured using the knife-edge technique, since we lacked a beam profiler
for the mid-IR range. Measurement of the beam caustics in horizontal and vertical planes was
carried out for two different pump power levels — 1.2 W and 4.5 W of incident pump power.
Collimated output beam was focused with a 200-mm plano-convex lens and the M? parameter
was determined from multiple beam width measurements near the beam waist.

The output beam was found to be almost diffraction-limited thanks to an interplay between
the diameter of the pumped area and the power of the thermal lens formed in the gain medium.
When calculating the thermal lens from the equation (4.4), one obtains focal length of 22 mm
for pump power of 1.2 W and 5.6 mm for 4.5 W. This yields eigenmode diameter in the gain
medium of ca. 190 um at the lower pumping level and around 140 pm for high pump power
(overlap factors with the 210 wm pump beam of 90% and 67%). This result indicates that beam
quality close to the diffraction limit should be obtainable at 1.2 W pumping with this setup, and
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at higher pump level the beam quality should deteriorate, yet the fundamental-mode operation
might be maintained.

The measured M? parameters were M = 1.05 # 0.20 and M = 1.05 & 0.04 at low pump
power and M2 = 1.1940.17 and MZ = 1.08 £0.04 at high pump power (Fig. 4.24). The slight
astigmatism and better beam quality in the vertical direction can be explained by the dimensions
of the ceramic sample (clear aperture of 1 mm in vertical and 2 mm in horizontal direction)
and the fact that the pumped area was positioned near the bottom side of the ceramic, so the
temperature profile and thermal lens were also asymmetric. The results were in accordance with
our expectations.

The maximum output power of the laser was limited mainly by heat and further power scal-
ing should be possible by choosing ceramic with lower doping concentration to better distribute
the heat load along the gain medium. Also, Er:Y,0O3 ceramic with doping concentration around
7 at.% was shown to lase more efficiently than 15 at.% ceramic [63]. Furthermore, laser effi-
ciency at high pump intensity is decreased and heat load is increased by ESA and upconversion
processes (leading e.g. to very intense fluorescence, observed throughout the experiment) and
thus the pumped area should be expanded for higher pump power. Therefore, there is a signifi-
cant potential for further enhancement in performance of the Er:Y,O3 ceramic laser.

However, further investigation of erbium-doped laser ceramics done by my collaborators,
group of Professor Ryo Yasuhara, showed that a similar 11 at.% Er:Lu;O3 ceramic offers some-
what better laser performance [142] and it was later preferred for pulse generation. This led to
development of a passively Q-switched Er:Lu,O3 laser operating at 2.8-pm [143].
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Chapter 5

Development of high-power thin-disk laser
system PERLA C

This chapter describes the design, development and performance of the PERLA C thin-disk
laser system, which I have led since 2015 and it became my main research interest for the
following years. PERLA C was intended as a high-repetition-rate laser system operating at
100 kHz, one of the three multi-100-W Yb:YAG thin-disk beamlines of the HiLASE thin-disk
programme — together with the 1-kHz Perla B and 100-Hz Perla A.

The ultimate goal of this 100-kHz laser system was generation of optical pulses with 500 W
of average power and 1-2 ps duration in high-quality beam (M? < 1.5). In 2015, when the
work on the main amplifier of PERLA C started, these proposed parameters were unmatched
by any reported mJ-level laser system. This held true until 2017 (reported 1-kW, dual-disk
RA [101]), when also the target average power was obtained from PERLA C for the first time
(although with uncompressed output). It then took a similar amount of time to hone the sys-
tem’s other parameters and move from the first demonstration to a reliable system with full
application potential. The development of this state-of-the-art laser system was presented in
a book chapter [A12], in several journal papers [A5,A10,A11], and at international confer-
ences [A15,A18,A20,A21,A23]. The laser system was used for various applications (some are
listed in Sec. 5.6) resulting in journal publications [A6,A8,A9].

Due to the complexity of the system, many of its parts were developed in collaboration with
my colleagues. The 100-W regenerative amplifier and the first iteration of the fiber front end
were built by Dr. Martin SmrZ and I have been later performing maintenance and partial im-
provements, mainly for the sake of improved reliability and temporal pulse shape. The next
generation of fiber front end was assembled according to my concept jointly with Jitka Cer-
nohorskad (first two fiber amplifiers) and Vit Bily (the rest). The bulk Yb:YAG preamplifier was
developed by Vit Bily under my supervision. Finally, most of the work on pulse compression
(detailed study of the CVBG compressor, implementation of the grating compressor) was done
in close collaboration with Denisa Stépankova (whom I led as an advisor/supervisor). Their
keen assistance and team spirit ensured that the long and sometimes also tedious developmental
and honing process remained overall a gratifying experience.

The following sections introduce the overall structure of the laser system and focus further
on the individual modules: the laser oscillator, fiber and free-space preamplifiers, the main
thin-disk amplifier, the pulse compressor, and additional equipment for manipulation with the
output beam. For better coherence of the text, main theoretical and design aspects as well as
experimental details connected to specific parts of the system are included together in relevant
sections.

53
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OUTPUT

Fig. 5.1: Schematic overview of the PERLA C laser system with a regenerative preamplifier and
a CVBG compressor (completion in 2017). OSC — ANDi fiber oscillator, Circ — fiber circulator,
CFBG - chirped fiber Bragg grating stretcher, YDFA — ytterbium-doped fiber amplifier, PP —
AOM pulse picker, Pol-C — fiber polarization controller, TFP — Thin-film polarizer, QWP/HWP
— quarter-/half-wave plate, FR — Faraday rotator, PC — Pockels cell, DL — pump diode laser, PBS
— polarization beam splitter.

5.1 Architecture of the laser system

The demanding target parameters required implementation of several different technological ap-
proaches. These included a mode-locked ytterbium oscillator for initial formation of picosecond
laser pulses, high-peak-power fiber amplifiers, thin-disk regenerative amplification operated in
fundamental mode for effective generation of half-kilowatt power with beam quality close to
the diffraction limit, and use of the CPA technique (Section 2.2.1) to keep the intensity of light
during the amplification process below damage threshold of the optical components.

Fig. 5.1 shows the individual sections of the laser system. It used a multi-stage MOPA
(master oscillator power amplifier) scheme. A highly stable train of sub-picosecond pulses
was generated in a small-scale mode-locked ytterbium-fiber oscillator. In accordance with the
CPA method, duration of the pulses was immediately increased by more than two orders of
magnitude in a fiber stretcher. The oscillator and stretcher were followed by a series of fiber
amplifiers, forming together the fiber front end (fully described in Sec. 5.2.1). In order to not
distort the pulse shape, pulses were amplified gradually in multiple stages and repetition rate
was reduced for the same reason by factor of 500. With adequately proportioned main amplifier
and free-space preamplifier, the quality of the temporal pulse shape was given mostly by con-
ditions in fiber front end. Its output pulses then seeded the thin-disk regenerative preamplifier
(Sec. 5.2.2) amplifying the pulses to =~ 10 W power level. The following main power amplifier
(Sec. 5.3) than allowed reaching 550 W of output power and CVBG compressor (5.4.2) was
used to compress the laser output up to 220 W to ~ 1.5 ps pulse duration in 2017.

The described system including two regenerative amplifiers was more complex than nec-
essary, leading to lower robustness and more complicated operation and maintenance. A good
illustration of its complexity is the scheme of its water-cooling management in Fig. 5.2. This
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Fig. 5.2: Water-cooling diagram of the PERLA C laser system (setup with two regenerative
amplifiers). After the front end upgrade, “Rack 1” and PERLA C-100 was no longer part of the
system. Color code: blue — chillers (with water temperature and flow rate), red — devices with
high thermal load (stable cooling is critical), orange — medium thermal load, green — low thermal
load.

|Fiber front-end
YDFA 1

Fig. 5.3: Outline of the upgraded and simplified PERLA C system with PM-fiber front end, rod
preamplifier and grating compressor (completed in 2020). OSC — Yb:KGW oscillator, CFBG —
chirped fiber Bragg grating stretcher, (DC) YDFA — ytterbium-doped (double-clad) fiber ampli-
fier, FR — Faraday rotator, QWP/HWP — quarter-/half-wave plate, TFP — Thin-film polarizer, PC
— Pockels cell, DL — pump diode laser, G1, G2 — dielectric compressor gratings.

motivated a substitution of the regenerative preamplifier by a more powerful fiber front end and
overall upgrade of the system (Fig 5.3).

The new fiber front end (Sec. 5.2.3) was seeded by a highly-stable commercial solid-state
oscillator and utilized solely polarization-maintaining fibers. Using a double-clad fiber and 4-
pass Yb:YAG rod amplifier (Sec. 5.2.4), a more robust watt-level seed was available for the main
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Fig. 5.4: Schematic layout of the first version of the fiber front end. The black lines represent
non-PM single-mode fiber with 6-pum core diameter, red lines symbolize coaxial cables and blue
lines stand for laser beam in free space. BW — bandwidth, Pol-C — fiber polarization controller,
LD — pumping fiber-coupled laser diode (including a pump protector and wavelength combiner),
PD - photodiode, YDFA - ytterbium-doped fiber amplifier, DG — delay generator, RF — radio-
frequency driver, AOM — acousto-optic modulator, CFBG — chirped fiber Bragg grating.

amplifier. Finally, the output pulses were compressed using a dielectric-grating compressor
(Sec. 5.4.3) up to 350 W of average power. This upgrade enhanced the output parameters of the
system and simultaneously halved the amount of required maintenance work.

5.2 Seed pulse generation

5.2.1 Single-mode-fiber based front end

The scheme of the fiber front end is shown in Fig. 5.4. It was based on Corning HI-1060 silica
optical fiber (and its equivalents), which is a non-polarization-maintaining (non-PM) fiber with
6-pum core and 125-pum cladding diameter, a standard fiber for laser amplifiers pumped around
980 nm (both YDFA and EDFA - ytterbium- and erbium-doped fiber amplifiers). For modifi-
cations of this system, communications fusion splicer Fujikura FSM-60S with corresponding
accessories was used. The splicer had to be used every time when working on the front end,
since fiber connectors, originally used abundantly in the system, turned out to be its bottleneck
and were gradually replaced by spliced connections.

Over the time, this fiber system was seeded with various fiber oscillators. Mostly it was
the laser oscillator GO pico [144] originally developed by Michat Chyfa. It is a compact
all-normal dispersion (ANDI) oscillator utilizing nonlinear-polarization-rotation mode-locking
technique [145] in single-mode non-PM fiber. It was operated at repetition rate of 37 MHz
with average output of about 40 mW (1 nJ pulse energy) with a very broad spectrum (>20 nm)
centered at 1030 nm and chirped output pulses with duration around 6 ps. The prototype unit
provided a reliable, continuous operation usually over several months and in case of mode-
locking interruption, restarting it was a matter of few minutes.

The pulses from the oscillator were routed through a 4-port optical fiber circulator to the
chirped fiber Bragg grating (CFBG) pulse stretcher Teraxion TPSR-1030T-4.5F[1841L-260-
1(106.51)] with tunable dispersion coefficient of —205+15 ps/nm, based on the Nufern PM980-
XP polarization maintaining fiber. Details this component are described in Sec. 5.4.1. This
grating worked over bandwidth of 3.3 nm centered at 1030 nm, which means that approximately
85% of the pulse energy from the oscillator was lost on this part alone, since the outer spectral
components could not be back-reflected.
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Fig. 5.5: Picosecond fiber laser oscillator GO Pico, developed by Michat Chyta at HILASE and
originally used for seeding the laser system. Typical output spectrum is shown on the right side.

Back-reflected stretched pulses were diverted by the circulator further into the front end
(Port 2 — 3), while the circulator worked also as an optical isolator, since its Port 4 remained
uncoupled. The front end consisted from three YDFA stages using high-concentration Yb-
doped fiber (about 10-cm length each), all pumped in forward direction by a 500-mW, 976-
nm single-mode laser diodes. In YDFA 1 and YDFA 3, the pump was distributed into two
active-fiber segments with division ratio of 40:60. After YDFA 1 (amplifying from 50 pJ to
3 nJ), a small part of the optical pulses was sampled onto a photodiode, whose weak signal
was amplified and used for timing of the entire PERLA C laser system (Fig. 5.21). This signal
then indirectly controlled the 200-MHz fiber acousto-optic modulator (AOM) Gooch&Housego
T-M200-0.1C2G-3-F2S, serving as a pulse picker reducing the repetition rate from 37 MHz to
100 kHz. This enabled reaching higher pulse energy in the following amplifiers, since the
average power was greatly reduced. The final two amplifiers then boosted the average power
from about 5 pJ to about 50 nJ.

The gain narrowing effect taking place during the amplification process resulted in the band-
width decreasing from 3.3 nm after the stretcher to 1.5 nm at the output. Polarization of the
output radiation was controlled using a 3-paddle fiber polarization controller and outcoupled
using a fiber collimator. Precise setting of the polarization was necessary to minimize losses
on the following Faraday isolator protecting the front end from back-reflections from the thin-
disk regenerative preamplifier. The pump power in all fiber amplifiers was reduced during the
optimization process in order to suppress amplified spontaneous emission ASE. The poten-
tial occurrence of ASE was identified from shift of the output spectrum to longer wavelengths
(mostly in the region of 1030-1045 nm) and presence of a significant unpolarized component in
the output — reduction of pump power solved this issue.

After completing the PERLA C system and compressing its output, in autocorrelation trace
we later discovered significant satellite pulse of an unknown origin and with delay of ~ 10 ps
to the main pulse. After thorough investigation, it turned out it was caused by combination
of non-PM fibers of the front end and PM fiber of the pulse stretcher. As a hot fix, the splice
between the CFBG and fiber circulator was replaced with a polarization beam splitter inserted
in free space between two fiber collimators, launching this way a linearly polarized light into
the PM fiber. Together with polarization adjustment of light from the non-PM fiber with another
3-paddle controller, this measure effectively improved the contrast ratio of the main pulse in the
AC from approximately 3:1 to more acceptable 20:1. Also, even a small bending of the fiber or
a temperature change alters the polarization state of the light guided through it. Since we used
polarization-dependent components both in the front end and at its output, this led to some day-
to-day fluctuation in seed energy of the regenerative preamplifier and, more importantly, to a
variation in output pulse duration of the whole laser system (usually on the order of hundreds of
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Fig. 5.6: 3D model of the 100-W thin-disk regenerative preamplifier. Main elements: in yellow
— thin-disk module, green — Pockels cell, red — Faraday rotator, blue — CVBG pulse compressor.

fs). These findings, together with a need for higher pulse energy, served as a major motivation
to develop a PM-fiber front end.

5.2.2 Thin-disk preamplifier PERLA C-100

The pulse energy around 50 nJ (5 mW of average power) from the first generation of the fiber
front end was lower by more than three orders of magnitude than what would be the optimum
seeding energy for the main amplifier (as shown in Section 5.3.4). In the case of the first
generation of the front end, it was natural to use the existing 100-W thin-disk regenerative
amplifier PERLA C-100 [146] for which the front end was originally developed. Its 3D model
is shown in Fig. 5.6.

This thin-disk regenerative preamplifier used a thin-disk laser module TDM1.0 from Dau-
singer + Giesen GmbH with permissible pump power of 1 kW and pumped with a fiber-coupled
diode laser Dilas M1F10L12 with maximum output power of 500 W at 969 nm wavelength
(wavelength was VBG-stabilized) coupled into a 1-mm core fiber. The Yb:YAG thin disk with
7 at.% concentration had 10 mm diameter and 220 pm thickness and the diameter of pumped
area on the disk was 2.7 mm.

This amplifier used a 2.7 m long linear optical cavity with 2.2 mm eigenmode diameter on
the thin disk. The Pockels cell was comprised of two 8 x 8 x 25 mm?® BBO crystals (eigen-
mode diameter here was 1.7 mm) and it was used with a complementary quarter-wave plate and
switching quarter-wave voltage of 3.85 kV for locking the seed pulse in the cavity and its final
ejection.

50-n] seed pulses with repetition rate of 100 kHz were stored in the cavity for 90 roundtrips
[exponential intracavity pulse build-up measured with a photodiode behind one of the cavity
mirrors is shown in Fig. 5.7(a)]. After leaving the cavity, output pulses were separated from
the seed using a Faraday rotator. Maximum pulse energy of the output was 1.2 mJ (120 W of
average power), which could be obtained at pump power of 430 W, i.e. with O-O efficiency of
28% [Fig. 5.7(b)]. The output could be compressed using a CVBG compressor to pulse width
below 2 ps with pulse energy decreasing to 1 mJ. Compressed beam then could be used for
experiments, e.g. for nonlinear frequency conversion.

For seeding the main amplifier, it was not necessary to use the full output power of this
regen; the portion of output power used for seeding the ring amplifier was 1-20 W. The dis-
tance between the amplifiers was over ten meters (given by the historical development in the
laboratory), and therefore, beam pointing stability was an issue. This was solved with an active
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Fig. 5.7: (a) waveform of the pulse build-up inside the cavity of the preamplifier; (b) output
power and O-O efficiency of the regenerative preamplifier.

Fig. 5.8: Reconstruction of the 100-W regenerative amplifier according to the industrial stan-
dards (completion planned for June 2021).

beam pointing stabilization (Sec. 5.5). Since the regenerative preamplifier was replaced by the
new version of fiber front end, it was decided that this thin-disk amplifier is going to be refur-
bished and upgraded according to HILASE’s experience with industrial lasers. The status of the
upgrade from May 2021 is captured in Fig. 5.8.

5.2.3 Front end based on polarization maintaining fibers

Adoption of polarization maintaining fibers, together with use of a solid-state oscillator, allowed
us to build a more robust seed source for the laser system, with more reproducible results on
day-to-day basis. This came at the cost of increased price of fiber components and need for
an advanced fusion splicer, in our case it was Fujikura FSM-100P. This front end (Fig. 5.9)
was mostly based on the Nufern PM980-XP telecommunication fiber (and its equivalents) with
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Fig. 5.9: Schematic layout of the upgraded PM-fiber front end, completed in 2019. The black
lines represent non-PM fibers whereas the orange lines are PM fibers (thinner ones with 6-pum
core diameter and wider ones are 10-pum-core PM double-clad fibers). Red lines symbolize
coaxial cables and blue stands for laser beam in free space. CFBG — chirped fiber Bragg grating,
YDFA - ytterbium-doped fiber amplifier, LD — pumping fiber-coupled laser diode (including a
pump protector and wavelength combiner), PD — photodiode, DG — delay generator, RF — radio-
frequency driver, AOM — acousto-optic modulator, ISO — optical isolator, MFA — mode field
adapter.

5.5 um core diameter and 125 pm cladding diameter and on ytterbium active fiber Nufern PM-
YSF-LO (low doping concentration fiber). The mode field diameter (MFD) of both fibers was
6.5 um. In order to obtain higher output power, for the last amplifier we used a PM large-
mode-area double-clad fiber (LMA DCF) Nufern PLMA-YDF-10/125-VIII with core diameter
of 11 wm and cladding diameter of 125 um. All fibers used the PANDA-type stress structure
inducing strong birefringence in the fiber, so that an externally induced mechanical stress would
not affect light propagation along the fiber, given its polarization was aligned with fast or slow
axis of the fiber.

The oscillator in this case was a commercially available solid-state laser Onefive ORIGAMI-
10 [147] based on quasi-soliton mode-locking of Yb:KGW gain medium (currently the manu-
facturer does not disclose the principle of operation, this is rather a surmise based on information
from another owner) and with PM-fiber-coupled output. This compact laser operates at 40 MHz
repetition rate with 14 mW of output power, pulse duration of 440 fs, and spectral bandwidth
of 9 nm centered around 1028 nm. Thanks to the soliton mode-locking, both pulse shape and
spectrum should be ideally of sech? shape [measured spectrum is in Fig. 5.10(a)].

Similarly as in the original front end, femtosecond pulses from the oscillator were sent
through an optical circulator to a CFBG stretcher Teraxion TPSR-1030T-4.5F with broader
bandwidth of 4.5 nm centered at 1030 nm and dispersion parameter of —190 + 30 ps/nm (GDD
of 106.5 ps?). Thanks to wider wavelength range of the stretcher and narrower bandwidth of
the oscillator, the energy loss on the stretcher was not so significant like in the former case,
partially compensating lower pulse energy of the oscillator. The circulator here worked also as
an optical isolator, since its Port 4 remained unused and thus it isolated the oscillator from the
rest of the system (moreover, the Origami oscillator contains an isolator as well). The stretched
pulse duration was estimated using Eq. (5.11) from p. 83 from the bandwidth of ~ 4 nm and
dispersion of the CFBG as 750 ps.
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Fig. 5.10: (a) output spectrum of Onefive Origami-10 femtosecond laser oscillator; (b) evidence
of occurring SRS in the DCF amplifier for higher pulse energies (4 W of pump power, 700
mW average output, pulse energy 0.7 pJ at repetition rate of 1 MHz vs. 3.5 pJ at 200 kHz).
Wavelength range above 1075 nm was not accessible with the spectrometer.

Backward pump configuration (pump radiation travels in direction opposite to signal) was
chosen for all fiber amplifiers, since it generally leads to weaker nonlinear effects (pulse is am-
plified the most at the end of the fiber). The configuration of fiber amplifier was designed using
the Fiber Lasers and Amplifiers Design Toolbox for MATLAB [148] which can be used for
modeling performance of ytterbium and erbium laser amplifiers and oscillators. The prediction
on efficiency and output power of YDFAs were substantially more optimistic (i.e. higher) than
what was achieved experimentally; however, it gave us a good notion of the ideal length of
active fibers in the system.

The first two YDFAs are pumped by one SM-fiber-coupled 976-nm laser diode with its
400 mW of output power divided in 40:60 ratio between the YDFA 1 and 2. The first amplifier
used 4 meters of active fiber and produced power of 50 mW (pulse energy 1.3 nJ). The output
was sent through a sampler (2% fiber splitter) and optical isolator. A photodiode was used to
sample the pulses and to trigger a delay generator controlling the timing of laser system. The
second amplifier consisted of 220 cm of active fiber and increased the average power to 130 mW
(3.3 nJ pulse energy). Afterwards, an 300-MHz acousto-optic modulator Gooch&Housego T-
M300-0.1C2G decreased the pulse repetition rate to range from 100 kHz to 1 MHz. This part
of the front end was again isolated from the rest and a mode field adaptor (MFA) was used for
smooth transition between the 5.5 um core regular fiber and 11 pum core LMA fiber.

The final double-clad fiber (DCF) amplifier was pumped with a 10-W, 976-nm laser diode
BWT K976D02RN with 105 pum core diameter. Pump light was launched in the 4 meter long
active DCF via a pump-signal combiner and the unabsorbed portion of radiation was attenuated
in a power stripper. The permissible pump power was limited by temperature of splices on the
active fiber, which were fixed to an aluminum breadboard using heat-conductive pads. Their
temperature was maintained below 70 °C in order to preserve long term integrity of the fiber.
This limited the pump power to 4.2 W, yielding average output power of 0.8 W regardless of
the repetition rate. During the initial short-term testing with all amplifiers at full pump power
and an additional YDFA between the AOM and MFA (similar parameters like YDFA 2), it was
possible to reach output power over 4 W. The output of the DCF amplifier was spliced to a fiber
collimator with 0.5-mm output beam diameter. The output beam was sent through a Faraday
isolator into the bulk preamplifier (Sec. 5.2.4).
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When examining the output spectrum at lower repetition rates, we detected an emergent
spectral component above 1060 nm and subsequent power loss and distortion of the spectral
shape in the main component centered at 1030 nm [Fig. 5.10(b)]. This was caused by the
stimulated Raman scattering (SRS), which in case of silica fiber and 1030 nm pump wavelength
has peak gain around 1080 nm. The threshold peak pulse power for SRS in forward direction
can be estimated as [149]

; S.D

where A.;; denotes the effective core area in the fiber (assumed is the core area, since MFD
of the fiber has not been specified), gz is the Raman gain coefficient (approximately 9.1 -
10~ W/m for pump at 1.03 um [150]), and L, ¢ 1s effective fiber length. Threshold power for
reverse scattering is higher by ~ 25% and does not need to be taken into account here. Length
of passive fiber after the DCF amplifier was about 3.5 m (fiber segments from the pump-signal
combiner and collimator) and in the backwards-pumped 4-m active fiber the pulse power rises
more steeply than exponentially, so it can be estimated L.;¢ ~ 4 m. The threshold peak power
is then 4.2 kW; this translates with the estimated 750 ps pulse duration into threshold pulse en-
ergy of 3.5 puJ. We detected occurence of SRS with pulse energy as low as 3 pJ and this showed
to be roughly the upper pulse energy limit of this front end for seeding the laser system without
disrupting the temporal profile of the compressed pulses. Most straightforward ways to raise
this limit would be to shorten the passive fiber after the DCF amplifier, to use fibers with even
larger mode area, or to further stretch the pulse.

In conclusion, the fiber front end can currently generate seed pulses with energy up to 2.5 pJ,
average power up to 800 mW and its repetition rate can be set using the AOM to an arbitrary
factor of 40 MHz (tests were performed for range from 100 kHz to 1 MHz). For further use, the
DCF was usually operated with at 100-kHz repetition rate with pulse energy of 2 wJ (200 mW
of average power).

5.2.4 Yb:YAG rod preamplifier

With the PM-fiber front end (Sec. 5.2.3) superseding the original front end seeding the regener-
ative preamplifier, the maximum accessible seed pulse energy was 2.5 pJ, i.e. 20-80 times less
than what we used before. In order to reduce this energy deficit while keeping the system sim-
ple (i.e. not using two regenerative amplifiers), we developed a compact 4-pass bulk Yb:YAG
amplifier.

As the gain medium we used a 10 mm long Yb:YAG rod with 3 x 3 mm? aperture, 2 at.%
Yb3*+ doping concentration, and both faces AR-coated for pump and signal wavelength (940-
1030 nm). To achieve four passes of the signal through the gain medium, we used scheme with
a Faraday rotator and quarter-wave plate, as illustrated in Fig. 5.11. Light from fiber-coupled
60-W, 969-nm diode laser BWT K969AASRN was imaged through a short-pass dichroic mirror
(Thorlabs DMSP1000) onto the crystal with beam waist diameter of 400 um. The seed beam
from the fiber front end was focused on the pump spot using a 300-mm lens and for the three
subsequent passes, the beam was relay-imaged on the same spot with 500-mm and 300-mm
concave HR mirrors.

With this setup at full pump power, it was possible to amplify the 100-kHz, 2-uJ pulses
from the fiber front end to pulse energy of 48 wJ (power of 4.8 W), which was comparable to
the seed energy we used with the regenerative preamplifier. The output spectrum [Fig. 5.30(b)
on p. 82] had FWHM of 2.3 nm and the beam quality was close to the diffraction limit, with
M? ~ 1.1.
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Fig. 5.11: Layout of the bulk Yb:YAG 4-pass preamplifier. PBS — polarizing beam splitter, FR —
Faraday rotator, f — focal length of a plano-convex lens, HWP/QWP — half-/quarter-wave plate,
RoC - radius of curvature of a concave mirror, DM — dichroic mirror (short-pass wavelength
separator), Yb:YAG — gain medium in copper cooling holder.

We were also testing a single-crystal-fiber (SCF) amplifier Taranis from Fibercryst [151],
which uses a 30-mm long, 1 at.% Yb:YAG crystal rod with 1 mm radius. Thanks to better heat
removal from the SCF fiber (which was soldered in a massive water-cooled heatsink), it could
be pumped with more powerful laser diode, in our case we used a 100-W, 940-nm module. In
case of SCF, the pump with lower beam quality than the signal beam propagates in the crystal
with total internal reflection. With this module, it was possible to obtain about twice higher
amplification factor, with output power around 8 W (up to 80 pJ pulse energy). However, this
setup was much more sensitive to misalignment due to small clear aperture of the SCF and in
the end we chose the more robust solution with a bulk 3 x 3 x 10 mm? crystal, which was
maintenance-free and allowed us to concentrate more on the main amplifier.

5.3 Main regenerative amplifier

5.3.1 Thin-disk module and pump source

The core part of the main amplifier was the gain element, i.e. the thin disk with the pump
chamber (thin-disk module) and pump laser source. Their operation is based on the concept
described in Section 2.2.2.

The Yb:YAG thin disk used in the main amplifier [Fig. 5.12(a)] was manufactured at the
Institute fiir Strahlwerkzeuge (IFSW) of the University of Stuttgart. The doping concentration
of the disk was 7.2 at.%, its diameter 12 mm and thickness 215 um. Its front side was AR-
coated for both pump and emission wavelengths, the back side was HR-coated. The disk was
bonded on a synthetic-diamond heatsink of 16 mm diameter and 2 mm thickness. Diamond
is the ideal heatsink material, since it has the highest thermal conductivity of all solid-state
materials {1200-2250 W/(m-K) for CVD diamond [152]}. The radius of curvature of the disk,
given by the concave shape of the substrate, was about 3.7 m. It was wedged by 0.1° in order
to prevent the etalon effect and its edges were chamfered to mitigate potential ASE. During
operation, the disk was cooled with 14 °C water (safely above the dew point year-round) at flow
rate of 3.5 1/min with water pressure of 3 bar.

Sufficient absorption of pump radiation in the thin disk required multiple passes of the pump
beam through the disk. To achieve this, we used the pump module G1 from IFSW Stuttgart
[Fig. 5.12(c)], which is specified to handle up to 2.5 kW of pump power with wavelength of
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Fig. 5.12: (a) Yb:YAG thin disk used in the amplifier, (b) camera image of the pump spot on the
thin disk at 260 W pump power wihthout (top) and during (bottom) the laser operation, (c) the
G1 thin-disk module.

940-980 nm and allows for 24 passes of pump light through the disk (i.e. 12 reflections). It
accepts high-power laser fiber cable with the LLK connector, whose core is imaged using a
collimation lenses and parabolic mirror (75 mm focal length) onto the disk. In our case of
I-mm fiber core diameter and collimation lens with ~ 15 mm focal distance, the pump spot
diameter was 5.2 mm [shown in Fig. 5.12(b)].

Pump light was imaged six times on the pump spot on the disk using a system of a ring
parabolic mirror and two pairs of 45° mirrors (as described in Sec. 2.2.2). After these 12 passes
through the disk, unabsorbed light exited the pump chamber and was directed back with an
end mirror for another 12 passes. Precise overlap of all 12 spots on the disk required careful
alignment of the TD module. The most critical parameter was the distance of the disk and
the parabolic mirror (its focal point should lie on the disk), which could be adjusted either
by moving the disk or the entire pump chamber. Further degrees of freedom were horizontal
and vertical tilt of the disk and 3-axis translation of the collimating lens relative to the fiber
tip. With a good alignment, the six reflections formed a circular and uniform pump spot of
super-Gaussian intensity profile and the beam of unabsorbed pump light could leave the pump
chamber without being cut on the optics of the TDM. The alignment then could be finished by
adjusting the retroreflecting mirror for the final 6 reflections.

In order to handle the high average power, the pump chamber and its optics, the collimation
lens package, and the fiber tip were cooled with 1 1/min water flow rate using a parallel branch
of the thin disk’s water circuit. The highest permissible pump intensity incident on the thin disk
was specified as 6 kW/cm?, therefore the maximum allowed pump power for 5.2-mm pump
spot is 1270 W.

For zero-phonon-line pumping of the disk we used a diode laser DILAS 1S57.1 with VBG-
stabilized wavelength of 969 nm (FWHM of 0.3 nm) and maximum output power of 2.5 kW (at
70.8 A current and 78.0 V voltage) fiber-coupled into the aforementioned LLK-HP fiber. Mea-
sured power curve of the diode laser is in Fig. 5.13(a). Although it was wavelength-stabilized,
we detected certain drift in the central wavelength with changing pump current [Fig. 5.13(b)]
and water temperature. This was caused by difference in the temperature of the VBG element
and the effect was negligible compared to diode lasers without the VBG.

The diode laser was powered with high-power DC supply Agilent N§946A and cooled with
23 °C low-conductivity (< 3 puS/cm) water at flow rate of 16 I/min. We utilized a simple
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Fig. 5.13: Characteristics of the 2.5-kW, VBG-stabilized pump diode laser: (a) current vs. output
power, (b) drift of the central wavelength with increasing power (water temperature 23 °C).
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Fig. 5.14: A 19-inch rack with pump, cooling, and power-supply units for the main amplifier.
HYV PS - high-voltage power supply (for Pockels cell and pulse picker).

analog safety circuit based on relay logic, which continuously watched the function of chillers
for the diode laser and thin disk, diode laser status, and laboratory interlock state. In case of
malfunction, it immediately turned off the output of the current supply to prevent damage of
the diode laser or the disk. The rack containing the auxiliary subsystems (pump, cooling, and
power-supply) for the main amplifier is captured in Fig. 5.14.

A sudden failure on the input side of the pump-delivery fiber cable during 1-kW operation
in 2020 necessitated a reparation of the module. As a substitute, we used a 1.8-kW diode laser
DILAS 1S67.4. Beside the reduced maximum output power (which was still higher than what
could be used), it had identical output parameters as the original unit, but probably due to slight
shift in emission wavelength of 0.4 nm over first months of operation, the pump absorption
in the disk was lower and also efficiency of the amplifier decreased. Since then, the maximum
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output power of the amplifier was limited to 350-380 W (with the previous module it was 550 W,
as stated in Sec. 5.3.4).

5.3.2 Design of the optical resonator

Another key part of a regenerative amplifier is its optical resonator (cavity). Its design deter-
mines the spatial characteristics of the output beam and has significant influence on extraction
efficiency and stability of the output. The calculations leading to the final design were done
in approximation of geometrical optics using the ABCD matrix formalism described in Sec-
tion 3.5. The results were compared to output of simulations performed in LASCAD software
using wave optics without the paraxial approximation. Since the differences in obtained re-
sults were insignificant, the use of the approximation of geometrical optics was considered as
justified.

After preliminary testing of different configurations and thorough deliberation, we decided
to apply a ring cavity scheme instead of a more common standing-wave (SW) cavity. Al-
though the work with ring cavity is somewhat more complicated, it brings several distinctive
advantages [153]. Firstly, it does not require a bulky and costly Faraday rotator inserted in the
high-power output beam to separate it from the seed beam. Another consequence of geometri-
cally divided seed and output beams is a better isolation of the amplifier from the oscillator or
previous amplifying stages. Also contrast of the output (pulse to ASE background) is typically
several times smaller than in case of a linear cavity. However, the ring setup has two major
drawbacks when used in a regenerative amplifier. Over one roundtrip, the beam passes only
once through the gain medium and the electro-optic modulator. This leads to a lower net gain of
the amplifier and requires use of twice higher voltage on the Pockels cell then in a SW resonator.

The appropriateness of the ring cavity scheme for multi-hundred-watt picosecond RA was
confirmed in following years indirectly by other developers using ring setup in their systems as
well — Trumpf Scientific switched between versions of Dira system (installed e.g. at ELI Beam-
lines) from SW to ring cavity, similarly Dausinger+Giesen converted their VaryDisk installed at
HiLASE from linear to ring setup, and finally the dual-TDM kilowatt RA from LMU Munich
also employed the ring cavity scheme [101].

It was possible to overcome the two major drawbacks of the ring setup by taking following
measures. The half-wave voltage was decreased by using Pockels cell with two long crystals;
nevertheless, for high-repetition-rate operation with BBO crystals it was necessary to use a
particularly powerful PC driver. The lower gain per roundtrip was compensated by using cavity
design with two V-passes through the disk.

Many aspects have to be taken into account to obtain a working design of optical resonator
for a regenerative amplifier, and in our case it should adhere to these main constraints:

1. There are two reflections of the beam off the disk per single roundtrip,

2. eigenmode diameter on the thin disk is around 3.9 mm (75% of pump spot diameter) for
both bounces and for given working point (pump power/disk temperature) and the laser
operates in the fundamental transverse mode,

3. the stability parameter of the cavity lies near the middle of the stability region, so the
eigenmode is less sensitive to change in curvature of the disk,

4. it includes a section with a roughly collimated beam, enough room for the Pockels cell,
and beam diameter around 3.2 mm (40% of the width of BBO crystals; larger beam would
get cropped significantly even when only slightly shifted from the center, smaller beam
would unnecessarily increase the B-integral — Sec. 5.3.3),
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(b)

Fig. 5.15: (a) optical layout of the main amplifier (TDM - thin-disk module, DL — pump diode
laser, TFP — thin-film polarizer, FM — flat mirror, QWP — quarter.wave plate, CC — concave
mirror, CX — convex mirror, TM — turning 45° mirror, PC — Pockels cell, M1, M2 — motorized
mirrors); (b) photo of the main amplifier in its plexiglass housing.

5. the eigenmode size on the optical elements is large enough that fluence on the components
is well below the damage threshold of its coatings,

6. it maintains the optimum angle of incidence (Aol) for the optical elements (close to 0°
and 45° for mirrors and 55° for the TFP),

7. itis possible, given the dimensions of optomechanical components, to realize the setup on
the optical table without beam clipping and the proposed ring cavity has to form a closed
curve,

8. length of the cavity should be minimized, but it has to allow the electro-optical modulator
to switch its state fully within the roundtrip time.

The resulting cavity addressing these eight aspects is shown in Fig. 5.15(a) and the evolu-
tion of diameter of its eigenmode is plotted in Fig. 5.16. The individual items of this list are
discussed below.

The optimum overlap of the pump spot and the eigenmode for fundamental mode operation
of a thin-disk laser is usually considered between 70% [154] and 80% [155]. For our design,
we set as target a 75% overlap (3.9 mm at 1/e? level) that should be accomplished for both
incidences on the disk during the roundtrip. A crucial parameter for all calculations was the
disk radius of curvature (RoC), all the more so that the disk figured in roundtrip matrix of the
cavity twice.

During previous experiments done on other laser systems in our laboratory, we found out
that the concave disks become flatter with increasing pumping [A13] due to thermal expansion
of the disk and its substrate. The method consisted in measuring wavefront (using a Shack-
Hartmann sensor) of a probe beam reflected from the disk. For thin disks soldered on CuW
heatsinks (a cheaper alternative to diamond), 969-nm pumping with 4.5 kW/cm? intensity led
to increase in their RoC by about 1.5 m (from 4 m), while for 940-nm pumping the increase was
over 3 m. In case of diamond-bonded disk (from different supplier than in this work), this effect
was substantially weaker, the RoC rose only by several hundreds of millimeters. However,
data for the disks used on PERLA C were not available. The RoC of our disks, measured on an
interferometer, was around 3.7 m when not pumped. For calculations I assumed disk RoC of 4 m
and considered also configurations with higher disk radius. After all, the most reliable method
was to try and find the optimum cavity configuration experimentally under laser operation, since
every disk deformed and behaved differently under pumping and we were using the amplifier at
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Fig. 5.16: Evolution of the eigenmode diameter along the optical resonator of the main amplifier.
The assumed RoC of the thin disk is 4 m (concave shape). TD1,2 — first/second reflection from
the thin disk, CC/CX zm — concave/convex mirror with RoC of  m, TFP — thin-film polatizer,
BBO - two Pockels cells with BBO crystals, M1, M2 — motorized mirrors.

different working points (i.e. with various pumping power); therefore, there was no single ideal
configuration of the cavity.

In order to extend the working range of the cavity in terms of RoC of the disk, the stability
parameter of the cavity [defined by Eq. (3.1) as AJ“TD from the cavity roundtrip matrix] should
be far from the stability limits, i.e. -1 and 1. For our configuration, the resonator is stable for TD
RoC ranging from 2.9 m to 4.5 m, as shown in Fig. 5.17. As intended, the eigenmode diameter
on the thin disk increases with rising RoC almost equally for both reflections on TD. Increasing
overlap of cavity mode and pump spot helps to prevent multi-mode operation at higher pumping
levels.

The only suitable place for insertion of the two Pockels cells was in front of the 4-m convex
mirror, where the beam diameter was 3.1 mm and beam divergence about 0.4 mrad, which we
considered as negligible in terms of uniformity of the phase shift. The beam size was small
enough to keep the losses on crystals’ apertures insignificant.

Mode diameter on optical components was kept mostly around 3-4 mm, only on the three
mirrors M1, M2 and 10-m concave mirror the beam diameter was 1.5-1.7 mm. This means that
at the highest considered energy output of the amplifier of 10 mJ (500 W at 50 kHz repetition
rate) the pulse fluence on the mirrors should not exceed 0.6 J/cm?. The damage threshold
fluence of the mirrors used in the cavity was specified by the manufacturer (LAYERTEC) for
picosecond pulses as 4-6 J/cm? [156], i.e. safely above the maximum fluence in the cavity,
although the regime of pulse build-up in RA is more demanding on the optics than that from
specifications (1-kHz pulses with 10 ps duration). As could be expected, in case of accidental
generation of gigantic pulse in the amplifying chain (e.g. in case of unstable mode-locking of
the laser oscillator), potential damage occurred on some of these three mirrors. Substrates
of all cavity mirrors were made of ULE glass (Corning 7972, “ultra low expansion”) with
25.4 mm diameter. Its low thermal expansion minimizes misalignment of the cavity caused
by heat deposition on the mirrors.
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Fig. 5.17: Cavity stability diagram of the main amplifier for various curvature of the thin disk.
Values of £1 represent limits of the stability region.

Angle of incidence (Aol) of the beam on the reflective elements is important not only for
correct functioning of their coatings, but with spherical mirrors, non-normal incidence leads to
change of focal distance f of the mirror. While in the normal case a mirror with RoC of R has
f = R/2, for a mirror tilted by angle « it changes to fr = % cos «v in the tangential plane and
fs =73 wa in the sagittal plane. This behavior may lead to strong astigmatism of the eigenmode
and it should be managed by either keeping the Aol on spherical mirrors low or to compensate
the effect of convex and concave mirrors. In our case, due to space constraints of the compact
setup (the 6.4 m long resonator has footprint of 1000 x 600 mm?), it was not possible to fully
compensate the astigmatism coming from the convex mirrors — mirror M2 and 4-meter mirror
close to the Pockels cell were placed at Aol of 8°. However, the calculated ellipticity of the
eigenmode was > (.98, even though for configurations closer to the stability limit (higher TD
RoC than 4 m) the beam would become more elliptical.

The length of the resonator was 6.36 m, thus the cavity roundtrip time was about 21 ns.
We used a Pockels cell driver with specified rise and fall time of 13 ns and when setting up
the timing of the amplification process, there indeed was an allowance of about 7 ns in timing
without any noticable effect on laser performance.

To protect the amplifier from influence of the environment, an acrylic (PMMA) box was
manufactured for the laser [Fig. 5.15(b)]. In the cavity, four circular water-cooled copper aper-
tures were installed (inner diameter ca. 3 times the beam width) in order to suppress stray
beams inside the cavity. In order to improve the long-term alignment stability, we used massive
in-house-made flexure mirror mounts designed by Lud&k Svandrlik (Fig. 5.19). The mirrors it-
self were also water-cooled, since without cooling, temperature gradients as high as 50 °C were
observed between some cavity mirrors and the environment.

Over the time, we have used in the main amplifier several thin disks. Every disk had slightly
different RoC and, more importantly, behaved differently under strong pumping, probably due
to a slight inconsistency in the bonding process). Therefore, for each disk it was necessary to
find experimentally the ideal cavity configuration. This slight modifications were done within
the constraints of the acrylic box by moving the motorized mirrors M1, M2, and by changing
the RoC of the mirror between them from convex 5-meter to plane mirror.
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Furthermore, with different pump power on the disk, the deformation of the thin disk caused
a significant shift of the beam in the cavity, emphasized by the double reflection off the disk per
roundtrip. Therefore, the ring cavity had to be realigned for every working point of the laser.
In order to make the operation of this laser system accessible to multiple laser operators at
different conditions, a definite set of steps for cavity alignment was proposed. It made use of
a well-defined alignment of the seed beam, three intracavity iris apertures, and output beam
position monitoring with a beam profiler.

5.3.3 Electro-optic modulator for high-power, high-repetition rate ampli-
fier

An electro-optic switch in the optical cavity is a typical feature of regenerative amplifiers. It
allows to lock the pulse inside the cavity for amplification and eject it after a well defined
number of roundtrips. The switch consists of a Pockels cell (PC), a wave plate and a polarizer.
The Pockels cell uses an electro-optic crystal, where birefringence is induced by high voltage
applied to its faces, and this way it can act as a voltage-controlled wave plate. In high-power
amplifiers, the modulators are based exclusively on the transverse linear electro-optic effect
(Pockels effect), in which case the induced phase shift between the two linear polarization
states is directly proportional to intensity of electric field applied to the two sides of the crystal
parallel with direction of the light beam propagation. In order to induce a quarter-wave phase
shift (7 rad) in a crystal with length L and thickness d, the quarter-wave voltage, required for a
RA with standing-wave cavity, is equal to

Ad
Vijg= ——5— 2
A 4roond L’ (5-2)

where ny is refractive index of the nonlinear material at the laser wavelength A\ and 79 is its
electro-optic coefficient corresponding to the transverse EO effect [23]. Half-wave voltage V), /2,
used in RAs with ring cavity, is obviously twice higher.

The material of choice for high-power applications is beta barium borate (5-BaB,O,, BBO)
with high damage threshold, low absorption at 1 um, and low tendency to piezoelectric ringing
compared to other applicable nonlinear crystals such as KTP (KO5;PTi), KD*P (KD,PO,), RTP
(RbTiOPO,) or LiNbO3. The main disadvantage of the BBO crystal is its low EO coefficient
roo of 2.2 pm/V [157, 158]. Therefore, higher voltage and longer crystals are needed than in
case of the other materials. In our case of two crystals with length of 25 mm and thickness of
8 mm, the required half-wave voltage is approximately 8.2 kV.

Design and operation of the Pockels cell for the main amplifier had to be adapted to several
technical aspects: presence of high optical intensity in the electro-optic crystal, rapidly alternat-
ing high voltage on its electrodes, heat generation in the crystals due to high average power, and
resonant piezoelectric vibrations in the crystals. The following paragraphs deal with analysis
and solutions to these aspects.

Evaluation of B-integral in the main amplifier

The Pockels-cell crystals were the only bulk media in the amplifier. Therefore, with the high
optical intensity emerging during the amplification process, they represented the dominant el-
ement supporting nonlinear optical effects in the free-space part of the system. These effects
often lead to undesired alteration of temporal and spatial characteristics of optical pulses and
should be considered and prevented during the design process.
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Tab. 5.1: Nonlinear refractive index ng of atmosphere and materials used in main amplifier. ng
— refractive index, \ — reference wavelength.

Material no ne [x1072° m%)/W] A [um] Reference
BBO 1.656 5.6 1.06 [159, 160]
Yb:YAG 1.82 6.5 1.03 [159, 161]
Quartz («-Si0s) 1.54 3.1 1.05 [162]

Air 1.0003 0.0042 1.05 [159, 163]

The governing phenomenon is the Kerr effect, which manifests itself by an intensity-dependent
change in refractive index due to a nonlinear polarization induced in the medium by optical in-
tensity /. The change in refractive index from the linear (idle) value ny is given by formula

n = ng+ nal, (5.3)

where n, represent the nonlinear refractive index. Reported values of n, for materials occurring
in the amplifier are listed in Table 5.1.

Response of the medium is practically instantaneous (timescale in the order of femtosec-
onds) and the n, value is proportional to the third-order susceptibility x®) of the medium [164].
This spatio-temporal variation in refractive index leads to distortion of the optical pulse both in
time and space.

The temporal aspect leads to self-phase modulation (SPM), altering the phase of the pulse.
This results in change in its chirp and spectral broadening, and in CPA systems this is generally
an unwanted effect impeding an ideal compression of the amplified pulses. On the other hand,
the transverse spatial dependence of refractive index leads to a lensing effect known as self-
focusing. With sufficiently high optical power [exceeding the critical power, for Gaussian
beam P.. ~ \? /(6.63ngns2)], refractive power of the lens overcomes beam diffraction and may
cause formation of local hot spots in the beam or even its collapse into a point or a filament
(due to defocusing in plasma generated by enormously increased optical intensity), inevitably
damaging the laser. Both these effects are described in more detail in classical textbooks such
as [23, 164, 165].

In a regenerative amplifier, the influence of SPM and SF over single pass of the Pockels
cell are negligible, but their effect may acummulate over many cavity roundtrips, as the pulse
energy grows steadily. A useful quantitative measure of their impact is the maximum nonlinear
phase shift of the pulse, referred to as the B-integral,

L
B = 277 ne(2)I(z) dz. (5.4)
0

Here, ) is the lasing wavelength and L is length of the propagation path of the laser beam along
the position z. For a regenerative amplifier, a generally accepted value for safe operation is
B < 7 [164], and in order to keep the phase distortion of laser pulses minimal, the ideal value
is B <1[34].

In our case, the elements that contribute to the B-integral are the Pockels cell, thin disk,
wave plate, and the atmosphere in the cavity. The effect of dielectric coatings on mirrors and
other optics was neglected, since it is difficult to evaluate and according to analyses of this
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Tab. 5.2: Relative contribution B,;/B of different optical elements to the total B-integral. L.; —
propagation path in the medium per roundtrip, we; — mean mode radius in the element.

Element Le [mm]  we [mm] B, /B [%]
Pockels cell (BBO) 2 X 25 1.55 87.3
Cavity (air) 6311 1.31° 11.5
Thin disk (Yb:YAG) 4 x 0.215 1.95 1.1
Quarter-wave plate (quartz) 0.03 1.8 0.02

* Calculated from harmonic mean of eigenmode area (5.6)

matter [166, 167], their contribution is comparable to that of the wave plate, i.e. insignificant.
For the calculation, the Eq. (5.4) was simplified as

N
27 i— 2 : e Le
B = BPC + BTD + BWP + Batm ~ 7 E [Pp(eakl) . n( 1) l 7 (55)
i=1

2 Ael

el

where P( -1

pza . denotes the initial peak pulse power on the i-th roundtrip, [V is the total number of

roundtrips, el is an index summing over the four B-integral contributors, and n(;l), Legp, Acrs

are nonlinear refractive index, propagation path, and mode area for given optical elements.
The mode area on the element is given from eigenmode radii in tangential and sagittal plane,
Ag = ﬂwéf Z)wgil). The parameters are listed in Tables 5.1 and 5.2 and the eigenmode size was
taken from the cavity configuration described in Sec. 5.3.2.

Substituting the integral in (5.4) with the two sums was possible with following simplifica-
tions. The beam divergence on the optical elements was neglected and for the beam path in air,

a harmonic mean of eigenmode area was calculated as

— L
Amode = 7 4
Er=erre)

z)ws (2)

(5.6)

From these relations, it was possible to quantify the relative contribution of cavity elements
to the B-integral. It shows that Pockels cell accounts for 87% of B, the atmosphere contributes
with 12%, and the thin disk only with 1%. Effect of the quartz zero-order quarter-wave plate is
insignificant due to its thinness.

The amplification process was then approached in a simpler way, where the pulse energy
increased after each roundtrip by two reflections on the thin disk. Since the beam passes through
the Pockels cell (the dominant contributor to ) before it bounces off the disk, it is adequate.
The change in pulse energy between two consecutive roundtrips (E,(f), E;”l)) was calculated
using the Frantz-Nodvik equation (accounting for gain saturation)

EI()i+1) — E’(S(lt) ln [1 + e.‘]O <6E(()i)/E(Sat> o 1>i| ’ (57)

where ¢, represents the net gain coefficient per single roundtrip and £*® is saturation energy
of the active medium [can be calculated from saturation fluence (4.3) from p. 39 using £5% =

Fsat . A, m = 4, and for Yb:YAG 0., + 0aps = 2.3 - 1072° cm?]. Net roundtrip gain then



CHAPTER 5. DEVELOPMENT OF HIGH-POWER LASER SYSTEM PERLA C 73

6 5 T T T T T T T W 5
P S— ! PC dimensions
Repetition rate !l —  6x6x25
5. . . —— 50 kHz . 4 bl |/ 8x8x25 1.4
—— 100 kHz 10x10x25
200 kHz -
4 e — s
I R N S ... 13 3
o) B=n o =
L 3 £ 3
k= E 2
@ 0 o 12T
(o]
24 QO
>
1. 14 1.1
°3 200 400 600 800 1000 0 ' ' ' ' ' PR
) 0 20 40 60 80 100 120
Pulse width (ps) Number of roundtrips
(@) (b)

Fig. 5.18: Computed values of B-integral for (a) different repetition rates and various pulse
durations (output power 500 W, 70 roundtrips) and (b) different size of the two BBO crystals in
PC (in mm, scaling the mode diameter) and various number of roundtrips in the cavity with pulse
duration of 350 ps. The green line represents the corresponding net roundtrip gain necessary for
amplifying a 10-W seed pulses to average output power of 500 W.

Tab. 5.3: Typical parameters used for calculating the B-integral.

Parameter Symbol Typical value
Seed power PO 10W
Output power pw) 500 W
Number of roundtrips N 30-100
Repetition rate frep 50 kHz
Pulse duration Tp 350 ps
Peak power” ngk P /(0.887, frep)

* Assuming sech? pulse shape

is Gy = e%. The net gain is finally computed by an iterative method from two boundary
conditions, specifically P(*) is the seed power and P") is the target output power.

This calculation was used for validation of various parameters of the amplifier. Typical
parameters are listed in Tab. 5.3. The target output power for the amplifier was 500 W and
lowest considered repetition rate was 50 kHz. The parameters with the highest potential pulse
energy (10 mJ) were set as the default for further analysis.

For instance, duration of the stretched pulse has an immediate effect on B (via the peak
power P,..x). This dependence is shown in Fig. 5.18(a) and hints that the pulse duration in
amplifier should be at least 200 ps. Employing the CPA technique is absolutely necessary, as
for unstretched, 1-ps pulses the B-integral reaches values as high as 500. We started building
the laser system with stretcher and compressor with dispersion parameter of 220 ps/nm yielding
duration of the stretched pulse around 350-400 ps (see Sec. 5.4.1), which yields reasonable
values of B-integral below 1.5 rad for every eventuality.

Similarly, a dependence of B on number of roundtrips was investigated [Fig. 5.18(b)]. Ex-
act roundtrip gain was not known and even small change in (G leads to significant change in
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Fig. 5.19: Pockels cell together with flexure mirror mounts in the main amplifier.

predicted output power. Based on previous experience and reports in the literature, the expected
roundtrip gain with 4-passes through the disk per each roundtrip was between 1.05 to 1.2 and
the resulting expected number of roundtrips to achieve the desired amplification was between
20 and 100. The Fig. 5.18(b) shows also the influence of mode size in the Pockels cell, which
was intended as 40% of the PC crystal thickness. All the considered BBO dimensions (6, 8
and 10 mm thickness) maintain B at an acceptable value for most configurations, but a pair of
8 x 8 x 25 mm? crystals comes out as a good compromise in nonlinear phase shift, half-wave
voltage, and crystal price, which is roughly proportional to their volume.

This method was used also for determining the net gain and real B-integral in the system
from the data presented in Sec. 5.3.4 (Fig. 5.28). In summary, thanks to high repetition rate
and therefore a moderate pulse energy, the nonlinear effects in the half-kilowatt amplifier can
be maintained with the proposed parameters at an acceptable level.

Technical realization of the high-repetition-rate electro-optic switch

The Pockels cell needed a special crystal holder to house the BBO crystals. In the main amplifier
we used a second generation of PC holders (Fig. 5.19) designed at HILASE by Ludék Svandrlik
(the first generation was used in PERLA C100 with half the voltage). The housing was made
from ceramics with internal cooling water channels and a pair of circular, horizontally oriented
copper electrodes with gold plating. The heat transfer through the ceramics and electrodes was
sufficient to prevent overheating of the crystals due to light absorption and rapidly alternating
electric current. The Pockels cell was fixed using four spring-loaded screws that allowed for
tuning of the clamping force applied on the crystal.

The ceramic housing, round electrodes, and absence of any other material other than the
crystal between the electrodes increased the resistance of the holder to sparking between elec-
trodes. The holder was tested to withstand voltage up to 13 kV, which is approximately the
breakdown voltage of air for 8-mm gap and moderate relative humidity [168]. Still, sparking
between the electrodes was observed, when an impurity (pencil mark) was present on a side
face of the BBO crystal.

For driving the Pockels cell, we used a high-power switch dpp5c6 from Bergmann Mess-
gerite Entwickelung KG (BME) with HV power supply PCD12g2. Its maximum operating
voltage is 5 kV and maximum repetition rate at full voltage is 550 kHz, while 1-MHz operation
is possible at reduced repetition rate of 550 kHz with typical rise and fall time of 13 ns with
6 pF load capacitance. It uses a double push-pull scheme depicted in Fig. 5.20(a). In this case,
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Fig. 5.20: (a) simplified diagram of the high-voltage switches in the double push-pull Pockels
cell driver from and (b) waveform of TTL pulses controlling corresponding switches of the
Pockels cell driver (timescale 200 ns/div).

the difference in electric potential on PC electrodes is alternating between +5 kV (“bipolar”
regime). Therefore, it is possible to reach the quarter-wave voltage of 4.1 V, given by (5.2), and
switch its polarity to alternate between the “on” and “off” state of the PC. This is an alternative
way of operation of a ring-cavity RA to the classical method of switching between zero and
half-wave voltage (“unipolar” regime), and half-wave plate in the cavity is in our case substi-
tuted by a quarter-wave plate. Also one has to bear in mind that the polarization state of light
between the PC and wave plate is circular. The advantages of this approach are lower risk of
electrical discharge between the electrodes and lower heat load on the driver allowing higher
repetition rate.

The Pockels cell driver was triggered by four 5-V TTL signals shown in Fig. 5.20(b). The
A and B high voltage switches were kept in opposite states by sending them the “on” and “off”
signals simultaneously. This was facilitated by a so-called splitter box, which converted two sig-
nals from the central delay generator, “ON” and “OFF” (coinciding with the two states of the
amplifier), to these four channels according to a programmable logic set to this mode of opera-
tion. Its other function was to keep the switches of the driver in a well-defined state, preventing
them from short-circuiting in case the trigger was lost for more than several milliseconds.

The entire control scheme of PERLA C laser system is illustrated in Fig. 5.21. The splitter
box for the Pockels cell of the main amplifier was controlled with a 6-channel delay generator
from BME, which was triggered by an amplified signal from a photodiode in the fiber front-
end. The same delay generator and similar Pockels cell driver was controlling the Pockels cell
in the regenerative preamplifier (Sec. 5.2.2). The acousto-optic modulator in the fiber front end
(Sec. 5.2.1), controlled by a single analog channel, was then controlled by a separate delay
generator Highland Technology T560, since the BME delay card did not allow to send pulses
as short as 5 ns required by AOM to pick a single oscillator pulse (37 MHz repetition rate).
Another delay generator (Stanford DG645) was then required to control Pockels cell in the
pulse picker and to send timing signal to potential applications (e.g. to a scanner). In general,
the implemented timing system allowed for a reliable control of the laser system with sub-
nanosecond temporal resolution.

After introducing the PM-fiber front end and bulk preamplifier (Sec. 5.2.3 and 5.2.4), it
was possible to simplify the timing system. The AOM in front end was also controlled with
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Fig. 5.21: Diagram of the control timing system of acousto- and electro-optic modulators in the
PERLA C laser system. Color code of the lines: blue — path of the optical pulses, green — analog
electric signal, red — 5-V TTL signals, black — RF (AOM) or high-voltage (PC) driving signal.
DG - delay generator, RF — radio-frequency, AOM - acousto-optic modulator, PC(ell) — Pockels
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Fig. 5.22: Measurement setup for detection of resonant frequencies of BBO crystals. HWP,
QWP — half- and quarter-wave plate, PBS — polarization beam splitter, P-CELL — Pockels cell.

a photodiode-triggered Highland T564 delay generator. This than triggered a Stanford DG645
delay generator managing the BME Pockels cell drivers for the main amplifier and pulse picker.

Mitigation of piezoelectric ringing

When high-voltage pulses are applied on nonlinear crystals like BBO, acoustic waves are gen-
erated in the material due to the piezoelectric effect. Birefringence of the crystal induced by the
Pockels effect is then altered via elasto-optic effect and for certain driving frequencies, associ-
ated with dimensions of the crystal and acoustic wave velocity in the material, a strong resonant
acoustic wave can be formed and last long after the driving electric pulse was applied. This
piezoelectric ringing significantly deteriorates the performance of such Pockels cell and may
even break the nonlinear crystal.

While BBO PCs are generally resonance-free for switching rates up to several kilohertz [169],
in frequency region of tens and hundreds of kHz we detected a vast amount of resonant frequen-
cies of various magnitude. Although the phenomenon was noticed early after first employments
of Pockels cells [170], reports on laser systems with BBO PCs have been usually limited to
mentioning its presence at certain repetition rates [171, 172]. Since we planned to use the laser
system in a wide range of repetition rates (roughly from 50 to 200 kHz) and encountered piezo-
electric ringing on multiple repetition rates, a detailed investigation of this phenomenon was
performed. Almost two years (and several crystals in our PCs) later, in 2019, Sinkevicius and
Baskys published an analysis using a similar method with affirmative conclusions [173].

Before this investigation of piezoelectric ringing was carried out, several BBO crystals were
damaged in the Pockels cell. In some instances, only a decreased contrast of the PC and beam
pointing instability of the laser was observed, in some cases this was even accompanied with an
audible whistling noise. In another instance, the crystal gradually traveled between electrodes
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of the PC holder (Fig. 5.19) and when side of the crystal was hit by the laser beam, the crystal
broke (this was later solved by inserting a ceramic adapter holding the crystal horizontally in
place). Furthermore, when the repetition rate coincided with a strong resonance of the crystal,
it could lead to immediate cracking of the crystal caused solely by the stress and strain induced
by the acoustic wave. An additional difficulty was that the resonant frequencies shifted as the
crystals were heated during laser operation and onset of the ringing was hard to predict.

The Pockels cell was characterized with 8 x 8 x 25 mm? and 10 x 10 x 25 mm?® z-cut
crystals produced by Caston Inc. (Fuzhou, China). The PC driver was of the same model as
the one used in the main amplifier (BME Bergmann, 5-kV, bipolar, up to 1 MHz). The crystals
were mounted in our inhouse-developed holders — both the type used in the main amplifier
(Fig. 5.19) and the one used in regenerative preamplifier (Fig. 5.6). The linearly polarized
probe beam for the measuring setup (Fig. 5.22) was obtained using a CW ytterbium fiber laser
(1030 nm), a half-wave plate and cube polarization beamsplitter (PBS). A quarter wave plate
was then inserted to convert it to a circularly polarized beam, which propagated through the cell.
Finally, an analyzing PBS (perpendicularly oriented to the first one) and a photodiode Thorlabs
DET10A/M completed the setup. A circularly polarized beam was used for probing in order to
maximize sensitivity of the resonance detection.

The Pockels cell was tested in frequency range from 10 kHz to 1.25 MHz with step of 10 Hz
(below 100 kHz) and 100 Hz (above 100 kHz). Voltage applied on the crystal alternated be-
tween £0.25 kV (bipolar operation), which was low enough to prevent damage of the crystal
even at the principal resonance (226 kHz for the 8-mm crystal). The “on-time” of the Pock-
els cell was set to 1.2 ps (similar to the regime of operation of the main amplifier used at that
time) and for high repetition rates over 250 kHz it was gradually reduced to 600 and 300 ns.
Typical waveforms from a 2-GHz oscilloscope obtained at different resonant frequencies are
in Fig. 5.23. While figures (a) and (e) show weaker resonances without a clear relation to the
dimensions of crystal, waveforms (b)-(d) show subharmonic frequencies of the dominant reso-
nance (f) at 226 kHz (corresponding to crystal thickness and velocity of longitudinal acoustic
wave of about 3500 m/s [174]).

In total, 260 different resonant frequencies were identified for the 8 x 8 x 25 mm? crystal
[shown in Fig. 5.24, (a) shows the entire range in logarithmic scale, (b) shows the detail of
frequency range relevant to our amplifier]. The most important information were the frequency
values and due to the sheer number of detected resonances, magnitude of the resonances was
classified according to the amplitude of measured signal without a precise manual measurement.

The strongest detected resonant frequencies can be listed in kHz as follows: 75.4, 113, 162,
189, , 217, 222, 226, 270, 290, 378, , 435, 671, and 870 (values in identical colors
represent mutually associated (sub)harmonic frequencies). Origin of resonances other than the
“blue” ones is not clear at the moment.

The measurement with larger, 10-mm crystal showed good correspondence between crys-
tals of different thickness, with the frequency scaling inversely proportional to the dimensions.
The dominant resonance of the larger crystal was determined as 180.75 kHz (exactly 80% of
226 kHz). This rule also holds when considering the measured data for 3 x 3 x 25 mm?® and
4 x 4 x 25 mm? crystals from the report [173] (which also indicates a modest influence of
crystal length). Characterization of the Pockels cell with the older type of holder showed some
differences in the weaker resonances and slight overall shift in frequency, caused probably by a
different way of crystal mounting.

Further tests also indicated that ringing frequencies slightly shift with increasing driving
voltage [Fig. 5.25(a)] and with changing clamping force applied on the crystal by the holder
[Fig. 5.25(b)]. Amplitude of modulation of the refractive index is according to the data linearly
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Fig. 5.23: Oscilloscope waveforms from measurement of piezoelectric resonances at different
driving frequency of the Pockels cell with 8 x 8 x 25 mm?® BBO crystal. Amplitude of voltage
applied on the crystal was 0.25 kV. Yellow channel — Signal from photodiode, purple channel —
trigger signal from an active probe sensing the switching events.

dependent on the driving voltage and there was not found any significant difference between
Pockels cell working in bipolar regime and unipolar regime with double voltage. Finally, firmly
tightened crystal holder helps significantly with reduction of the piezoelectric ringing and re-
duces risk of damaging the crystal (provided it is tightened carefully and uniformly).

The outcome of this study led to solving the issues with operating the Pockels cell at various
repetition rates, particularly by avoiding problematic repetition rates and properly mounting the
crystals. Also, the gained experience helped the laser operators to identify laser instability
caused by weak piezoelectric ringing much sooner than before. Given the long list of resonant
frequencies and their dependency on multiple aspects, these could not have been always avoided
and weak ringing was often suppressed just by changing the clamping force applied on the
crystal.
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Fig. 5.24: Detected resonant frequencies in an 8 x 8 x 25 mm?® BBO crystal (a) in full range
from 10 kHz to 1.2 MHz (logarithmic scale) and (b) in range from 40 to 240 kHz (linear scale).
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Fig. 5.25: (a) resonant amplitude and frequency vs. driving voltage difference for unipolar and
bipolar mode, (b) dependence of resonant amplitude and frequency on clamping force applied
on the crystal (O N means a loose holder).

5.3.4 Performance of the ring amplifier

The design of the optical resonator was first validated in continuous-wave mode of operation.
In that case, the polarizer and a half-wave plate worked as an output coupler with variable
transmittance. A ring cavity in CW (unseeded) operation produces two outputs corresponding
to beam propagating in a clockwise and a counter-clockwise direction. The total output power
was determined as a sum of power in each beam and while this sum remained stable, the power
ratio of the beams fluctuated between roughly between 40% and 60%. The maximum obtained
output power was 565 W at 1215 W of pump power [Fig. 5.26(a)]. The laser operated in the
fundamental transverse mode with optical-to-optical efficiency of 46.6% and slope efficiency
of 52.1%.

To make sure we use the thin disk within its safe operational limits, we used a thermal cam-
era FLIR A35 to measure temperature of the disk at different pump power levels [Fig. 5.26(b)].
To adhere to the manufacturer’s recommendation on maximum incident pump intensity of
6 kW/cm? and to keep the disk temperature below 120 °C, we further limited the applied pump
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Fig. 5.26: (a) Output power (sum of two output beams) and O-O efficiency of the main amplifier
in CW operation(7),0pe — slope efficiency), (b) temperature in the center of the thin disk (with
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Fig. 5.27: Performance of the main amplifier at repetition rate of 100 kHz. (a) output power
and O-O efficiency, (b) output power log over more than 4 hours of operation (RMS power
fluctuation of 1.2%), after 2 hours the laser was realigned and used for an experiment with
0.86% RMS power stability.

power to 1250 W. When the laser was operated in CW, the disk temperature at full power de-
creased to 97 °C due to lower thermal load thanks to the lasing action.

In seeded operation (with regenerative preamplifier as the seeder), the power curve was
similar to CW operation. Fig. 5.27(a) shows the output power during maximum power run with
10 W of seed power, repetition rate of 100 kHz, and amplification time of 1.47 us (70 roundtrips)
resulting in 49.0% slope efficiency. The output power peaked at 554 W (5.5 mJ pulse energy) at
1253 W of pump power, giving extraction efficiency of 43.4%. Highest pulse energy achieved
with the amplifier was 9 mJ at 50-kHz repetition rate (power 450 W). The amplifier operated
in fundamental transverse mode with beam quality parameter M? ~ 1.3 at full power (output
beam quality of the laser system is covered in Sec. 5.4).

When starting the amplifier for full-power operation, for the first 30 minutes the laser was
pumped with the electro-optic modulator turned off in order to heat up the system. Then the
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Fig. 5.28: (a) output power of the main amplifier vs. seed power at 100 kHz and 70 roundtrips
at different pump levels, (b) computed B-integral and net roundtrip gain for measured data using
method from Sec 5.3.3.

optical resonator was aligned (about 2 minutes) and the Pockels cell was switched on by grad-
ually increasing voltage on its electrodes. Full power was then reached virtually immediately,
although some fine tuning was necessary until the amplifier reached state of thermal equilibrium
(typically 10-120 minutes depending on pump power). The maximum power used for experi-
ments with this amplifier was 350 W; Fig. 5.27(b) shows power log from first four hours of an
11-hour run at 340 W. The power fluctuation after thermalization was 0.86% without need for
further realignments.

Fig.5.28(a) shows the dependence of output power on seed power for three different working
points. These data were used also used to calculate B-integral and gain according to the method
described in Sec. 5.3.3 — the results are shown in Fig.5.28(b). The roundtrip gain at full power
is between 1.06 and 1.10 and the B-integral is in every case below 0.9. In case of 50-kHz
operation, it would not exceed 1.8 rad, which is still a safe value.

The amplifier was clearly working in saturation, since increasing seed power above 10 W
and number or roundtrips above 36 brought only a modest increase in output power; this is evi-
dent from Figures 5.28 and 5.29(a). Unlike in e.g. 1-kHz Yb:YAG regenerative amplifiers, gain
saturation is not apparent from the shape of intracavity pulse build-up [Fig. 5.29(b)]. While in
the low-repetition-rate RAs in saturation the build-up shows a hyperbolic-tangent shape, in our
amplifier with period between the amplification cycles much lower than the upper-state life-
time of Yb:YAG (regime similar to CW operation), the change in population inversion between
each cycle is almost negligible and pulse build-up remains close to exponential shape, only the
overall gain is reduced.

The output spectrum of the amplifier was centered at 1030 nm and the spectral bandwidth
FWHM was approximately 1.5 nm for every configuration. The bandwidth of the oscillators
and pulse stretchers was significantly broader and gain narrowing took place in the system.
Fig. 5.30 shows spectra of individual amplifying stages of the laser system. In the case of the
first generation of fiber front end end regenerative amplifier (Sec. 5.2.1 and 5.2.2), the 3.3-
nm from the stretcher spectrum narrowed already in the fiber front end and the Yb:YAG RAs
maintained its width at 1.5 nm. With the PM-fiber front end and rod Yb:YAG preamplifier
(Sec. 5.2.3 and 5.2.4), the 4.5 nm pulses from the stretcher kept bandwidth of 3.9 nm at the
output of the fiber system and rod preamplifier reduced it to 2.3 nm. In this case, the output
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of the amplification process comes from electromagnetic interference from the Pockels cell.
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Fig. 5.30: Output spectrum of the different amplifying stages of the PERLA C laser system, (a)
of the non-PM-fiber front end, regenerative preamplifier, and main amplifier, (b) of the PM-fiber
front end, Yb:YAG rod preamplifier, and main amplifier.

spectrum bandwidth of the entire laser system was 1.6 nm with transform-limited pulse duration
of 0.85 ps.

5.4 Chirped-pulse amplification and pulse compression

Former sections of this chapter demonstrated that in order to reach the target parameters, it
is necessary to reduce peak intensity in the amplifiers — mainly to prevent damage in optical
components, mitigate SRS in the fiber section, and reduce the impact of nonlinear effects (i.e.
the B-integral) in the regenerative amplifier. This was achieved mainly by using the method of
chirped-pulse amplification (Sec. 2.2.1), introducing linear chirp to the pulse in a pulse stretcher
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with large, controlled amount of chromatic dispersion. The second foundation of this technique
is the pulse compressor applying to the output pulses a phase correction opposite to that intro-
duced by the stretcher and amplifiers. This section addresses these aspects of the PERLA C
laser system.

To quantify the dispersion, one has to focus on spectral phase of the optical pulse. The
temporal shape of laser pulses is fully described by its electric field intensity £/, which may be
expressed equivalently in both time and frequency domains (connected bijectively via Fourier
transform). The electric field of a pulse with central frequency wy, intensity shape /(¢), and
(temporal) phase ¢(t) can be written as

E(t) = /I(t)eH0l or  E(w) = /S(w)e#™) (5.8)

in spectral domain, with S(w) being its spectral intensity shape and ¢(w) its spectral phase.
The description in spectral domain is usually more useful and the spectral intensity is easy to
measure. A pulse with constant spectral phase is a “transform-limited” pulse and represents a
pulse with highest peak power for given spectral shape. Expanding spectral phase of a general
pulse with center frequency wy into a Taylor series, one obtains

+o0

1 d"y
p(w) = Z nl don

n=0

1 1
(w—wo)" = g00+g01(w—wg)—i-5902(w—w0)2+6g03(w—w0)3+. .. (59)

wo

The first term ¢ represents a constant phase and second term ¢, called group delay results
in shift of position of the pulse in time. These terms do not change the pulse shape, unlike the
quadratic term , which is the group delay dispersion (GDD)

d%(td)_

DD =
G dw?

(5.10)

GDD is responsible for linear chirp (constant rate of change of instantaneous frequency with
time) of the pulse and is the main parameter characterizing pulse stretchers and compressors
(unit fs? or ps?). A related material property, GDD per unit of length, is called group velocity
delay (GVD, unit fs?>/mm). When expressing the quadratic dispersion in terms of wavelength
rather than frequency, dispersion parameter D, is typically used (usual unit ps/nm). The con-
version relation between the two quantities is

Dy = —% GDD.
0
A positive value of GDD (or GVD) and negative value of D5 correspond to normal dispersion.

Finally, the cubic term (5 is called the third-order dispersion (TOD) and it should be taken
into account for optimum pulse compression, although for picosecond pulses with few nanome-
ter bandwidth, its role is much less significant than that of the GDD. Higher-order dispersion
terms are not relevant for picosecond pulses, which are the main scope of this work.

Group delay dispersion and dispersion parameter [, are also useful when estimating influ-
ence of the dispersive element on pulse duration. The pulse elongation in terms of FWHM can
be assessed as [175]

A7, =~ |GDD| - Aw = |Dy| - A (5.11)
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5.4.1 Dispersion management throughout the laser system

In order to reach stretched pulse duration in all amplification stages of the system in the order of
hundreds of ps, large amount of dispersion was necessary. The fiber and free-space parts each
contributed with its material dispersion to the total GDD of the system with less than 1 ps?. A
much higher amount of dispersion around 200 ps/nm (= 110 ps?) was needed to maintain the
pulse duration at the end of the amplification process (bandwidth ~ 1.5 nm) above 300 ps.

Such stretching factor could be achieved using e.g. material dispersion of a 6-km long
silica fiber (at cost of a significant power loss), a CVBG (Sec. 5.4.2), or a Martinez-type grating
stretcher [66]. The solution we used was a chirped fiber Bragg grating (CFBG), which combined
several advantages. It complied with the all-fiber conception of the fiber front end, it had low
insertion loss of over 80%, and — most importantly — it was allowed fine tuning of its dispersion
via temperature profiling along the fiber grating.

For this pivotal component we chose a commercial solution from TeraXion because it pro-
vided more precise dispersion tuning and higher reliability than our in-house developed solu-
tion. In case of the CVBG compressor, we used a correspondingly tailored CFBG with anoma-
lous dispersion and GDD of —115 £ 9 ps®. However, this stretcher was not suitable for the
Treacy-type compressor with anomalous dispersion and we switched to a newer model with
GDD of 106.5 %= 17 ps2. The characteristics of the grating were adjusted for a grating compres-
sor and its TOD was adjustable within —3 =+ 6 ps?.

This CFBG Teraxion TPSR allowed us to tune in real time its central wavelength (temper-
ature offset), second-order dispersion (linear change in temperature over position in fiber), and
third-order dispersion (quadratic temperature change). The tuning range wide enough to cover
material dispersion in the laser system and pulse shape optimization was usually performed by
adjusting the stretcher rather than the compressor. The pulse duration of stretched pulses after
the main amplifier (before compression) was verified using 15-GHz photodiode and 16-GHz
oscilloscope as 350 ps.

5.4.2 CVBG compressor

The originally intended pulse compressor for the laser system was a chirped volume Bragg grat-
ing (CVBG) from OptiGrate Corp. This method was chosen over the standard grating compres-
sor because such monolithic element is in comparison extremely compact and alignment-free.
On the other hand, dispersion of a CVBG cannot be tuned once it is manufactured and as a bulk
element, it may be susceptible to pulse distortion (spatial and temporal) due to thermal effects
and Kerr effect. The highest average output power compressed with a CVBG up-to-date was
107 W from a 1064 nm, 17-MHz Yb-fiber laser [176], operating with lower pulse energy of
6 w and M? value above 1.5.

The CVBG is a reflection grating holographically recorded in a block of photo-thermo-
refractive glass [177]. This process creates a quasi-periodic modulation of refractive index in
the material, with period of the resulting grating slowly varying along the axis of the glass block.
This leads to a spectral dependence of penetration depth for different spectral components of
an incident laser beam, thus modifying the spectral phase of the compressed pulses. In this
way, large amount of dispersion can be introduced to the optical pulse, making it suitable for
picosecond laser systems.

Different gratings were tested, but for high-power compression we used a 76 mm long
CVBG with aperture of 10 x 10 mm?. The reflection spectrum of the grating was centered at
1030.3 nm with bandwidth of 3.3 nm, its dispersion parameter was 205 ps/nm (GDD 115 ps?),
and the specified absorption coefficient near 1 um was only 3 - 10~% cm~!. The grating could
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Fig. 5.31: Measurement of the beam quality parameter M2 vs. the incident laser power for (a)
tightly fixed and (b) loosely mounted CVBG.
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Fig. 5.32: (a) photo of a CVBG in its holder (aluminum version for 50 mm long gratings), (b)
geometric mean of vertical and horizontal Mg,y parameters for both tightly and loosely mounted
CVBG.

introduce both normal and anomalous dispersion depending on its orientation, and so it could
be used also as a stretcher — initially we used a matched pair of CVBGs as for stretching and
compression, but later we switched to a CFBG stretcher for the advantage of fine dispersion
tuning. The beam diameter on the grating was around 4 mm and the incident and reflected
beams were separated using a thin-film polarizer and quarter-wave plate. The CVBG was placed
in a water-cooled brass holder fixed with spring-loaded screws shown in Fig. 5.32(a).

The CVBG was used successfully for pulse compression already in the 100-W regenerative
amplifier (Sec. 5.2.2). With a significantly more powerful laser, we encountered substantial
issues with beam quality of the compressed beam. On the other hand, the grating did not affect
the spectrum of the pulses and allowed compression below the target pulse width of 2 ps. It was
tested with incident power up to 269 W (there we stopped due to strong thermal lensing and
deterioration in beam quality beyond any usable extent) and the maximum temperature increase
on the front side of the CVBG was about 5 °C. The diffraction efficiency of the CVBG gradually
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Fig. 5.33: (a) evolution of pulse width (FWHM) with laser power and (b) autocorrelation trace
of pulses compressed in CVBG for low and and maximum incident power and spatial profile of
200-W compressed beam.

decreased from 84% at low power to 80% at full power. Heat deposition on the CVBG led to
formation of a thermal lens, whose power we estimated as high as 0.5 m~! at full power.

Originally, we mounted the CVBG in the holder with estimated clamping force of 12 N from
the top part. The measured M? parameter is shown in Fig. 5.31(a). The reference beam (output
of the main amplifier) had M? of around 1.3 in vertical and 1.5 in horizontal plane. The M?
evolution of the compressed beam was strongly asymmetric with the vertical M; almost static
around 2.2 and increasing from 200-W of incident power to 2.8. In contrast, the horizontal M?
increased almost three times from 1.6 to 4.4. This asymmetry led us to an investigation into the
effect of mechanic pressure on the beam quality.

With a holder without the top piece (i.e. 0 N clamping force) and the side parts in contact
with the CVBG but without any applied force, distinctively different M? trend was observed —
it is shown [5.31(b)]. The M? was symmetric in the two planes and rose gradually from about
1.7 at low power to 3.4 at 269 W. An interesting trend can be seen from Fig. 5.32(b), where a

mean M? defined as M?

mean = /M3 - M is plotted for both mounting configurations. It shows
that although the mechanic stress on the grating gave rise to an asymmetry in beam quality, the
overall beam quality remains roughly the same.

The high power beam caused also some distortion to the pulse shape of the compressed
pulses (Fig. 5.33). When optimizing the stretcher setting at each step, it was possible to keep
the pulse duration around 1.4 ps for power up to 170 W and at 269 W it peaked at 1.9 ps, while
when keeping a constant stretcher setting, pulse duration at full power rose above 2.3 ps. Higher
power led also to an emergence of wings in the autocorrelation trace containing significant
portion of the pulse energy; this aspect is not clearly evident just from the FWHM pulse width
value.

Our explanation of the main mechanism in beam quality deterioration in CVBG is that
the thermal lensing is wavelength-dependent due to different optical path in the CVBG for
different spectral components. However, this was not proven by measurement (e.g. of spatial
chirp at multiple positions after the grating). The deterioration in beam quality with the CVBG
compressor meant worse applicability of the laser system for experiments. Furthermore, in
another laser system in our laboratory with pulse energy above 10 mlJ, intensity dependent
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lensing, presumably connected to the Kerr effect, was observed. This led us to development of
a more conventional grating compressor.

5.4.3 Pulse compression with dielectric gratings

After previous pulse compression attempts with CVBG and facing issues with beam quality,
we switched to the Treacy-type stretcher [67], which is a time-proven and the most straight-
forward grating compressor scheme. The typical configuration with two parallel gratings was
used here (illustrated in Fig. 5.3 in the “compressor” part), although a single-grating scheme
(economical but delicate alignment-wise) or a rather lavish four-grating scheme would be also
applicable. With sufficient grating separation, this optical system can introduce large amounts
of second-order dispersion by means of angular dispersion resulting in optical path difference
of the spectral components. The spectral phase of those components over two passes through
the compressor with length L can be described as

~4m 1+ cos(AoDy)
PN = A cos(Aol)

where AoD), stands for angle of diffraction into the -1°* order, connected with the incidence
angle Aol via the grating equation sin(AoD,) = sin(Aol) + A/A, with A being the grating
period. The length L of the compressor is connected with the normal separation of gratings as
d = L/ cos(AoD).

The GDD produced by the grating compressor can be obtained by differentiating the spectral
phase according Eq. (5.10). The GDD of a Treacy compressor then is [178]

A3 1

DD = ¢y = .
¢ Ly e cos?(AoD,,)

. L. (5.12)

The collimated, yet spectraly dispersed beam after the second grating is usually returned
in the reverse direction in parallel direction at different height using a roof-top mirror (back-
reflecting pair of mirrors placed at 90° to each other) and than the output beam is picked by a
mirror lying under the input beam. In our case the grating separation was rather large and we
could use without any perceptible beam distortion a single, slightly tilted back-reflecting mirror,
creating height difference of ~ 15 mm between the input and output beam on the first grating.

For the grating compressor we initially used reflection dielectric gratings from MarTec Pho-
tonics with groove density of 1600 mm~! (period 625 nm) designed for angle of incidence of
48°-51°. Due to the rather low groove density, the required compressor length was 2.7 m and
the compressor was folded using an HR mirror. These gratings had high diffraction efficiency
of ~ 99% with overall compressor transmission around 95%. However, it was not possible to
compress the laser pulses below 2-ps pulse duration and minimum achievable beam quality pa-
rameter was M? =~ 2. After consulting the issue with the manufacturer, we were able to explain
it by ~ 150 pm variation in grating period over the beam spot on second grating that emerged
during interference beam lithography manufacturing process. Corresponding displacement of
the spectral components matched well the output beam profile. This rendered the gratings un-
usable for our laser system.

Transmission dielectric gratings finally used in the laser system were manufactured by
JENOPTIK Optical Systems GmbH. They have very high groove density of 1841.6 mm~! (pe-
riod 543 nm) and are designed for wavelength range 1020-1040 nm and for use in the -1%*
diffraction order under Littrow angle (71.5° at 1030 nm, greatly angle-selective). The speci-
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Fig. 5.35: (a) measured intensity autocorrelation trace after pulse compression with the grating
compressor, the FWHM pulse duration acquired from a sech? fit is 1.03 ps; (b) measured FROG
spectrogram and its reconstruction by an iterative FROG algorithm.
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tion of the temporal shape and phase of output pulses in comparison with the pulse shape esti-
mated from the fit of intensity autocorrelation in Fig. 5.35(a).
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Fig. 5.37: Intensity autocorrelation of the compressed output measured every 2 minutes for one
hour (31 measurements). Here, the measured pulse duration was 1.1 ps (assuming sech? pulse
shape).

fied diffraction efficiency is >98% and damage threshold fluence is over 1 J/cm?. The grating
structure is encapsulated inside the fused silica substrate, meaning both sides of the gratings
could be AR-coated and remain cleanable. The dimensions of the gratings are 59 x 34 mm?
and 80 x 34 mm?. In case of the second grating, the 80-mm width was just enough to comfort-
ably accommodate the spatially dispersed beam without cropping edges of the 1.6-nm broad
spectrum.

To compensate dispersion of the pulse stretcher, the required grating separation according
to Eq. (5.12) was about 0.88 m (distance along the beam path). To align the compressor (i.e.
parallelism of the two gratings) precisely and reliably in all three rotational degrees of freedom,
we developed a novel alignment method, which is currently being prepared for publication. It
consists of monitoring simultaneously the M? parameter of the beam (in horizontal and vertical
planes) together with pulse duration and consecutively adjusting the pitch, yaw, and roll of the
second grating, while compensating the beam shift by adjusting tilt of the end mirror (the tech-
nique is partly illustrated in Fig. 5.34). It emerged that optimizing the beam quality and pulse
width by consecutively adjusting the three axes leads within a few iterations (typically two) to
finding the setting with minimum M? and pulse width that apparently corresponds to perfectly
parallel gratings. It was not necessary to adjust the compressor length from the calculated value,
since the required minor dispersion adjustment could be done in with the CFBG stretcher.

With this compressor, it was possible to compress the output pulses to 1.0 ps. The result
of intensity autocorrelation measurement is showed in Fig. 5.35(a). This result was verified by
a FROG measurement (Sec. 3.3) displayed in Fig. 5.35(b), with good agreement between the
reconstructed pulse and with direct spectrum and autocorrelation measurements, as may be seen
in Fig. 5.36.

Since we experienced a significant instability in pulse shape on output of another laser sys-
tem in our laboratory, we checked this characteristics on our laser system as well. The logged re-
sults are shown in Fig. 5.37. The pulse shape remained constant for entire time period (1 hour).
This characteristic depends mostly on stable function of laser oscillator and fiber front end,
which were apparently working correctly.

The diffraction efficiency of the dielectric gratings was higher than 99% as the overall power
efficiency of the compressor was around 97%. The compressor was tested with output power
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Fig. 5.38: Beam quality measurement of the high-power (= 350 W) beam after the grating
compressor. Inset: spatial profile of the compressed beam at output power of 300 W.

up to 350 W and there was no observation of influence of the laser power on pulse duration or
beam quality. The M? parameters of the compressed and reference (uncompressed) beams were
also equal within measurement error and at full power (350 W at that time) the M? of the laser
system was 1.4 (Fig. 5.38).

In conclusion, this configuration of pulse compressor emerged as a virtually perfect optical
system for reduction of laser pulse duration with no detrimental effect on beam quality and
spectrum, almost 100% transmission, and with good resilience to high average optical power.

5.5 Output beam manipulation

The high-power beam exiting the laser system was handled using multiple elements. Overview
of the setup is shown in Fig. 5.39. The output beam from the laser was collimated using a
Galilean telescope/beam expander and its diameter was set to approximately 4 mm. For vari-
able attenuation, a half-wave plate and thin-film polarizer were inserted in the beam, with the
diverted beam terminated on a power meter, monitoring the output from the amplifier.

The beam was then routed to a pulse picker and compressor. In order to ensure correct
beam alignment on these elements, we used a commercially available system for beam pointing
stabilization, Aligna from TEM Messtechnik [179]. This system consisted of two motorized
mirrors (4 axes) with step and piezoelectric motors, a detection system measuring beam posi-
tion and beam direction (4 degrees of freedom), and control electronics. The mirror motors and
detectors formed a feedback loop, that was defined by a 4 x 4 matrix for both types of mo-
tors. Although the control program featured a self-learning algorithm for determination of the
optimum matrices, in practice it was necessary to deduce the approximate matrices for given
geometric configuration of mirrors in order to allow the algorithm to converge. Working beam
stabilization then provided repeatable pointing of the beam on day-to-day basis and improved
beam pointing stability of the laser system from approximately 10 prad to 5 prad.

The pulse picker [Fig. 5.40(b)] was basically the same device as the electro-optic switch
(with two 8 x 8 x 25 mm?® BBO crystals) in the regenerative amplifier and was operated in the
bipolar regime (4-kV quarter-wave voltage with alternating polarity). It allowed gating of the
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Fig. 5.39: Optical setup for beam compression, characterization, and delivery to applications.
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Fig. 5.40: (a) Pockels cell of pulse picker at the output of the main amplifier (b) pneumatic beam
shutter between the pulse picker and beam compressor.

laser pulses in coordination with the scanner for micromachining applications, reduction of the
repetition rate, or creating bursts of pulses. The pulse picker used timing from the clock of the
main amplifier and had transmission of approximately 99% due to the contrast of the Pockels
cell (around 1:200) and insertion loss of the BBO crystals and TFP — when there was no need
for pulse picking, the quarter-wave plate was folded and with no applied voltage, loss on the
pulse picker was insignificant.

After the pulse picker, the beam could be passed to the grating compressor (Sec. 5.4.3), or
diverted to the CVBG compressor (Sec. 5.4.2). Outputs of both compressors were then routed
to the application areas along the same paths. In the beam path directed to the grating com-
pressor, there was inserted also a pneumatic shutter [Fig. 5.40(b)]. This shutter was operated by
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compressed air and allowed safe attenuation of the beam thanks to an integrated water-cooled
beam dump. For some applications (requiring long bursts of pulses), the shutter could substitute
the function of the pulse picker, since a timing function was implemented, allowing to open the
shutter from ca. 0.1 s to 999 s.

The compressed beam could be directed to the first application area with micromachin-
ing station (including a scanner with f-theta lens, optionally a diffractive optical element for
multi-beam manufacturing, motorized 3D translation stage for the workpiece, and fume suc-
tion system), or could be diverted to a diagnostics area with equipment for temporal, spectral,
and spatial characterization of the laser output. The other beam branch led to the harmonics
generation setup (generation of second to fifth harmonics and their applications) and due to a
long beam path and need for better beam pointing stability and day-to-day repeatability, a sec-
ond (identical) beam pointing stabilization was placed between the pulse compressor and the
harmonics setup.

5.6 Selected applications of the laser system

This section brings a brief overview of some experimental results, obtained from applications
of the PERLA C laser system and which led to publication results. In these experiments, I was
responsible for the 1-pum laser part.

The most power-demanding experiment until now was performed for a private company and
consisted in micromachining of titanium alloy and ceramics composite with 100-kHz picosec-
ond pulses at average power up to 350 W.

5.6.1 Multi-beam micromachining and surface structuring

Picosecond laser pulses can be used for structuring of metallic and other surfaces, giving them
strong hydrophobic and self-cleaning or hydrophilic properties. Such surface attributes are
of high interest e.g. for automotive and aerospace industries or for biomedical applications.
Technique of laser ablation is used to form a microscopic and nanoscopic structures that alter
the roughness and wetting properties of the metallic surface, which is usually also further treated
in order to pronounce the effect and improve its durability.

An effective way of preparation of superhydrophobic aluminum surface is to treat it after
the laser patterning process with a fluorine compound. Other method is a very time-consuming,
but environment-friendly aging processes. In our work [A8] led by Radhakrishnan Jagdheesh,
~ 100-kHz picosecond pulses from PERLA C laser system were used to pattern A17075 aerospace
aluminum alloy with nearly superhydrophobic properties, and after an additional 4-hour storage
in vacuum chamber, a superhydrophobic to ultrahydrophobic structure was obtained.

Fig. 5.41 shows the lamellar nano-scale structures fabricated on the aluminum alloy with
two-directional laser scans with pulse-to-pulse overlap of 99%. The change in “pitch” (spatial
shift between the scans) had strong impact on the result, since for pitch higher than 100 pm,
micro-scale pillars covered with nanostructures were formed. These formations significantly
improved the functional properties of the surface and provided stable and durable superhy-
drophobic surface.

Further experiments, performed with Petr Hauschwitz and colleagues, were focused on
multi-beam laser processing and creating of laser-induced periodic surface structures (LIPSS).
Using a prototype diffractive optical element (DOE) and 50-kHz picosecond pulses with more
than 150 W of average power, 2601 spots (51 x 51 matrix) were produced simultaneously and a
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Fig. 5.41: SEM photographs of sub-1pum-scale structures fabricated with 240 picosecond pulses
from PERLA C per spot with fluence of 0.86 J/em? and pitch of (A) 20 um, (B) 40 um, (C)
60 um, (D) 100 pm, and (E) 150 um [AS].

periodic functional surface with area of 1 mm? could be formed in less than 10 ms. The encour-
aging initial results are currently waiting for finalization and publication. These applications
are extremely sensitive to beam quality and effort is made to improve the output beam quality
of the laser system to M? ~ 1.2.

5.6.2 High-power harmonics generation

The high-power picosecond pulses from the PERLA C laser system were used for efficient
wavelength conversion to visible and deep-UV (DUV) light by Hana Tur¢i¢ovd. The setup
for the harmonics generation, as presented in [A6], is shown in Fig. 5.42. To generate second
harmonics (515 nm), it used LBO (lithium triborate, LiB30O5) with Type I phase matching and
maintained at temperature of 47 °C. The fourth harmonics (257.5 nm) was then obtained from
a CLBO (Cesium lithium borate, CsLiBgO1) crystal and the fifth harmonics (206 nm) was pro-
duced as a sum frequency of precisely synchronized fundamental and fourth harmonics beams.
The CLBO crystals were used also in Type I phase matching and were kept at temperature of
150 °C in argon atmosphere in order to protect them from ozone produced from air under hard
UV radiation as well as from humidity, since CLBO is highly hygroscopic.

Until now, the harmonics generation was tested thoroughly for input power up to 70 W at
the fundamental wavelength, since so far it has been sufficient for applications, but it is planned
to start its power scaling in near future. With the current setup, it was possible to obtain nearly
50 W of average power at 515 nm wavelength with typical conversion efficiency (CE) of 65-
70%. In case of fourth harmonics, 9 W output at 257.5 nm was obtained with CE from 515 nm
around 25%. The power in fifth harmonics, which is the most challenging to produce, has
currently peaked at 1.4 W at 206 nm. These values are on par with the current state of the art in
~ 100-kHz picosecond pulses in DUV spectral region.
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Fig. 5.42: Setup for second, fourth, and fifth harmonics generation at the output of the PERLA C
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o

Fig. 5.43: Comparison of photographs and SEM images of oven- and laser- annealed TiOq
nanotube layers [A9].

The main motivation for generating harmonic wavelength of the Yb:YAG laser was pro-
cessing of materials transparent or low-absorbing for 1-pum radiation, such as glass or ceramics,
more suitable for micromachining using green or DUV light. UV light was also useful for some
scientific experiments, such as the process described in the next section.

5.6.3 Laser-induced crystallization of anodic TiO, nanotube layers

Fourth harmonics of the PERLA C laser system (wavelength of 257.5 nm) was successfully
used for laser annealing of TiO, nanotubes (TNT) layers [A9]. Highly ordered, anodic TiO-
nanotubes have high potential for use in solar cells, various sensors, or water splitting. The
standard way of their preparation is annealing in a furnace at temperature around 400 °C, which
is a time-consuming process taking several hours.

Laser annealing of TiO, nanotubes has potential to significantly shorten this process to
several minutes and can be used for selective-area treatment. Using the fourth harmonics of
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the PERLA C with average power of 5 W in 90-kHz picosecond pulses and with ~ 2.5-mm
diameter of a Gaussian beam, it was possible to effectively induce crystallization of TiO, and
to treat 1-cm? area in 14 minutes.

The laser annealing of TNT layers using this laser was performed for the first time without
any melting of the nanotubes. When compared with oven-annealed TNT layers, laser-annealed
layers showed higher amount of defects and the TiO, was not fully crystallized, but it showed
better surface stoichiometry and the same surface structure. This makes this method of TNT
annealing very promising for further investigation.
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Chapter 6

Conclusion

This dissertation thesis was dealing with research and development of picosecond diode-pumped
solid-state lasers with high repetition rate and high average power. After a short introduction, an
overview of solid-state materials was given and most important techniques used in high-power
lasers were presented. The main focus of this work were ultrafast thin-disk lasers, whose current
state of the art was surveyed within the theoretical part of this work as well.

The next section summarizes the experimental results presented in this thesis, while Sec. 6.2
points out the most important achievements, advancing the current state of knowledge in the
field of laser physics.

6.1 Summary of achieved results

The first experimental part of the work focused on novel laser materials of promising properties
for use within the thin-disk laser concept. The first tested material was ceramic ytterbium-
doped mixed garnet YGAG (Y3GayAl30;2) with composition very similar to the widely used
Yb:YAG, but with much wider emission bandwidth at temperature of liquid-nitrogen, which is
important for ultrashort pulse generation, while cryogenic cooling is one of possibilities how
to further scale output power of lasers activated with rare-earth ions. By direct comparison
with crystalline Yb:YAG with identical parameters, it was found out that the laser performance
of Yb:YGAG ceramic samples was on par with Yb:YAG. At cryogenic temperature, 10 W of
output power was generated in continuous-wave operation with optical-to-optical efficiency of
35% and continuous wavelength tuning in range of 8.1 nm was demonstrated. By employing
mode locking with a semiconductor saturable absorber (SESAM) at temperature of 80 K, train
of pulses with duration of 2.4 ps at wavelength of 1026 nm was obtained, which is more than
four times shorter than what has been reported with Yb: YAG.

Another tested material was erbium-doped yttria (Er:Y2O3) ceramics with laser emission
wavelength around 2.7 um. Erbium-doped materials represent the most straightforward access
to this spectral region for diode-pumped solid-state lasers, and their adoption to thin-disk tech-
nology would significantly extend its capabilities. In the initial experiments, a disk and a rod
room-temperature Er:Y,O3 laser with very low efficiency were developed, but after optimiza-
tion of laser parameters, a compact 0.95-W continuous-wave laser emitting at 2.72 pm with
slope efficiency of 17.4% was obtained. In pulsed regime with 1-ms, 10-Hz pump pulses, peak
power as high as 9 W was generated. Moreover, the laser operated with a beam quality close to
the diffraction limit, with M? parameter value below 1.2 at all conditions.

The major part of this work described the development of a high-power thin-disk Yb:YAG
laser system PERLA C. This included construction of a fiber front end, Yb:YAG rod preampli-
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fier, main thin-disk regenerative amplifier, and a pulse compressor. The system of fiber oscillator
and multiple preamplifying stages was tuned to produce a highly stable train of pulses with neg-
ligible phase distortion and energy sufficient to seed the main amplifier operating at repetition
rate of 100 kHz. The thin-disk amplifier used a compact ring optical cavity optimized for stable
fundamental-mode operation over a wide range of pump power and two reflections off the disk
per roundtrip, which allowed operation with very high efficiency, comparable with continuous-
wave thin-disk lasers with much simpler configurations. A technical challenge of implemen-
tation of high-voltage, high-repetition-rate electro-optic modulator was solved by studying the
resonant frequencies of Pockels cell crystals and influence of their mounting. With 1.25 kW
of pump power at 969 nm wavelength, the main amplifier produced 100-kHz, 1030 nm pulses
with average output power of 0.55 kW (optical-to-optical efficiency of 43.4%, slope efficiency
49.0%) in a good-quality beam with M? of 1.4 and with power fluctuation of 0.86% over several
hours. At reduced repetition rate of 50 kHz, maximum pulse energy of 9 mJ was obtained. For
pulse compression, initially a chirped volume Bragg grating (CVBG) was used, but with high
incident power, significant deterioration in beam quality and pulse shape was observed. After a
detailed study of the CVBG compressor with power up to 270 W, we switched to a Treacy-type
compressor using transmission dielectric gratings. This compressor with high transmission of
approximately 96% allowed pulse compression to 1-ps pulse duration without any influence on
beam quality. The compressor was tested for power up to 350 W (full power was not avail-
able from the main amplifier at the time of completion due to replacement of the pump diode
laser and thin disk), but since there was no deterioration in output parameters with increasing
power, it should hold also for full-power beam. The laser system has been successfully used
for various experiments, including laser micromachining and surface structuring, high-power
harmonics generation, or laser-induced crystallization of TiO, nanotube layers. In summary,
the requirements on output parameters of this laser system were met and it is available for
experiments.

By summarizing these results, it may be concluded that the goals of this thesis were accom-
plished. I am supposed to confirm here explicitly that all the results mentioned in previous para-
graphs were an outcome of my individual work, only the fiber front end, rod preamplifier and
pulse compressor of PERLA C were developed in collaboration with undergraduate students
under my supervision and according to my design. And of course, the application experiments
were carried out by my colleagues — specialists in respective fields, with me providing the laser
part.

Regarding the publication activitities, over the PhD course I authored 3 and co-authored 9
articles in peer-reviewed journals, contributed as a co-author to one book chapter, and presented
13 and co-authored 23 international conference contributions. Additionally, I have acted as
a supervisor or advisor of three undergraduate students and led their work in the laboratory
(besides the already mentioned work, with one of the students, Toma$ Hambalek, we developed
two thin-disk Yb:YAG oscillators, a 5-W picosecond SESAM-mode-locked laser and 3-W, 280-
fs Kerr-lens-mode-locked laser).

6.2 Contribution to progress of laser science

During the work on the topics presented in this thesis, a large number of new findings was
gained, which helped us with further development of laser systems at the HILASE Centre.
From the novelty point-of-view, the main achievements can be summarized as follows:
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= A comparative experiment with Yb:YAG in Sec. 4.1 proved that a novel Yb:YGAG trans-
parent ceramic can offer similar laser performance and, more importantly, 2.4-ps pulses
were generated at liquid-nitrogen temperature from the first mode-locked laser oscillator
based on this material. This showed that this material can offer significant advantage
over Yb:YAG for ultrashort laser pulse generation and amplification at low temperature.
This ceramics was later studied by my colleagues (including development of a room-
temperature femtosecond Yb:YGAG regenerative amplifier) and Yb:YGAG thin disks
are currently being prepared for experiments.

* A diode-pumped 0.95-W Er:Y,03 ceramic laser emitting at 2.7 um was realized. Its
distinguishing feature was high optical-to-optical efficiency of 14.3% and excellent beam
quality (M? < 1.2), making it the brightest watt-level ~ 3-um erbium laser operated at
room temperature.

= A half-kilowatt high-repetition-rate picosecond thin-disk laser system operating in fun-
damental transverse mode was developed. The thin-disk amplifier is the most powerful
single-thin-disk regenerative amplifier reported up to date and it operated with an out-
standing optical-to-optical efficiency over 43%. This one-of-a-kind laser system then
could be used for various experiments yielding new scientific results.

The results in this list were reported in peer-reviewed journals and presented at several sci-
entific conferences. However, the largest volume of the acquired knowledge lay in the technical
details and nuances that are hard to find in the literature and still they are indispensable for
robustness and proper working of high-power laser devices. Some of this information I tried to
capture in this work. The field of high-power laser systems may not be the most accessible and
prolific in terms of generating scientific outputs, but once the system containing thousands of
optical, electronic, and mechanical components happens to run flawlessly and starts generating
ultrashort and extremely bright pulses of pure, concentrated energy virtually just by plugging it
into the power grid, one does realize the beauty of this branch of science and technology.
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