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power (hp) awesomeness where?
enhancement cavity* 536.4 1600 LMU
BMW i8 333 32515 Alte Heide
BMW 6er Coupé 320 13.69 MPQ parking lot
2J thin-disk laser 26.8 10 TSL
2)-pumped OPCPA 4.62 690 -
thin-disk oscillator 3.566 1.28 LMU
XCPA thin-disk laser 1.34 0.5 TSL/LEX
PFS pump 0.536 0.5 MPQ
LWSpro 0.327 244 LEX
PFSpro 0.27 40 LEX
0.08 0.04 MPQ
PFS OPA 0.067 10 MPQ
LWS20 OPA 0.067 I MPQ
awesomeness__= powerXprice/mass
awesomeness, = energyXrepetition rate/pulse duration (fs)

* loachim is a bit cheating here!
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Zusammenfassung

Zur Erzeugung hochstintensiver, ultrakurzer Laserimpulse ist nach anfang-
lichen Erfolgen mit Farbstofflasern seit etwa zwanzig Jahren die Verwen-
dung von breitbandig verstirkenden Festkorperlasern die vorherschende
Methode. Dieser Technik verhalf die Erfindung der “chirped pulse ampli-
tication” (CPA) zum Durchbruch, bei der ein zeitlich gestreckter Lichtim-
puls im Lasermedium verstdrkt und erst nach der Verstirkung, einherge-
hend mit einer signifikanten Zunahme der Spitzenleistung, zu seiner kiirzest
moglichen Dauer komprimiert wird.

Um auch die Beschrankungen dieser Technologie zu iiberwinden, haben
Forschungslaboratorien in jiingerer Zeit die “optical parametric chirped pulse
amplification” (OPCPA) als Ausweg erkannt. Dank der zunehmenden Zer-
storschwelle nichtlinearer Medien bei abnehmender Pumpimpulsdauer, ver-
spricht dieses Laserprinzip einzigartige Betriebsparameter. Mit Kurzim-
plusscheibenlasern als Pumpquelle (Tyump < 1ps) wird die Erzeugung von
Laserimpulsen von nur wenigen Feldzyklen Dauer moglich, bei gleichzeitig
bisher unerreichbar scheinenden Werten der Spitzenleistung im Terawatt-
und der durchschnittlichen Leistung im Kilowattbereich.

Die vorliegende Arbeit betrachtet die wesentlichen theoretischen Gesicht-
spunkte, die der Planung eines OPCPA-Lasersystems zur Erzeugung von
hochstintensiven, ultrakurzen Laserimpulsen zugrunde liegen und présen-
tiert ihre experimentelle Uberpriifung.

Im Einzelnen werden die Erzeugung eines breitbandigen Seed Impulses
mit fester Phasendifferenz zwischen der Tragerwelle und der Intensitatsein-
hiillenden diskutiert, praktische Erwdgungen zum Betrieb eines Hochleis-
tungs Scheibenlasers als Pumpquelle dargestellt und die experimentelle Re-
alisierung eines mehrstufigen OPCPA-Systems mit anschlieflender Kompres-
sion der Laserimpulse beschrieben. Die Ergebnisse einer theoretischen Un-
tersuchung zeigen die Moglichkeiten der Optimierung als wellenldngenab-
stimmbare oder besonders breitbandige Laserquelle auf.

Die Arbeit wird von der Konzeptstudie eines optischen Wellenformsyn-
thetisators abgeschlossen, der mehrere Oktaven spektraler Bandbreite un-
terstiitzen und gleichzeitig Multi-Terawatt Spitzenimpulsleistungen erzielen



xiv zusammenfassung

kann. Basierend auf diesen Untersuchungen erscheint eine solche Laserquelle
moglich und es werden die notwendigen experimentellen Voraussetzungen
dargestellt. Ausgehend von den erwarteten Impulsparametern zeigt eine
numerische Modellierung, dass mit der Verfiigbarkeit solcher Laserimpulse
Attosekundenspektroskopie bei Photonenenergien im Bereich harter Ront-
genstrahlung moglich wird.



Abstract

Chirped pulse amplification in solid-state lasers is currently the method
of choice for producing high-energy ultrashort pulses, having surpassed
the performance of dye lasers over 20 years ago. The third generation of
femtosecond technology based on short-pulse-pumped optical parametric
chirped pulse amplification (OPCPA) holds promise for providing few-cycle
pulses with terawatt-scale peak powers and kilowatt-scale-average powers
simultaneously, heralding the next wave of attosecond and femtosecond sci-
ence.

OPCPA laser systems pumped by near-1-ps pulses support broadband
and efficient amplification of few-cycle pulses due to their unrivaled gain
per unit length. This is rooted in the high threshold for dielectric breakdown
of the nonlinear crystals for even shorter pump pulse durations. Concomi-
tantly, short pump pulses simplify dispersion management and improve the
temporal contrast of the amplified signal.

This thesis covers the main experimental and theoretical steps required
to design and operate a high-power, high-energy, few-cycle OPCPA. This in-
cludes the generation of a broadband, high-contrast, carrier envelope phase
(CEP)-stable seed, the practical use of a high-power thin-disk regenerative
amplifier, its efficient use for pumping a multi-stage OPCPA chain and com-
pression of the resulting pulses. A theoretical exploration of the concept
and its extension to different modes of operation, including widely-tunable,
high-power multi-cycle pulse trains, and ultrabroadband waveform synthe-
sis is presented.

Finally, a conceptual design of a field synthesizer with multi-terawatt,
multi-octave light transients is discussed, which holds promise for extending
the photon energy attainable via high harmonic generation to several kilo-
electronvolts, nourishing the hope for attosecond spectroscopy at hard-x-ray
wavelengths.
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Opening






Introduction

It is a dream (one of mine, at least) to understand the hide and seek of
photons, incognito messengers of information that let us explore the uni-
verse with quantum transitions. I am fascinated by the Greek and Persian
philosophies of light, by the magic story of photons and what they make us
perceive as reality. Physics and photonics are the grand attracting magnets
as they make our further acquaintance with these tiny packets of energy
possible. The story of the interconnection between life on earth and light
spans a history of four billion years, when the first interaction between a
bacterium and a photon took place. But the real success story of the human
fascination with photons began a century ago.

Past The discovery of the principle of spontaneous and stimulated emis-
sion by Einstein (1917) is the root of almost all recent innovations in photon-
ics. The suggested method for producing population inversion in the PhD
thesis of Fabrikant in 1939 and optical pumping by Kastler (1950), paved the
route for demonstration of the first maser by Gordon et al. (1955). In 1958,
Schawlow and Townes introduced the concept of the optical maser (laser)
(Schawlow and Townes, 1958) and two years later the first laser in a ruby
crystal was demonstrated by Maiman (1960). The big question was on the
table: What is this army of coherent photons oscillating at PHz frequencies
with intensities around 10’ W/cm? good for?

One year later, lasers gave birth to the field of nonlinear optics by the
generation of low-order optical harmonics in crystalline quartz (Franken et
al., 1961). For electric field strengths less than the characteristic field strength
of atoms, perturbative phenomena dominate. Here, the light perturbs the
atoms, inducing a nonlinear (anharmonic) polarization and low-order har-
monics may be generated.

In the 1970s, passively mode-locked dye lasers produced the first pulses
shorter than 1ps and gave birth to femtosecond technology (Ippen et al.,
1972). Advances in laser oscillators led to pulse durations of a few tens of
femtoseconds (Fork et al., 1981), while the poor energy storage capability of
dye lasers limited the pulse energies to microjoules and the peak powers to
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megawatts (Knox et al., 1984). This first-generation femtosecond technology
opened the door for direct time-domain investigations of processes that were
once immeasurably fast, such as molecular dynamics, chemical reactions,
and phase transitions in condensed matter (Rowlinson, 1969; Zewail, 2000).

By the end of the 1980s, broadband solid-state lasers with large energy
storage capabilities offered the potential for additional pulse shortening as
well as boosting of the pulse energy and peak power by many orders of
magnitude (Moulton, 1986; Petricevi¢ et al., 1988).

Present Although the idea of optical stimulated emission was triggered
by the same phenomena in the microwaves and masers, it took physicists
fifteen years to exploit chirped-pulse amplification (Strickland and Mourou,
1985), a well-known technique in microwave technology (Cook, 1960), to
solid-state lasers in particular Ti:sapphire-based systems (Nabekawa et al.,
1998). At peak intensities on the order of 10'* W/cm? (Yanovsky et al., 2008;
Sung et al., 2010), the laser field strength became comparable to the electric
field experienced by a bound electron and nonlinear optics stepped into a
new area, the so called non-perturbative regime.

In this regime electrons absorb photons in excess of the minimum re-
quired for ionization to occur (Agostini et al., 1979) and may lead to the
generation of high-order harmonics, a coherent spectrum that could reach
several kilo-electronvolts (Buth et al., 2013; Seres et al., 2005; Popmintchev et
al., 2012). Ti:sapphire-based CPA systems combined with chirped multilayer
mirrors form the second-generation of femtosecond technology, providing
pulses with ultrahigh (petawatt) peak powers at relatively-low repetition
rates (Chu et al., 2013) and moderate-peak-power (gigawatt) pulses at kilo-
hertz repetition rates (Hadrich et al., 2013). Second-generation femtosecond
technology paved the way for the emergence of entirely new research fields
and technologies such as attosecond science (Krausz and Ivanov, 2009) and
has been the workhorse for the generation of isolated attosecond pulses in
many laboratories around the world for more than a decade (Cavalieri et al.,
2007).

Future Electron dynamics in atoms and ions take place on the time scale
of attoseconds. The capabilities of the current high-harmonic generation
(HHG) sources are limited to energies around a few hundred eV and to
pulse durations of several tens of attoseconds. Attosecond pulses at high
repetition rates, with photon energies as high as several kiloelectronvolts in
the regime of hard x-rays, would enable the probing of electron dynamics in
inner shells and 4D imaging of the electronic structure of matter with atomic
temporal and spatial resolution, and open the door to time resolved intra-
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nuclear dynamics in addition to the ability to track the electron dynamics
inside atoms.

Comprising optical parametric chirped-pulse amplification (OPCPA) (Du-
bietis et al., 1992) driven by terawatt-scale pulses from ytterbium-based
lasers at kilowatt-scale average power, third-generation femtosecond tech-
nology will combine high (terawatt-scale) peak powers with high (kilowatt-
scale) average powers in ultrashort optical pulse generation for the first time.
This unprecedented parameter combination will allow the exploration of ex-
treme nonlinearities in matter and extend ultrashort pulse generation from
subnanometer to multimicrometer wavelengths at unforeseen flux levels,
holding promise for yet another revolution in ultrafast science.

In this work it will be shown that diode-pumped ytterbium-doped thin-
disk lasers offer a promising route to fulfill requirements to implement third-
generation femtosecond technology in the conceptual architecture outlined
in Fig. 0.1 and will outperform the first- and second- generations of fem-
tosecond technology by reaching unprecedented peak and average powers,
simultaneously (Fig. 0.2).

Besides a variety of operational modes, this next generation technology
of waveform-controlled light offers an agile electromagnetic force whose
strength can be increased from zero to maximum within hundred attosec-
onds and also kept nearly constant over several femtoseconds. The gener-
ation of synchronized UV and X-ray light at kHz repetition rates open the
door for novel attosecond techniques such as UV transient absorption spec-
troscopy, XUV pump-probe spectroscopy, and attosecond x-ray diffraction.
This high-energy, high-power field synthesizer will make it possible to un-
derstand multi-electron phenomena in solids and let us explore the ultimate
limits of solid-state electronics. The new insights it leads to could bring
about the next breakthroughs in optoelectronics needed to speed up infor-
mation technology to light frequencies, reaching the world of light-wave
electronics (Krausz and Stockman, 2014).

This thesis combines the first experimental and theoretical steps towards
the realization of a light source to fully exploit the potential of the third
generation of femtosecond laser technology. It includes feasibility tests per-
formed at the Laboratory for Attosecond Physics at the Max Planck Institute
of Quantum Optics and the Ludwig-Maximillians-University, and simple
theoretical models to understand them. It also contains my personal inter-
pretation of the phenomena which I dealt with in the laboratory, over the
course of the last six years.
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Figure o.1: Basic conceptual architecture of an OPCPA system. A sub-ps
ytterbium laser oscillator or a Ti:sapphire oscillator, seeds the pump source.
The broadband seed can either be generated from the output of the picosec-
ond pump laser (solid arrows) or directly from the oscillator (dashed ar-
rows). In the latter case an active temporal synchronization is needed be-
tween the pump and seed pulses of the OPCPA chain. This system can be
operated to generate i) widely tunable pulses of few-tens of femtoseconds
duration, ii) few-cycle pulses in different spectral ranges, or iii) multi-octave
controlled waveforms with sub-optical-cycle structure. These blocks are dis-
cussed in detail in the respective chapters as indicated in the figure (Fattahi
et al., 2014a).
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Figure 0.2: Comparison between different generations of laser systems: The
blue dot represent the performance of the first-generation of femtosecond
technology in terms of the average and peak power (1, corresponds to (Rol-
land and Corkum, 1986)), the green dots contain the second-generation of
femtosecond technology (2-7, corresponds to (Hentschel et al., 2000; Bohman
et al,, 2010; S. Chen et al., 2009; Nabekawa et al., 1998; Matsushima et al.,
2006; Hadrich et al., 2013)) and the red dots show the simulated results for
OPCPA based on pump sources under development and envisioned. The
table summarizes the predicted output parameters of these systems. The
details of the simulation are presented in Appendix C (Fattahi et al., 2014a).






Outline of the thesis and the
main results

This thesis presents experimental and theoretical evidences for short-pulse
pumped OPCPA systems as the most promising route to achieve high-contrast,
few-cycle pulses scalable in peak and average power simultaneously.

It will be shown that the optimum duration of pump pulses in an OPCPA
system to achieve a broad amplification gain and high conversion efficiency
concurrently is of the order of 1 ps. This constitutes a trade-off between a
high resistance to optical damage (decreasing for longer pulses) and a small
temporal walk-off between pump and signal pulses relative to their duration
(increasing for shorter pulses).

The realizability of this approach is subject to the availability of pump
lasers delivering scalable high-energy near-1ps-pulses with near diffraction
limited beam quality at repetition rates in the kHz to MHz range. Yb:YAG
think disk lasers, containing all the above mentioned parameters are the
most developed approach to achieve this goal and therefore formed the
heart of all the experimentally demonstrated and designed OPCPA systems
presented in this thesis.

Having the concept of short-pulse pumped OPCPA in place along with
reliable pump sources, all the necessary ingredients of an OPCPA system
will be discussed. This includes the full study of: alternative schemes for
generation of multi-octave coherent seed sources for OPCPA, optimization
of the performance of Yb:YAG thin-disk lasers for daily use, and presenting
alternative schemes for increasing conversion efficiency and amplification
bandwidth.

The gain bandwidth and therefore the attainable pulse duration in an
OPCPA system is limited to the phase-matching range of the nonlinear crys-
tal. To generate confined, sub-cycle pulses with controlled variability of the
electric field, few-cycle pulses at different carrier frequencies can be synthe-
sized temporally. The outcome of combining this concept with short-pulse-
pumped OPCPA concept are sub-cycle pulses, scalable in peak and average
power. It will be shown that few-cycle OPCPA pulses with m] levels of en-
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ergy in the visible, near-infrared, and mid-infrared ranges pumped by dif-
ferent harmonics of an Yb:YAG think-disk laser can be synthesized to form
multi-TW sub-cycle waveforms. This extends the horizon of high-energy
attosecond pulse generation to keV range.

Chapter 1
SUMMARY POINTS

Chapter 1 gives an overview of optical parametric amplification and
is dedicated to the theoretical description of the parametric amplifica-
tion process. Numerical simulations for optimization of different pa-
rameters in OPCPA systems such as pump pulse duration, signal-to-
pump energy ratio, and OPCPA phase are performed and discussed
in detail. At the end of the chapter a general discussion about Yb:YAG
thin-disk based OPCPA systems is presented. This section discusses
the possibility of using fundamental, second- and third-harmonics
of Yb:YAG lasers to pump few-cycle OPCPA systems in the visible,
near-infrared, and mid-infrared. Here, different nonlinear crystals
are analytically compared and the best candidates are suggested. The
chapter is finalized by proposing a new scheme for a widely tunable
OPCPA system (from ultraviolet to mid-infrared) based on Yb:YAG
thin-disk lasers.

MAIN RESULTS

In this chapter the behavior of OPCPA efficiency and amplification
bandwidth versus the pump pulse duration (from fs to ns range) are
theoretically investigated. It is shown the optimum pump pulse du-
ration is in the range of 1-10 ps at FWHM. This study reveals that in
this range, 1 ps pump pulses are favorable over 10 ps pulse duration,
as they provide higher damage threshold on materials. It is theo-
retically demonstrated that increase in the OPCPA’s pump intensity
results in the raise of the small signal gain and its amplification band-
width. This indicates another advantage of the short-pulse-pumped
OPCPA concept.

Another important parameter in designing OPCPA system, is the in-
put signal-to-pump energy ratio. The performed simulations in this
chapter indicate, for low input seed energy, saturation of different
frequency components happens at different length of the nonlinear
medium. This results in backconversion of energy for some frequency
components while the others have not reached saturation yet. The op-
timum signal-to-pump energy ratio of 1072 is suggested for relatively
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uniform amplification while high conversion efficiency and amplifi-
cation gain is achieved.

This chapter also includes simulations demonstrating that the phase-
mismatch during the amplification process in an OPCPA system re-
sults in high-order phase. This additional phase is imprinted on the
spectral phase of the signal. It is shown that increase in the amplifi-
cation gain leads to increase in the OPA phase. This additional phase
should be considered for Fourier limit pulse compression in OPCPA
systems.

Finally a new scheme for an OPCPA-based tunable source is sug-
gested. Here, a multi-octave seed pulse is temporally stretched to a
pulse duration of several times the pump pulse duration. Using dif-
ferent harmonics of an Yb:YAG thin-disk laser, and by adjusting the
temporal delay between seed and pump pulses, sub 30 fs pulses with
m] level of energy are generated. This table-top tunnable source is
scalable in peak- and average-power with tunnablity in central fre-
quency and temporal duration of pulses.

Chapter 2
SUMMARY POINTS

Chapter 2 is dedicated to study alternative techniques for the gener-
ation of multi-octave broadband spectra suitable for seeding OPCPA
systems. OPCPA seed pulses are required to have high temporal con-
trast, smooth spectral phase and preferably passively stable carrier
envelope phase. This can be provided by broadband Ti:sapphire oscil-
lators with nJ of energy or kerr-lens mode-locked Yb:YAG oscillators
with pJ level of energy. Both require an additional active temporal
synchronization to overcome temporal jitter between seed and pump
pulses and they are limited in energy. As an alternative approach
a broadband seed with several hundreds of puJ energy can be gen-
erated by employing a Ti:sapphire amplifier. However, this scheme
also demands for an active temporal synchronization system. Gener-
ating seed pulses from a near-1 ps pulses of a Yb:YAG amplifier will
eliminate the demand for any external synchronization system and
provides the possibility of scaling the seed energy level to m].

Therefore in this chapter a scheme to generate an octave seed pulses
from a 1-ps Yb:YAG oscillator by combining spectral broadening in
large mode area (LMA) fiber and supercontinuum generation in bulk
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is studied. Later, supercontinuum generation of 30fs pulses in a
hollow-core-fibers (HCF) is discussed. The chapter concludes with
a full experimental and theoretical study of cross-polarized-wave-
generation (XPW) and difference frequency generation (DFG) serving
as suitable techniques for OPCPA seed generation.

MAIN RESULTS

In a cascaded broadening setup, 1 ps pulses centered at 1030 nm were
spectrally broadened in an LMA fiber and temporally compressed to
30 fs and used for supercontinuum generation in YAG and YVOy crys-
tal. In this approach the spectrum of the generated supercontinuum
reached 500 nm. However the bottle neck of this approach is the LMA
fiber which is limited to pump pulse energies of the order of several
HJ.

After that a full theoretical and experimental study on XPW genera-
tion as a technique for enhancing the temporal contrast of seed pulses
is presented. It is shown that by employing a two-stage XPW, the ef-
ficiency of the process increase from 5% to 9%. The demonstrated
theoretical study and experimental evidence shows in an XPW sig-
nal which had reached energy saturation, the generated spectrum
becomes modulated due to impact of the other third-order nonlin-
ear processes along with the backconversion of energy from the XPW
signal to the pump. These third-order nonlinear processes also result
in spectral broadening and generation of new frequencies. It is exper-
imentally shown, the input pump spectrum which spans from 600 nm
to 1000 nm can be extended to 1400 nm in a single XPW stage using
1 mm-thick BaF,. This makes XPW a useful technique for OPCPA
seed generation.

A multi-octave spectrum spanning from visible to mid-infrared can be
generated by spectral broadening of mid-infrared CEP-stable pulses
in a gas or a gas-filled hollow core fiber. This method benefits from
efficient generation of CEP-stable pulses in mid-infrared in a DFG
process, as DFG pulses have high temporal contrast, smooth spectral
phase and they are passively CEP-stable.

To increase the efficiency of a single-pulse DFG, a simple idea is im-
plemented experimentally. Here the efficiency of a broadband DFG
signal, pumped by a few-cycle near-infrared-to-visible pulses, is in-
creased to 12 %. This increase in efficiency is achieved by employing



Outline

11

a 42 pm-thick quartz wave plate before the 500 pm-thick BBO crystal
used as the nonlinear medium. The wave plate optimizes the photon
distribution on ordinary and extra-ordinary axes of the type I crystal.
It will be shown that the type I DFG, has a higher efficiency due to
its reduced sensitivity to the material dispersion, whereas in type II
DFG, the generated signal is more stable.

This results will be used in Chapter 5 to suggest alternative seed-
generation schemes for a multi-TW, super-octave field synthesizer.

Chapter 3
SUMMARY POINTS

Chapter 3 presents the dynamics of chirped pulse amplification
in Yb:YAG thin-disk regenerative amplifiers as the most promising
pump source for OPCPA systems. Here numerous simulations are
performed to investigate the accumulated nonlinear phase during the
amplification process in a regenerative amplifier. This chapter also
includes a full experimental and theoretical study about second har-
monic generation of Yb:YAG thin-disk lasers.

MAIN RESULTS

It will be shown experimentally and theoretically that by increasing
the input seed energy of a thin-disk regenerative amplifier from 0.1nJ
to 17 n]J a stable mode of operation without doubling and chaos can be
achieved. Increasing the input seed energy also makes it possible to
use less number of round trips in the amplifier and consequently re-
duce the accumulated nonlinear phase on the beam in the expense of
using higher pump energy. Experimental and theoretical evidence in-
dicate, that reproducible pumping of OPCPA systems requires a well-
controlled balance between the demands of avoiding chaotic pulse
train dynamics and providing a reproducible spectral phase.

The frequency doubling of an Yb:YAG thin-disk laser in type I BBO
and LBO crystals is the second subject of this chapter. Up to 70% of
energy conversion is achieved in a 4mm LBO and a 2 mm BBO at the
pump peak intensity of 70 GW/cm?. Although LBO has a lower non-
linear coefficient compared to BBO, it results in a similar conversion
efficiency due to its smaller temporal walk-off. The achieved high
conversion efficiency indicates the good quality of thin-disk amplifier
in time and space.
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Chapter 4
SUMMARY POINTS

Chapter 4 is devoted to second harmonic-pumped, near-infrared
(NIR) OPCPA systems. The chapter begins with a theoretical design
study optimized for increasing OPCPA pump-to-signal conversion ef-
ficiency by recycling the residual pump energy in a cascaded OPCPA
stage. Further optimization of efficiency is studied in a scheme con-
sisting of controlled deposition of pump energy in different part of
the spectrum. In the following, different methods for spectral band-
width engineering by using different kinds of nonlinear crystal are
experimentally and theoretically investigated.

MAIN RESULTS

The conversion efficiency of a 3-stage few-cycle OPCPA system, cen-
tered at 800nm is increased to an unprecedented value of 30%. This
is achieved by reusing the residual pump energy after the second
OPCPA stage to pump the third OPCPA stage. The 2.5 m] pulses with
7.5W of average power are temporally compressed to 10 fs employing
a chirped-mirror compressor providing 0.23 TW of peak power.

In the second approach the possibility of increasing the OPCPA con-
version efficiency by controlling the allocation of pump energy on
different spectral components is theoretically discussed. In this tech-
nique seed pulses are temporally stretched to longer than pump pulse
duration. The pump is reused after each OPCPA stage and the pump
energy in each OPCPA stage is deposited on different part of the seed
spectrum by adjusting the relative temporal delay between pump and
signal. This technique also leads to an smooth amplified spectrum,
which is demonstrated experimentally.

And finally, near-1-cycle pulses with 1.8 m] of energy are generated
in a 3-stage noncollinear OPCPA system centered at 1 um. Here by
using a 2mm LBO, 2mm BBO, and 3mm LBO crystal, the amplifica-
tion bandwidth is extended to support near-1-cycle pulses. Using a
chirped-mirror compressor resulted in 9 fs pulses.

And finally in an all LBO 3-stage OPCPA system, generated spec-
trum from the XPW setup shown in chapter 2 is amplified to 1.2m]
of energy. Here the amplified spectrum is smooth without any sharp
features, indicating the enhanced contrast of the amplified pulses.
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Chapter 5
SUMMARY POINTS

Chapter 5 consists of a design study of a multi-channel OPCPA sys-
tem based on Yb:YAG thin-disk lasers. Here, different harmonics of
the laser are used to pump different few-cycle OPCPA channels in
visible, near-infrared, and mid-infrared. Next, the generation of a
variety of ultra-short wave transients from the three-channel OPCPA-
based synthesizer and their optimization as a driving field for HHG
in order to reach keV photon energies is discussed theoretically.

MAIN RESULTS

The full design study of a multi-TW, multi-octave OPCPA based field
synthesizer is shown in this chapter. An Yb:YAG thin-disk laser with
200m] of energy operating at 5kHz is considered as a pump source
for this system. In a cascaded second-order nonlinear stage, 40 mJ
pulses at 343nm, 74 m] pulses at 515nm are generated, leaving 86 mJ
energy at 1030 nm.

These pulses are used to pump three OPCPA chains employing BBO,
LBO, and LiNbO;3, alternatively. The amplified spectrum in 343 nm
pumped OPCPA chain spans from 450nm to 650nm and contains
7.1m] of energy. In the near-infrared channel the 680 — 1300 nm am-
plified spectrum contains 22.7 m] of energy and the spectrum in the
mid-infrared channel from 1700 nm to 2800 nm has 19.2 m] of energy.

By synthesizing these amplified spectra after their temporal compres-
sion, and varying temporal delays between the three different chan-
nels, a variety of confined sub-cycle multi-TW waveforms could be
generated.

In a series of simulations, the advantages of controlled waveforms
over one-cycle and multi-cycle pulses for high harmonic generation
in terms of generated photon cut-off energy is shown. It is shown
by optimizing the energy ratio between the visible, near-infrared, and
mid-infrared channels in favor of mid-infrared channel, the photon
cut off energy can be extended dramatically in the high harmonic
generation process. Simulation results indicate, chirping the wave-
form by shifting the blue channel to the front of the pulse also leads
to an increase of the photon cut off energy. This could be understood
by the role of blue photons in the leading edge of the pulse in ion-
ization and the longer wavelength photons in the trailing edge of the
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waveform in electron recombination and high harmonic generation.

Comparison between the ionization probability of a 4fs pulse at
800nm and a synthesized waveform at 1pum, shows lower ioniza-
tion rate for the waveform for the case of similar cut-off energy. This
demonstrate another advantage of a waveform over few-cycle pulses
for high harmonic generation process.

Chapter 6
SUMMARY POINTS

Finally, Chapter 5 is followed by a summary of the findings and per-
spectives for the future.

Appendix A and D
SUMMARY POINTS

Appendix A and D, cover two important subjects. Spectral interfer-
ometry as an important tool for characterizing chirped-mirror com-
pressor and supercontinuum generation in bulk material pumped by
1 ps pulses.
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Theories and experiments






Chapter 1

How to amplify photons

Stimulated emission and optical parametric amplification (OPA) lead to ef-
ficient amplification of photons. In stimulated emission, the amplification is
limited by amplified spontaneous emission (ASE) in the gain medium, and
the amplification bandwidth to the energy level structure of a laser active
medium and gain narrowing. In this process the energy is stored in the
medium.

OPA however is an instantaneous process with a high single pass gain.
Here, the energy of a typically narrowband, high-energy pulse is transferred
to a possibly broadband, low-energy pulse in a nonlinear crystal. In the ab-
sence of low-energy photons and at high intensities, high-energy photons
decay spontaneously to two photons with lower energy via the emission of
two photons. The process is called parametric fluorescence and its amplifi-
cation in subsequent OPA media limits the achievable gain.

OPA provides broad amplification bandwidth which can be tuned by
crystal type, crystal thickness, temperature, and the geometry of the interact-
ing beams. To increase the conversion efficiency, the low-energy seed pulses
should be temporally stretched to the time window of high-energy pump
pulses. This is therefore called optical parametric chirped pulse amplifica-
tion (OPCPA), combining OPA with chirped pulse amplification (CPA), but
with different objective in the stretching of the seed pulses than in standard
laser CPAs.

As here, since no energy is stored in the material, the thermal load on
the crystal is significantly smaller. However, at several hundreds of kHz
repetition rate, the small absorption of idler or pump can become significant
and active cooling of the nonlinear medium is needed.

One of the most important properties of OPCPA is its simultaneous scal-
ability in peak- and average-power. This unique property demands for pow-
erful, high-energy, high-power pump sources with optimum pulse duration.
For long-pulse-pumped OPCPAs, the intensity damage threshold of ma-
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terials is on the order of 30 GW/cm?2. Therefore for sufficient gain, thick
crystals have to be used, limiting the amplification bandwidth. Decreas-
ing the pump pulse duration results in the increase of the intensity damage
threshold. However for pump pulses below ~ 500 fs the OPCPA conversion
efficiency drops due to the increase in group velocity mismatch between the
interacting pulses.

This chapter is devoted to the fundamentals of the OPCPA process. In
the first section numerical simulations are performed to find the optimum
pump pulse duration, optimum signal-to-pump energy ratio, and to study
the induced spectral phase in an OPCPA system. In section 2 a general
concept for an OPCPA system pumped by Yb:YAG thin-disk amplifiers is
reviewed and at the end a scheme for a widely tunable source based on
OPCPA is presented.



1.1 Optical parametric amplification (OPA) 23

a) w, b)
nonlinear
w0 0w medium mnw @,
2] s
/“/\\'\ ) @,
+ 4 N ] : —’Vv\—

induced nonlinear
polarization ground state

Figure 1.1: a) The wave-picture and b) the photon-picture of OPA process.

1.1 Optical parametric amplification (OPA)

When an electric field interacts with a material, a nonlinear polarization is
induced. This polarization depends on the strength of the electric field (E)
and the polarization response of the material, called the electric susceptibil-
ity, x.

Using a Taylor series expansion of the polarization in terms of the electric
tield and assuming an instantaneous response, the induced polarization is
typically defined as:

P=eyE+xVE+xPE2+xBE+..). (1.1)

OPA is a nonlinear process in the perturbative regime which is described
by the second-order susceptibility ()((2)). This non-resonant process can be
simply explained by considering the photon-picture of light. In this process,
the medium is excited to a virtual level with a higher energy by a photon
with the energy of fiw,, where w, is the angular frequency of the photon.
Coupling to a virtual level represents a transient, polarized state of the sys-
tem. After a non-resonant field interacts with the medium, the population
returns to the ground state nearly instantaneously, with a slight delay deter-
mined by how far the virtual level is from a real level. In a medium with a
nonzero x?), a photon with lower energy of hiws (ws represents the angular
frequency of the low-energy photon) may stimulate the decay, and conse-
quently two photons, with energies of fiw; and fiw, — hws will be generated
(Fig. 1.1).

Considering the wave picture of light, when two electric fields with the
carrier frequencies of w, and w; interact, the envelope of the intensity re-
sulting from their superposition has a modulation with the frequency of
wp — ws. In the interaction of this field with the medium, a new electric
field at the carrier frequency of w; = w, — ws is generated. The emission
of these photons is caused by the presence of a small perturbation on the
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envelope of the input field, and results in the growth of this feature via en-
ergy transfer from the higher frequency field. In a gedanken experiment, the
spectrum of the spontaneous emission in a very thin medium could span
from w, to zero. However, in reality the bandwidth of the spectrum is lim-
ited by absorption and the phase-matching conditions of the material. The
concept of phase-matching is based on two unbreakable laws of physics:
the conservation of energy and momentum. The conservation of energy, for
three interacting beams with the central frequency of wy, ws, and w; (pump,
signal, and idler respectively), is given by:

wp — ws —w; = 0. (1.2)

In reality, a pulse with a single frequency does not exist. Allowing a certain
spectral bandwidth for each of these frequencies, the condition becomes:

wp + Awp = ws + Aws + w; = Aw;. (1.3)
From the conservation of momentum:
kp— ks —ki =0, (1.4)
and including the spectral bandwidth:
kp + Akp — (ks + Nks) — (k; + Ak;) = Ak, (1.5)
from Eq. (1.4) and Eq. (1.5):
Ak, — Nks — Ak = Ak. (1.6)
By substituting Eq. (1.3) in Eq. (1.6) and the Taylor expansion to first order:
ok ok; ok;

T%ACUP — T%Aws — T%Awl = Ak, (17)
ok k. ok, ok,
ok, ok ok ok
Awp( E - awl) A(Us( awl - aws) - Ak! (19)
Awp(i—i)—kAws(i—i) = Ak. (1.10)
Ugp Vg gi  Ugs

where v,; for j = p,s,i is the group velocity of the interacting waves and is

defined by %. Eq. (1.10) suggests that the phase-mismatch in the OPA pro-
cess originates from the different group velocities of the interacting waves.
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It also suggests for the case of a very narrow-band pump beam, where
Aw, K Aws, the phase-mismatch is dominated by the group velocity dif-
ference between the signal and idler waves.

For the case of a broadband pump, Eq. (1.10) is zero when vg; = vgs = vy,
or when:

1 1
Awyp = Aws |:M] . (1.11)
Ugp Vg

Eq. (1.11) indicates that the phase-matching bandwidth can be increased by
using pump pulses with broader spectral bandwidth. This can be under-
stood intuitively since in a broadband pump more pairs of frequencies meet
the condition for zero phase-mismatch in comparison to a narrowband or a
CW pump.

Under the assumption of an undepleted pump, the parametric gain
bandwidth at full width at half maximum (FWHM) is:

1 1
2(In2)2 (F) 21
ANv=—""|~— , 1.12
= \t) R o
where J; is the group velocity mismatch between signal and idler, and I’ is:
) wiwsdgff | Ap |? deffwiws 87'£2d§ff1p
r<= = I, = , (1.13)
n;nsc? c3egning, ningnyAiAseoc

where, L is the length of the nonlinear medium, A, is the envelope of the
pump pulse, I, is the pump intensity, d.ss is the effective nonlinear opti-
cal coefficient, and n; and A, j = i,p,s indicate the refractive index of the
nonlinear medium and the wavelength of the idler, signal, and pump, re-
spectively.

Eq. (1.12) shows that the gain bandwidth is inversely proportional to the
group velocity mismatch between the signal and idler. In the special case
where the central frequency of the signal is exactly half that of the pump,
the generated idler covers the same spectral range as the seed. In this case,
Ugi = Ugs and Eq. (1.12) loses validity and Eq. (1.6) must be extended to
second order (Cerullo and De Silvestri, 2003):

1 1
2(In2)* [T\* 1
Av = — <L> 7‘ T " T (1.14)

dw? ow?

In this case the gain bandwidth is proportional to the group velocity dis-
persion of the idler and signal. The Kramers-Kronig relation indicates that
the frequency-dependent refractive index of materials changes dramatically
between the electronic absorption band and phonon absorption bands of
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b)
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Figure 1.2: a1) The group velocity of the signal and idler pulses in a collinear
OPA. Due to dispersion, pulses with longer wavelengths propagate faster
than pulses with shorter wavelengths. a2) This group velocity mismatch is
compensated in a noncollinear geometry. b) The phase-matching geome-
try for a noncollinear OPA. c) The energy diagram for a broadband optical
parametric amplifier.

materials but at a saddle point between these two absorption regions, the
group velocity dispersion (GVD) of materials becomes zero. For the fre-
quencies in the vicinity of the saddle point, the deviation in dispersion, and
therefore their temporal walk-off, is at its minimum.

This property of materials is utilized to phase-match and amplify a broad
region of frequencies (Eq. (1.14)), in the so-called degenerate OPA (DOPA).
In addition to parametric amplification in DOPA, second harmonic genera-
tion of the signal is also phase-matched, which causes an unwanted back-
ward flow of energy from the signal to the pump. Ultimately, this modifies
the shape of the amplified spectrum, limits the conversion efficiency, and
can distort the spectral phase.

For frequencies away from the degeneracy point, the temporal walk-
off depends on the group velocity (Eq. (1.12)) and can be compensated by
exploiting a noncollinear geometry (Gale et al.,, 1995; Gale et al., 1998).
Here, phase-matching is achieved by adding a noncollinear angle («) be-
tween pump and signal, providing a longer temporal overlap between the
pulses. In this case the group velocity of the signal is equal to the projection
of the group velocity of the idler along the signal direction. In comparison
with collinear geometry where signal and idler become quickly separated, in
noncollinear geometry all three beams stay effectively overlapped. The idler
generated in this process becomes angularly dispersed to fulfill the conser-
vation of momentum (Fig. 1.2)(Riedle et al., 2000). Then the phase-matching
condition becomes:

Ugs = 0giC0s(), (1.15)

where () is the angle between the signal and idler wave vectors. Due to the
angle between the interacting beams, this technique is called noncollinear
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optical parametric amplification (NOPA).

In DOPA and NOPA, ordinary and extraordinary axes of birefringence
crystals are used. Here, the phase matching angle (0) is defined as the angle
between the optical axis of the crystal and the wave vector of the propagating
beam. Two types of phase-matching can be realized in birefringent crystals.
In type I phase-matching the two input pulses with lower frequencies have
the same polarization, whereas in type II, they have different polarizations.
A full study about this subject can be found in (Dmitriev et al., 1999).

Besides the mentioned phase-matching techniques, quasi phase-matching
can be used to engineer and increase the coherence length in a nonlinear
process. Here the phase-mismatch is compensated by inverting the orienta-
tion of the crystal axis, with a period equal to twice the coherence length.
This reverses the sign of d,¢f as soon as the field amplitude of the newly
generated wave starts to decrease. The broadest spectral bandwidth can be
achieved for frequencies around the degeneracy point of the material by pol-
ing a crystal with the period which compensates the wave vector mismatch
of a frequency w detuned from the zero group-delay dispersion (GDD) fre-
quency.

Unlike DOPA and NOPA where ordinary and extra-ordinary axis of a
birefringent crystal is exploited to compensate for phase-mismatch, quasi
phase-matching permits the use of the same polarization for all three in-
teracting beams. This often corresponds to the strongest element of the
nonlinear tensor of the material which increases the conversion efficiency of
the process. In the fabrication of periodically poled crystals, a permanent
electrical polarization is induced into a ferroelectric material by applying
an electric field. Therefore the quasi phase-matched crystals are limited in
aperture size, as it is not yet possible to apply a uniform field on a crystal
bigger than a certain size, generally a few millimeters. Consequently, this
type of phase-matching is not applicable for high-energy OPCPA systems.

Eq. (1.10) indicates that the phase mismatch in an optical parametric
amplifier is due to the group velocity difference between the inter-
acting beams. It is also shown theoretically that using pulses with
broad spectral bandwidth to pump OPCPAs result in a broader gain
bandwidth.

To overcome the group velocity mismatch during the amplification,
and to achieve broadband amplification, several different methods
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such as: noncollinear OPA, degenerate OPA, quasi-phase-matched
OPA, and OPA in the Fourier domain (Schmidt et al., 2014), can be
employed.

Vv, UJo
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Intensity and gain

Beginning with Maxwell’s curl equation, the nonlinear wave equation as-
suming the instantaneous response for polarization can be obtained (Boyd,
2003):
,. €09E 1 o*p"
2o g2 o2
For the phenomena studied in this thesis, it is assumed that the propaga-
tion length of interacting electromagnetic waves is much longer than their
wavelength. The waves can be treated as light rays or plane waves, con-
stant frequency waves with infinite parallel planes of constant peak-to-peak
amplitude normal to the phase velocity vector. Sine and cosine functions
meet the above criteria. For a linearly polarized wave propagating in the z
direction, one can write:

(1.16)

E(z,t) = R[A(z) exp(iwt — ikz)], (1.17)
and the nonlinear polarization:
P"(z,t) = R[P"(z) exp(iwt — ikyz)]. (1.18)

By substituting Eq. (1.17) and Eq. (1.18) in Eq. (1.16):

d?A(z) ., dA(z) ,  €w? . N
[ PR 2ik i A(z)k” + C—ZA(Z)] exp(iwt — ikz) =
CUZ nl . .
- @P (z) exp(iwt — ikpz). (1.19)

As the envelope of the wave varies slowly in time and space in comparison
to its wavelength, the slowly varying envelope approximation (SVEA) is
often employed:

2
(3171;1 < 2k i—? (1.20)
Taking into account that:
k= nw (1.21)
P
Eq. (1.19) becomes:
% = —i%Pnl exp(ikz — ik,z), (1.22)

where 7 is the refractive index at frequency w. This general equation shows
that the amplitude variation of the propagating wave is caused by the non-
linear source term on the right hand side of Eq. (1.22). As OPA is a second-
order nonlinear process, Eq. (1.1) can be written as:

2
Pl.nl = €0X1(jk) EjEk/ (1.23)
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where i,j, and k refers to three interacting waves, at frequencies wy, ws,
and w; and x?) is the second-order susceptibility tensor. By assuming the
simple case of collinear geometry the following coupled wave equations can
be derived from Eq. (1.23) and Eq. (1.22):

dA; _ Wilefr .
Fraiai e A Apexp(—iAkz), (1.24)
dAs _ ,wsdeff * .
- e A7 Ap exp(—iAkz), (1.25)
dA wpd
p_ P eff * :
P lian A Asexp(ibkz), (1.26)

where d, s is the effective nonlinear optical coefficient, which depends on
the propagation direction and polarization of the three beams, and Ak =
ky — ks — k; is the phase-mismatch.
Assuming an initial signal intensity Ay, zero initial idler intensity A;y =
0 and neglecting pump depletion A, = const., the coupled wave equation
for a nonlinear crystal of length L can be solved for the intensity gain G:
I

G=-"=1+ [E sinh(gL)]%, (1.27)
Iso g

where g is the small signal gain:
g=1/— (22, (1.28)

It can be seen from Eq. (1.28) that the small signal gain depends on the
phase-mismatch between the interacting beams and I', where I is propor-
tional to the pump intensity I,,. This suggests that there are two parameters
which have the main role in the shape of the amplified spectrum: pump in-
tensity and phase-mismatch of the interacting beams. These two parameters
can be used to optimise the small signal gain of an OPA. For the case of
ideal phase-matching (Ak = 0), the gain becomes maximal g = I'. But when
Ak # 0, the shape of the small signal gain is defined by the interplay be-
tween the pump intensity and phase-mismatch. Eq. (1.28) suggests that by
increasing the pump intensity one could tailor the spectral shape of the am-
plification gain and minimize the effect of Ak and the resulting accumulated
phase-mismatching, AkL.

To study this effect, numerical simulations (using SISYFOS code, for de-
tails see Appendix B) for OPCPA at two different pump intensities (50 GW /cm?
and 100 GW/cm?) and two different crystals with different phase-mismatch
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(BBO and LBO) are performed. In these simulations it is assumed that the
1m] pump pulses, centered at 515nm, have a Gaussian distribution in time
and space with a pulse duration of 1ps at FWHM. The signal pulse energy
is set to 3 uJ. In each simulation, the crystal thickness is optimized to reach
energy saturation at each intensity.

Fig. 1.3 shows the temporal and spectral evolution of the pump pulses
and the spectral evolution of the signal pulses over the length of a BBO crys-
tal. The amplification for pump intensities of 100 GW /cm? and 50 GW /cm?
reaches saturation in 0.9 mm-thick and 1.3 mm-thick BBO crystals, respec-
tively. For both intensities the pump energy is depleted, which results in
spectral broadening of the pump pulses (Fig. 1.3-b). The gain curves and
therefore the amplified spectra for both cases are nearly identical. Fig. 1.5-b
shows the accumulated phase-mismatch (AkL) for amplification in these two
cases.

Due to the lower nonlinearity of LBO, a longer crystal length is re-
quired to reach saturation: 5.4mm for the pump intensity of 50 GW/cm?
and 2.5mm for 100GW/cm?. Fig. 1.4 shows that the saturation dynamics
are different for the case of an LBO crystal. Here, for the pump intensity
of 50GW/cm? the pump energy is not depleted, although the amplifica-
tion reaches saturation. As the signal is linearly chirped, and therefore the
frequencies which satisfy phase-matching have temporal overlap with the
wings of the pump pulses, mostly the energy of the temporal wings of the
pump is extracted. Little spectral broadening in the pump spectrum is ob-
served (Fig. 1.4-b) and the amplified spectrum has a hole in the middle,
which matches very well with the phase-mismatch curve shown in Fig. 1.5-
a. At 100 GW/cm? pump intensity the situation becomes similar to the BBO
crystal. Despite the large phase-mismatch in the central frequencies of the
spectrum, due to the effect of the higher pump intensity on the gain band-
width, no hole is present.

Therefore it can be concluded that high peak intensity of pump pulses,
achievable in short-pulse-pumped OPCPA systems, ensures high amplifica-
tion gain which results in saturation in a shorter crystal length. Additionally,
as was shown above, it is a parameter for tailoring the amplification gain.

Eq. (1.28) indicates that beside the phase-mismatch between the in-
teracting beams, pump intensity has an influence on the small sig-
nal gain. Increasing the pump intensity leads to higher value for
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small signal gain and compensate for a degree of phase-mismatch,
allowing gain at wavelengths that are not amplified at lower intensity.
This shows one of the advantages of short-pule-pumped OPCPAs, as
higher pump intensity can be used without damaging the crystal.

V.V UV
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Figure 1.3: Intensity-dependent gain in BBO. a) The temporal profile of
pump pulses over crystal length at two different pump intensities, and
b) their corresponding spectra. ¢) Amplified signal spectrum over crystal
length for BBO crystal used as a nonlinear medium for a saturated OPCPA.
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Figure 1.4: Intensity dependent gain in LBO. a) The temporal profile of
pump pulses over crystal length at two different pump intensities, and
b) their corresponding spectra. ¢) Amplified signal spectrum over crystal
length for LBO crystal used as a nonlinear medium for a saturated OPCPA.
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Figure 1.5: a) Residual phase-mismatch of a saturated OPCPA with a pump
intensity of 100 GW/cm? (blue) and 50 GW/cm? (red) utilizing a 2.5mm
and 5.4mm LBO crystal for the nonlinear medium and, b) using a 0.9 mm
and 1.5mm BBO crystal as the nonlinear medium. The pink area shows the
phase-mismatch between —7 and 7.
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amplified energy
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Figure 1.6: Typical OPA gain curve as a function of crystal thickness. For
the description of the regions A, B and C, see Section 1.1.

Amplification and saturation

In the large gain approximation (I'L > 1), Eq. (1.27) simplifies to:

1
(L) = 1150 exp (2I'L). (1.29)
G = L (L) = 1exp (2rL). (1.30)
lo 4

The exponential growth in OPA shown in (Eq. (1.30)), is qualitatively differ-
ent from the quadratic growth of other second order nonlinear phenomena.
In an OPA, an initial signal photon stimulates the generation of an addi-
tional signal and an idler photon. Likewise, due to the symmetry of the
signal and idler, the generated idler photon stimulates the generation of a
signal photon. Therefore the generation of a signal field reinforces the gen-
eration of an idler field and viceversa. This generates the positive feedback
responsible for the exponential growth of the signal.

The OPA amplification gain can be divided to three different regions
(Fig. 1.6). Region A, with exponential behavior, for E; < E,, where E; and
E, are idler and pump electric fields, respectively. Region B, linear ampli-
fication until E; ~ E, and region C, where E; > E, and the direction of
energy flow is reversed. Here the backconversion of energy from the idler
and signal to the pump (sum frequency generation of idler and signal) over-
takes the amplification process. Due to the symmetry in conservation of
energy and momentum, energy flow from pump photons to signal photons
and from signal photons to the pump photons happens simultaneously. But
the backconversion of energy becomes noticeable when the total energy of
idler and signal pulses becomes comparable to or more than the pump en-
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ergy. In an adequately long crystal operating beyond region C, the energy
between pump and signal is shuffled repeatedly back and forth.

The generation of the idler is the initial fuel for the exponential raise
in the gain of parametric amplification, as is shown in Fig. 1.6- region
A. In region B, the behavior of the gain becomes linear. Therefore the
elimination and control of the idler would lead to better energy ex-
traction by the signal pulses and consequently higher efficiency. This
is the basics for the efficient OPCPA systems, which will be discussed
in Chapter 4.

VU UV
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Optimum pump-pulse duration

In an OPCPA, the pulse duration of the pump laser has an important role
in the amplification process. On one hand, the damage threshold intensity
for transparent materials increases roughly proportional to the inverse of
the square root of the pulse duration (I, « 7-2) for pulsed lasers, following
the dynamics of impact ionization. For lasers with pulses longer than ps,
thermal damage mechanisms may dominate, but such laser sources are not
considered here (Stuart et al., 1996).

On the other hand, the impact of temporal walk-off between pump and
seed pulses increases with decreasing pulse duration. These two effects
place opposing demands on the pulse duration, suggesting that an optimal
compromise exists. To study this, a series of simulations were performed
to find the optimum pump-pulse duration for broadband OPCPAs by vary-
ing the pump-pulse duration from 100fs to 100 ps. In the first series, the
peak intensity on the crystal is set to 100 GW /cm? for all pump-pulse dura-
tions in order to decouple the effect of the following parameters: intensity-
dependent gain, temporal walk-off between signal and pump pulses and
the damage threshold intensity. Here, the shape of the amplified spectrum
is affected by the temporal walk-off between pump and seed pulses and the
influence of the intensity-dependent gain is decoupled by using a similar
intensity for all pump-pulse durations.

In the following simulations, a linearly chirped signal with a fourth-
order super-Gaussian spectrum, centered at 820 nm, is assumed. A Gaussian
temporal and spatial profile is considered for the pump pulse centered at
515nm. A BBO crystal with d,r; = 2.3168 pm/V is used and the simulation
is performed for pump-pulse durations of 100fs, 1 ps, 10 ps, 100 ps. In each
simulation the pump-beam size is set to provide 100 GW/cm? on-axis peak
intensity and the signal-to-pump energy ratio in all cases is set to 3 x 1073.
The pulse fronts of the pump and signal beams are both perpendicular to
the the propagation direction of signal beam.

Fig. 1.7-a shows the temporal profile of the signal and pump pulses in
a saturated OPCPA with different pump-pulse durations. For long pump
pulses on the order of tens and hundreds of ps, the temporal walk-off be-
tween pump and seed pulses in the OPCPA nonlinear crystal is negligible.
In the saturated regime the backconversion of energy is visible in the center
of the pulse, due to the Gaussian temporal profile of the pump. For 1ps
pump pulses, the temporal walk-off between the interacting beams becomes
visible and finally, for 100 fs pump pulses, the temporal walk-off limits the
efficient energy extraction from the pump, as the signal and pump pulses
quickly become temporally separated before backconversion of the energy
to the pump pulse starts. This phenomenon causes local saturation points
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Figure 1.7: Temporal profile of pump and signal pulses in a a) saturated
and b) over-saturated OPCPA for different input pump-pulse durations. The
temporal walk-off for long pulses is negligible. c) Saturated OPCPA in which
the pump intensity is scaled relative to the pump-pulse duration. Green:
pump temporal profile before amplification, blue: residual pump temporal
profile after amplification, red: amplified signal temporal profile.

in the gain of the OPCPA.

Fig. 1.7-b shows the behavior of these cases in an over-saturated OPCPA,
where a noticeable amount of amplified signal energy goes back to the pump
pulse, causing modulations on the temporal profile of the amplified signal.

This line of reasoning also applies to the spatial profile of the pump
pulses. Fig. 1.8-a shows the effect of saturation in space. Poor energy
extraction in 100 fs pump pulses leaves the spatial shape of the pump al-
most unchanged, whereas for longer pump pulse durations the amplifi-
cation reaches saturation and the energy backconversion is visible in the
center of the beam, which carries the highest intensity. In the case of an
over-saturated OPCPA (Fig. 1.8-b) the residual pump beam profile under-
goes severe changes with its inverse imprinted on the amplified signal beam
profile(Fig. 1.9-b), except for 100 fs pump pulses, due to localized saturation.

As can be seen in Fig. 1.10-b pump pulse durations longer than 1ps at
the same peak intensity result in approximately the same amplified signal
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Figure 1.8: Spatial profile of pump beam after amplification in a a) saturated
and b) over-saturated OPCPA for different pump-pulse durations. The effect
of spatial walk-off for 10 ps pump pulses which leads to asymmetric energy
extraction of the pump is clear. c) Saturated OPCPA in which the pump
intensity is scaled relative to the pump-pulse duration. The white areas
shows the on-axis beam profile.

peak power while the amplified peak power drops for 100 fs pump pulses.
This indicates the negligible effect of temporal walk-off for pump pulses
longer than 1ps and the advantage of near-1-ps-pumped OPCPAs.

As the signal has a linear positive chirp, the center of mass of the am-
plified spectrum moves to longer wavelengths for shorter pump-pulse dura-
tions, because the leading edge of the signal pulse always overlaps the un-
depleted pump pulse regions due to the temporal walk-off between pump
and signal (Fig. 1.10-a,-b). In an over-saturated OPCPA, the amplified sig-
nal spectrum becomes modulated and broader. Here, imperfectly phase-
matched spectral components of the signal spectrum have a chance to be
amplified, because of energy backconversion of the phase-matched spectral
components and result in a broader amplified spectrum. The longer non-
linear crystal used for the over-saturated OPCPA causes a larger temporal
walk-off and shifts the spectral center of mass to even longer wavelengths
compared to the saturated OPCPA (Fig. 1.10-c,-d).

In the second series of simulations, all of the input parameters are the
same as the previous simulations except for the on-axis pump intensity
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Figure 1.9: Spatial profile of seed beam after amplification in a a) saturated
and b) over-saturated OPCPA for different pump-pulse duration. c) Satu-
rated OPCPA in which the pump intensity is scaled relative to the pump
pulse-duration. The white areas show the on-axis beam profile.

in the nonlinear crystal. Here the pump intensity is scaled relative to the
pump-pulse duration to stay below the damage threshold intensity. The
damage threshold intensity for 1ps pulses is assumed to be 100 GW/cm?
based on experimental measurements and the relative intensity is scaled
with the square root of the pump-pulse duration. As the damage threshold
intensity is higher for short pump pulses, the energy extraction of pump
pulses becomes more efficient (Fig. 1.7-c,Fig. 1.8-c), and for different pump-
pulse durations, saturation occurs at different crystal thicknesses (Fig. 1.11).
Therefore, for a longer pump pulse duration a thicker nonlinear crystal
is needed to reach saturation. This limits the bandwidth of the amplified
spectrum. The combination of all these parameters indicates that near-1-ps
pump-pulse duration is the optimum for achieving the highest peak power
in an OPCPA (Fig. 1.11).
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Figure 1.10: a) Amplified spectra for different pump-pulse durations in a
saturated OPCPA. The amplified spectra of 10ps and 100 ps pump pulses
are overlapped. b) Peak power of the amplified signal energy and the cor-
responding spectral center of mass (COM) in a saturated OPCPA versus
pump-pulse duration. ¢) Amplified spectra for different pump-pulse du-
rations and, d) peak powers of the amplified signal energy and the corre-
sponding spectral center of mass (COM) in an over-saturated OPCPA.
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Pump pulse durations in the range of 1 — 10ps are optimum for
OPCPA systems in terms of spectral bandwidth and conversion ef-
ficiency. In this range the temporal walk-off between the interacting
beam is negligible, the intensity damage threshold of materials are
relatively high and thin crystals with high single-pass gain can be em-
ployed allowing large amplification bandwidth.
Yb-doped amplifiers, in thin-disk, slab, and bulk geometry provide
such high energy pulses, making them suitable for pumping high-
energy, high-power OPCPA systems.

Vv ) YY)




42 1. How to amplify photons

a)

60 50

100ps
= 10ps =)

40
\E; 1ps £ 30
3 0.1ps 5
< 20 [}

5 & 10
0.5 1 1 2 3
crystal length (mm) crystal length (mm)
c) d)

6.4 R . 7.8
< . ---e »
= ° —_ % . 3
= 3 24 ".“ 3 =
g ° e | el M
2 0 22 3
Xx '-“3‘]:) N, [0}
3 5.6 o e 17 3
e L4 _20 ‘\_ Q@

100 10 1 0.1 100 10 1 0.1
pump pulse duration (ps) pump pulse duration (ps)

Figure 1.11: a) Amplified signal energy over crystal length for different
pump-pulse durations with a fixed peak intensity of 100GW/cm?. The
energy curves for 100 ps and 10ps overlaps. b) Amplified signal-energy
scaling with nonlinear crystal length for different pulse durations and with
the pump intensity scaled relative to the pump-pulse duration. c) Peak
power of the amplified signal. d) Pump-to-signal conversion efficiency and
the amplified signal-pulse duration of OPCPAs with different pump pulse
durations.
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Optimum pump-to-signal energy ratio

To understand efficiency and gain, let us assume an oak tree with 100 acorns.
For a small number of hungry squirrels, there are more than enough acorns
to go around and each squirrel has a chance to gather as many as he or she
likes, or scientifically speaking, each squirrel has a high gain. But, because
there are far fewer squirrels than acorns, their efficiency in picking up the
acorns is low. Increasing the number of squirrels will increase the thorough-
ness of the consumption of acorns but at the same time decrease the share
of acorns for each squirrel. A similar phenomenon happens in an OPA, by
considering signal photons as squirrels and pump photons as acorns. By
increasing the signal-to-pump energy ratio, the energy extraction and OPA
efficiency increases.

The process can be explained by looking at the role of the idler. For a
high input signal energy, saturation occurs in a shorter crystal length. As a
result, the newly generated idler has a broader spectral bandwidth. These
new photons generated at the edge of the idler spectrum correspond to am-
plification of seed photons that would not get amplified in a longer crystal,
and result in a higher net efficiency. Essentially, the increased gain band-
width allows for a seed pulse with the same stretched duration, normalized
to the pump duration, to make use of a wider temporal window of pump
pulse energy. For a low input-signal energy, energy saturation happens in a
longer crystal length, which limits the bandwidth of the generated idler and
therefore the energy-extraction efficiency.

For signal-pulse energies higher than the pump-pulse energy, although
unfamiliar to our common sense, amplification still happens due to the con-
servation of momentum and energy in the generation of the idler. Fig. 1.12
shows the calculated gain and efficiency for different signal-to-pump energy
ratios. A signal-pump energy ratio of the order of 1072 is the optimum for
having a high amplification gain and efficiency simultaneously.

The signal-to-pump energy ratio also has an effect on the saturation be-
havior of an OPCPA. Fig. 1.13 (right column) shows the amplification gain
for different input signal energy. When the input signal is equal to the input
pump energy, the amplified signal reaches saturation very quickly, 46% of
the amplified energy converts back to the pump and the process reaches a
steady state for longer crystal lengths. By decreasing the input signal energy,
the ratio of the back-converted energy decreases. For lower input signal en-
ergy, the steady-state is not observed and in addition to the first saturation
point, a second one with higher energy appears (for energy ratio=0.0001).
The local saturation points are due to the fact that different spectral compo-
nents reach saturation at different crystal lengths Fig. 1.13 (left column). For
high signal energies, all of the frequencies reach saturation in a very short
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Figure 1.12: Calculated gain and efficiency for different signal-pump energy
ratios in an OPCPA pumped with 1m] pulses at 515nm. The amplified
spectrum in a BBO crystal covers 680 — 1050nm. The amplification gain
is calculated by dividing the amplified signal energy over the input signal
energy. Efficiency 1 is the net increase in signal energy divided by the input
pump energy and efficiency 2 is the sum of the net increase in signal energy
plus the idler energy divided by the input pump energy.

length of the crystal and by decreasing the signal energy, the saturation
points spread over a larger range of crystal lengths.

Spectral components at 720nm,790nm, 860 nm, 930 nm, 1000 nm, and
1070nm are considered for detailed study. Fig. 1.14-a shows the difference
between the crystal length where the first wavelength and the last wave-
length reach saturation (AL, ), divided by the saturation length (Lg,;) of the
whole spectrum in the crystal. Fig. 1.14-b and -c shows the relative satu-
ration length for different wavelengths and input signal energies and their
corresponding amplification gain, alternatively. Saturation is reached quick-
est at 870nm due to the small phase-mismatch. For lower signal energies
and longer crystal lengths, the saturation lengths for different wavelengths
become more dispersed.
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Figure 1.13: Spectral behavior of an amplified signal for different seed-to-
pump energy ratios. Left: spectral distribution of the amplified signal at
each position in the crystal. The amplitude of each spectral component over
the crystal length is normalized to one. Right: The integrated spectrum at
each crystal position.
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Figure 1.14: a) ALss X 100/ Lss for different input seed energy. b) Rela-
tive saturation length and c) relative amplification gain for different spectral
components of a signal with different input energies.

The signal-to-pump energy ratio is a crucial parameter in an OPCPA,
as it directly affects the amplification gain, conversion efficiency and
the level of superfluorescence. Based on the analytical study in this
section, it is shown that this parameter influences the gain behavior of
broadband OPCPA dramatically. In high-seeded OPCPA, saturation
of all the signal frequencies occur simultaneously whereas for for the
case of low-seeded OPCPA the saturation of different frequencies is
spread over a larger length of the crystal. This modifies the shape of
the amplified spectrum and limits the efficient energy extraction from
the pump pulses.

It is shown analytically that the signal-to-pump energy ratio of 103
results in a simultaneous high amplification gain and high conversion
efficiency.

V0 ) 9,9,V
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OPA phase

In the OPA process, due to the accumulated phase slip |AkL|, caused by
the phase-mismatch between the interacting waves, an additional phase is
imprinted on the signal wave during amplification (Herrmann et al., 2010c).
In the case of undepleted pump, the so called OPA phase is defined as:

AkL Ak x tanh[L(g% — (Ak/2)%)'/?]
P (z=L) = Dy0) — 5 + arctan 2(& — (Bk/2))17 , (1.31)

Where @, is the initial signal spectral phase, Ak is the wavevector mis-
match between the interacting waves, ¢ is the small signal gain, and L is
the length of the OPA crystal. The dependence of the signal phase on the
pump intensity, shown in Eq. (1.31), makes the compensation of the spectral
phase in OPCPA very tricky and often demands an adaptive compensation
element.

To study the OPCPA phase for the case of a depleted pump, the fol-
lowing simulations are performed (Appendix B). A Gaussian structure for
the pump in both space and time and a Gaussian structure for the seed in
space is assumed. The super-Gaussian seed spectrum (fourth order), is lin-
early chirped to 1.6 ps pulse duration. The signal is amplified in a type I
LBO crystal in a noncollinear geometry with an internal pump-signal an-
gle of 1.1° and a phase-matching angle of 14.4°, assuming the d,s; value of
0.82pm/V. The initial pump and signal energies are set to 3m] and 3 yJ,
respectively. The beam size of the pump is adjusted to provide 100 GW/cm?
peak intensity on the crystal. The simulation is performed for different
amounts of gain by changing the crystal thickness.

The OPCPA reaches saturation in a 2.5mm thick crystal. To extract the
OPCPA phase, the beam after amplification is focused analytically using a
convex Bky-lens with a radius of curvature of 0.6 m. The spectral phase of
the central point of the focused beam is then calculated and subtracted from
the spectral phase of the input signal. Therefore the calculated phase just
includes the OPCPA phase and the introduced chirp on the pulse due to the
dispersion of LBO. Later this dispersion is compensated numerically.

Fig. 1.15 shows the residual higher order OPCPA phase for different gain
factors and the corresponding pulses in the time domain. For low gain, the
shown third order OPCPA phase follows the phase-mismatch of the inter-
acting waves in the LBO crystal (as shown in Fig. 1.5). In a saturated and
an over-saturated OPCPA (green and blue curves in Fig. 1.15-a, respectively)
the residual phase, mainly third order, increases and results in pronounced
satellite pulses in the time domain. Therefore, to compensate the chirp of
amplified pulses in an OPCPA system, the OPCPA phase should be carefully
measured and included in the design of the compressor.
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The analytical study on the behavior of the imposed spectral phase on
a signal pulse during amplification is presented in this section.

The results indicate that in addition to the spectral phase caused by
dispersion in the OPCPA nonlinear crystal, the accumulated phase-
mismatch between the interacting beams results in a higher order dis-
persion (OPA phase). This higher order dispersion increases when
the amplification is saturated due to the additional effect of the tem-
porally modified pump pulses in this regime.

The intensity dependence of the OPCPA phase suggests the correla-
tion of the wavefront of the amplified beam to intensity. Therefore in
the amplified beam, each frequency may have a different divergence.

Vv, U0
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Figure 1.15: a) The residual spectral phase in OPCPAs with different gain
after compensation of the linear dispersion of the amplifier and b) their cor-
responding pulses in the time domain. Inset: the pulse duration at FWHM.
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1.2 Yb:YAG based OPCPA systems

Considering the concept of OPCPA explained in the previous sections, dif-
ferent low-order harmonics of high-energy narrowband lasers could be uti-
lized to amplify a broad range of frequencies extending from ultraviolet
to infrared. This allows a variety of operational modes, offering multicy-
cle pulses tunable over several octaves, few-cycle pulses at different carrier
wavelengths, and multi-octave synthesis of light waveforms.

Diode-pumped ytterbium-doped (Yb-doped) thin-disk lasers are reli-
able, cost-effective, and power-scalable sources of high-energy 1-ps-scale
laser pulses. These characteristics make them suitable sources for pump-
ing OPCPA systems. In what follows, the feasibility of a few-cycle OPCPA
and a tunable OPCPA based on diode-pumped Yb-doped thin-disk lasers
are discussed, while Chapter 4 and Chapter 5 cover the detailed study of
few-cycle OPCPA and subcycle light waveforms.

Fundamental-pumped OPCPA Three types of phase-matching schemes
can be used to amplify a broadband spectrum supporting ultra-short intense
pulses, utilizing near-1-ps pulses centered at the fundamental wavelength of
1030 nm: collinear, noncollinear and quasi phase-matched.

Periodically poled LiNbO3; (PPLN) and periodically poled stoichiomet-
ric LiTaO3 (PPSLT) are suitable crystals for few-cycle OPCPA systems in
the MIR range, as they have a very high nonlinearity, e.g. d33 = 25pm/V
for LiNbO3, resulting in a high amplification gain and therefore efficiency.
However the limited aperture size of the periodically poled crystals limits
their usability to low-energy-pumped OPCPA systems or pre-amplification
stages to boost the signal energy-level before the high-energy OPCPA stages.
Alternatively, bulk crystals like LiNbOj3, LilO3 or BBO can be used for am-
plification.

Phase-matching in a BBO crystal can be achieved in a noncollinear type-I
geometry with an internal pump-signal angle of 2.2° and a phase-matching
angle of 20°. Although amplification in a BBO crystal with a length of 2mm
supports pulses as short as 19 fs with a carrier wavelength of 2 pm, the lin-
ear absorption coefficient of the crystal at 2.55 um reaches 0.5cm ™! and the
accumulated heat in this process may impede the OPCPA conversion effi-
ciency or cause crystal damage. For an internal pump-signal angle of 3°,
the center of the amplified spectrum moves to higher frequencies, but the
amplified spectral bandwidth only supports 43 fs pulses (Fig. 1.16).

On the other hand, using a type I LiNbOj3 crystal with a phase-matching
angle of 47° at the degeneracy point in a collinear geometry or a type I LilO3
supports few-cycle pulses (Fig. 1.16), but LilO3 suffers from a low damage
threshold intensity.
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Figure 1.16: Top: Amplified spectrum in a 4 mm LiNbOj3, a 4 mm BBO crys-
tal in a collinear geometry (BBO-D), and a 2.1 mm BBO crystal in a non-
collinear geometry (BBO-N). In the mentioned simulations, the pump en-
ergy of a 1.6 ps pump pulses, centered at 1030 nm, with the Gaussian profile
in time and space is set to 1m]J. The stretched broadband seed pulses have
a duration of 1.6 ps, a Gaussian profile in time, and contain 0.5 uJ of energy.
The dashed lines show the accumulated OPA phase over 2 mm-thick crys-
tals. Bottom: the amplified spectrum in a 2mm thick LilO3 crystal in the
first stage of the OPCPA system described in (Deng et al., 2012).

In reality, even in a “collinear” degenerate OPCPA a small angle between
the pump and seed beams is required to spatially separate the signal and
the idler in order to avoid interference between them. This separation is
necessary when the carrier envelope phase (CEP) offset of signal pulses are
stable, as the generated idler pulses are not CEP stable. Even for an OPCPA
with a CEP stabilized pump and signal, which results in a CEP stabilized
idler, a small angle is required for pulse compression as the idler and signal
possess opposite chirp. Fig. 1.17 shows the effect of the noncollinear angle
on the shape of the amplified spectrum and the OPCPA gain in a 4 mm-thick
LiNbOj3 crystal. The simulation is performed for a pump energy of 1 m] at
1030nm and a signal input energy of 0.5 pJ.

Among the mentioned crystals, LINbOj is the most suitable one for high-
energy OPCPA systems as it supports a broad amplification bandwidth,
is available with large apertures, and has a high d.¢s value of 3.3pm/V
where d;;=4.35 pm/V; although its 1, value is three times higher than BBO
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Figure 1.17: The effect of the noncollinear angle (x) on the amplified spec-
trum in a 4mm LiNbOj crystal. Inset: the corresponding effect of the non-
collinear angle on the amplification gain. In this graph, the relative ampli-
tude of the spectra does not show their relative energy.

and the applicable pump intensity in the crystal is limited to a value be-
low 70 GW /cm? due to photorefraction (Furukawa et al., 2000; Augstov and
Shvarts, 1980).

Second-harmonic pumped OPCPA By using the frequency doubled out-
put of Yb-doped lasers to pump an OPCPA, the amplification gain can be
shifted to the NIR range of the spectrum, extending from about 650 nm to
1400nm. As the zero-dispersion point of the majority of nonlinear crys-
tals is above 1300 nm, broadband-collinear-degenerate OPCPA is not an op-
tion. Therefore, to achieve a broadband amplification, noncollinear geome-
try should be used.

Crystals like YCOB (Pires et al., 2014), BBO (Bromage et al., 2011; Roth-
hardt et al., 2012; Schultze et al., 2010b), LBO (Thai et al., 2010) and DKDP
(Skrobol et al., 2012), pumped at 515 nm, support broadband phase-matching
in a noncollinear geometry. Among these crystals, LBO and BBO are dis-
tinguished by their high nonlinearities and broadband amplification gain
spectra.

BBO is a robust, negative uniaxial crystal but limited in available aper-
ture size to 25 x 25mm?. LBO is a biaxial crystal supporting broad phase-
matching in the XY plane, where 6 = 90° (Zhao et al., 2008). The crystal in
this plane can be treated similarly to a negative uniaxial crystal with n, = n,

and
A A A 3
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Figure 1.18: Top: simulated amplified spectra in a 2-stage OPCPA employing
LBO crystals with different phase-matching angles. In the first OPCPA stage,
the phase-matching angle of 6 : 13.8° is used to amplify the input spectrum
in its wings (light blue line). In the second stage the phase matching is tuned
to 0 : 14.9°, to amplify the middle of the input spectrum (dark blue line). The
black line shows the amplified spectrum in a 2-stage OPCPA system using
LBO crystals with a phase-matching angle of 14.4°, for comparison. It can be
seen in the first case broader spectrum is amplified. Bottom: Experimental
proof of the mentioned simulation. Here by using a 4mm LBO crystal and
for different phase-matching angles, the wings or the middle of the input
spectrum is amplified. The OPCPA seed in this measurement was generated
in a 4mm TGG crystal. The super-continuum is passed through a 95 %
output coupler to suppress the intense spectral components in the vicinity
of 1030 nm (Appendix D).
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One of the advantages of the noncollinear geometry is the possibility
of adjusting the amplified spectrum by changing the phase-matching angle
and the noncollinear angle. Here, by changing the phase-matching angle 6,
the amplification bandwidth can be tuned around a fixed central frequency.
Fig. 1.18 shows the simulated amplified spectrum in a 2-stage OPCPA sys-
tem. The simulation is performed for a Gaussian pump pulse in time and
space with an energy of 1 mJ and a pulse duration at FWHM of 1.6 ps while
the beam size is set to 740 um at FWHM. The input seed energy is 1 pJ.
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In the first amplification stage, with a phase-matching angle of 13.8° and
a noncollinear angle of 1.1°, the amplification gain is moved to the wings
of the spectrum. Changing the phase-matching angle of the second stage to
14.9° shifts the gain to the center of the spectrum. This spectrum is com-
pared with a 2-stage OPCPA system with LBO crystals at a phase-matching
angle of 14.4°. As shown in Fig. 1.18, the first scheme results in a somewhat
broader spectrum. Fig. 1.18-bottom shows the experimental demonstration
of this process in an OPCPA stage seeded with a supercontinuum generated
in a TGG crystal (Appendix D).

This flexibility for the gain bandwidth engineering in NOPA systems is
theoretically and experimentally investigated in Section 4.3 by utilizing BBO
and LBO crystals.



1.2 Yb:YAG based OPCPA systems 55

Third-harmonic pumped OPCPA The third-harmonic of an Yb-doped laser
can be obtained via sum frequency generation using the fundamental fre-
quency and the second harmonic of the laser. The OPCPA crystal in this
range should have a high band-gap energy to avoid resonant absorption in
the OPCPA. Among different groups of nonlinear crystals, the borate group
is the most suitable to be used in the ultraviolet region due to their high
nonlinear coefficients, transparency and high laser induced damage thresh-
olds. A broadband amplification gain in a noncollinear OPCPA, pumped at
343 nm, can be achieved in DKDP and BBO crystals (Fig. 1.19), but BBO is
more favorable due to its higher d,f; value.
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Figure 1.19: Top: comparison between the nonlinearity of different crys-
tals suitable for third harmonic-pumped OPCPA. Bottom: Phase-matching
angles for broadband amplification in BBO and DKDP crystals pumped at
343 nm.

A serious challenge in short-pulse-pumped and short-wavelength-pumped
OPCPAs are higher-order nonlinear effects in the wavelength range of the
pump beam. As the pump wavelength gets closer to the resonance fre-
quency of the crystal, x®) grows rapidly and as a result, the efficiency of
third order nonlinear effects like self-phase modulation (SPM) and third-
harmonic generation (THG) in the crystal increases drastically. The third
harmonic of the pump at 343nm is at 114nm. The linear absorption coef-
ficient of BBO for 266 nm is 0.15cm ™! and the crystal is not transparent for
wavelengths below 190nm. This absorption could lead to damage in the
crystal.

The other issue in this range is two photon absorption (TPA). The re-
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ported TPA coefficient at 211 nm is 2.43cm/GW for BBO and 1.03cm/GW
for LBO. These numbers decrease at 264nm to 0.93cm/GW for BBO and
0.15cm/GW for LBO. Due to the UV cutoff edge at 189 nm for BBO and
160nm for LBO, TPA is a severe energy loss mechanism for intense ultra-
short UV pulses, which also contributes to pulse broadening (Dubietis et al.,
2000).

A numerical simulation software SISYFOS (Appendix B), is used to es-
timate TPA in a 343 nm-pumped OPCPA. The matrix used to describe the
third order effects consists of [i X nb + j| elements, which describes how
beam j induces absorption of beam i, where nb is the number of beams. As
there is hardly any measured data on non-degenerate TPA coefficients and
the beam with the highest frequency has the maximum TPA, the TPA is
only calculated for the pump beam. The TPA coefficient for a BBO crystal
at 354.7nm and a 17 ps pulse is 1 x 10~ cm/W. Therefore, for the pump
pulses with an intensity of 100 GW/cm?, the absorption coefficient becomes
lem™ L

The measured damage threshold intensity for a BBO crystal irradiated
with several ns-pump pulses is 488 GW/cm? at 532nm, and 25 GW /cm? at
355nm (Nakatani et al., 1988), which is expected to increase for ps-pump-
lasers. The estimated TPA, using the mentioned parameters, is negligible
for 40 m], 1.6 ps pulses at 343 nm.

In an alternative approach, to generate a few-cycle pulse in the VIS, a
thin BBO crystal can be used to generate the second harmonic of a broad-
band OPCPA signal, pumped by the second harmonic of the laser. The gain
bandwidth of the second-harmonic signal is inversely proportional to the
length of the crystal and the efficiency scales quadratically in the unsatu-
rated regime. Figure 1.20 shows the simulated second harmonic spectrum
of a 5 fs pulse with Gaussian distribution in time and space. The beam size is
set for 800 GW /cm? peak intensity on the crystal. The phase-matching angle
of a type I BBO crystal is set to 25.6° and for a type I LBO it is 15.5°. The
second-harmonic generation (SHG) efficiency in LBO is much lower than
BBO for the same crystal thickness, but LBO supports a broader second har-
monic spectrum. The same spectrum can be achieved for 50 pm-thick BBO
with an efficiency of 9.5% and 100 um-thick LBO with an efficiency of 5%. To
overcome this poor conversion efficiency, achromatic SHG technique can be
used. Here, the fundamental beam can be angularly dispersed to facilitate
the phase-matching of a wide range of frequencies, which leads to efficien-
cies as high as 20% (Wnuk et al., 2010). However, the technique requires a
complicated setup to minimize the angular dispersion of broadband pulses.
Therefore, OPCPA is a more promising route to achieve broadband, high
energy pulses in the VIS range.
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Figure 1.20: a) Simulated SHG in a 5um and 50 pm BBO crystal. b) SHG
efficiency for BBO and LBO crystals of different thicknesses.
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By employing different harmonics of an Yb:YAG thin-disk laser to
pump an OPCPA system, few-cycle, high-energy, pulses at differ-
ent carrier wavelength from visible to mid-infrared can be generated.
Among the variety of crystals and phase-matching techniques, degen-
erate OPCPA in LiNbQOj3, noncollinear OPCPA in BBO and LBO, and
noncollinear OPCPA in BBO pumped by fundamental, second- and
third harmonics of an Yb:YAG thin-disk laser, respectively, are the
methods of choice in terms of the amplification bandwidth and non-
linearity. These studies are exploited for experimental realization of a
mJ-level, sub-two-cycle OPCPA system, centered at 1 um (Chapter 4)
and a design study of a multi-channel synthesizer (Chapter 5).

VOU U
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1.3 Tunable OPCPA

" Time resolved spectroscopy often requires tunable multi-cycle femtosecond
pulses. OPCPA systems based on Yb:YAG lasers provide m]J-level, sub-50-
fs pulses, tunable over a broad spectral range spanning from UV to MIR.
In this section, the design and feasibility of such a system is simulated and
discussed. The following simulation is performed for a Yb:YAG thin-disk re-
generative amplifier yielding 30-m]J, 1.6-ps pulses at 10-kHz repetition rate,
i.e. an average power level of 300 W (Teisset et al., 2013), as high average
powers are often desirable in nonlinear spectroscopy to increase the signal-
to-noise ratio.

The fundamental pulse along with its second and third harmonics, are
used to pump and amplify a supercontinuum spanning from 450nm to
3 um. The seed is divided into three bands centered at carrier wavelengths of
550nm, 1 um and 2 pm, which are pumped with the third-harmonic, second-
harmonic and fundamental pulses of the Yb:YAG laser, respectively. Each
OPCPA arm consists of two amplifier stages, where the residual pump en-
ergy after the first stage is used to pump the second stage (see Section 4.1),
using thin BBO, LBO and LiNbOjs crystals, pumped at 343 nm, 515nm and
1030 nm, respectively.

Pulse-duration control and wavelength tuning of the amplified pulses
is accomplished by temporally stretching the seed continua and controlling
their delay with respect to the pump pulses. In fact, a pump temporal
window of Tpump ~ 1ps slices out a fraction of the bandwidth, Avs;e,, of
the stretched seed continuum, Avs,.;, which is inversely proportional to the
duration T.q of the stretched seed: AVsignar ™ AVseed (Tpump/ Tseea) (Fig. 1.21).
Thanks to the near-linear chirp carried by the stretched seed, the carrier
frequency of the amplified signal can be tuned by varying the delay of the
seed with respect to the pump pulse and by adjusting the phase-matching
angle of the amplifier crystal. Fig. 1.21 shows a series of amplified signal
spectra from simulations in the three channels pumped with pulses of a
duration Tyymp ~ 1.7 ps. The continuum is stretched to Ty.eq >~ 30 ps.

For the numerical study of the tunable OPCPA system, a Gaussian beam
profile for both pump and seed and a Gaussian temporal profile of the pump
pulses are assumed. By using different harmonics of the regenerative ampli-
fier and different crystals, mJ-energy, sub-40-fs pulses, tunable from 445 nm
to 2750nm could be generated. The length of the OPCPA crystals is kept
constant for each chain. As the amplification gain is different for differ-
ent frequencies, the gain saturation of the frequencies in one set of crystal
lengths is ensured by shaping and scaling the amplitude of the input signal

'This part is adapted from (Fattahi et al., 2014a). The electronic print of this paper is
attached in Appendix E with the permission of OSA.
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Figure 1.21: Generation of widely tunable femtosecond pulses. a) Scheme
for generating spectrally and temporally tunable pulses at any wavelength.
The seed pulses are stretched to a significantly longer duration than that
of the pump pulse. Amplification in a simple OPCPA setup yields pulses
that can spectrally be tuned by changing the temporal delay between pump
and seed pulse. b) Amplified spectra of a widely tunable two-stage OPCPA
system obtained from simulations. Millijoule-level, sub-40-fs pulses, tunable
from 445 to 2750nm, can be generated by using different harmonics of a
10kHz Yb:YAG regenerative amplifier. The shown spectra are normalized
to their energy.
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to the cascaded OPCPA stages. By utilizing a prism compressor, these pulses
can be compressed close to their Fourier transform limits. The detailed pa-
rameters of the simulation are summarized in Table 1.1 and Table 1.2.

pump harmonics | pump energy crystal tunable bandwidth
fundamental 12 mJ LiNbO, 1500-2750 nm
second harmonic 10 mJ LBO 670-1420 nm
third harmonic 8 m) BBO 445-660 nm

Table 1.1: General parameters of the tunable OPCPA system.

()

In this section a full design study of a simple, high-power widely
tunable OPCPA source, pumped by a Yb:YAG regenerative amplifier
(Teisset2013 ) is presented. Here, m], sub-40-fs pulses, tunable from
445nm to 2750nm at 10 kHz repetition rate can be generated. Tun-
ability of the system is achieved by heavy temporal stretching of the
seed pulses and adjustment of the relative delay between pump and
seed pulses.

These synchronized femtosecond pulses with adjustable pulse dura-
tions and tunable carrier frequencies at such a variety of wavelengths
and unprecedented average-power levels may open new prospects
for sophisticated multi-dimensional spectroscopies and pump-probe
schemes.

VUV UWJ
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=0

noncollinear angle

noncollinear angle = 0.0308

noncollinear angle = 0.1305

fundamental-pumped

wavelength (nm) input seed energy phase-matching angle (rad)
2450 300 nJ 0.7886
1750 300 nJ 0.7893
1550 300 nJ 0.8

second harmonic-pumped

wavelength (nm) input seed energy phase-matching angle (rad)

1350 150 n) 0.26

1150 105 nJ 0.2714
1050 60 n 0.2714
950 50 nJ 0.2714
850 20 nJ 0.2714
750 300 n) 0.2714
700 300 n) 0.2714

third harmonic-pumped

wavelength (nm) input seed energy phase-matching angle (rad)
640 10 nj 0.569
575 50 nJ 0.5712
525 50 n) 0.5712
500 300 n) 0.5712
475 100 n) 0.5712
450 300 n) 0.5716

Table 1.2: Detailed parameters of the tunable OPCPA system.






Chapter 2

Broadband seed generation

A major requirement for developing the OPCPA systems discussed in Chap-
ter 1, is the availability of seed pulses with a broadband spectrum, a well-
behaved spectral phase, and preferably a stable carrier envelope phase (CEP).
Traditionally, OPCPA seeds were provided by using low-energy broad-
band spectrum of a Ti:sapphire oscillator (Ishii et al., 2005). The seed pulses
in this case have a good temporal contrast, well-behaved spectral phase and
their carrier envelope phase offset can be actively stabilized (Telle et al.,
2014). By using the oscillator to seed the OPCPA chain and the OPCPA
pump laser, pump and seed pulses are intrinsically synchronized (Teisset
et al., 2005). However due to the long optical beam path difference between
seed and pump pulses, mechanical vibrations of optical components and
temperature drifts additional timing jitter happens, which needs to be com-
pensated by an active temporal synchronization system (Schwarz et al., 2012;
Teisset, 2009; Fattahi et al., 2012b). Despite all the above mentioned advan-
tages the pulse energy is limited to several tens of nJ. This can be resolved
by using an additional OPCPA stage or generating the seed via supercontin-
uum after boosting the output of the oscillator in a regenerative amplifier.
However, this results in more superfluorescence (Tavella et al., 2006) in the
tirst approach and degraded temporal contrast in the second approach.
Recently demonstrated kerr-lens mode-locked Yb:YAG thin-disk oscil-
lators (Pronin et al., 2011) are a promising alternative to Ti:sapphire as
the front-end of OPCPA systems. Their relatively narrowband spectrum
can be externally broadened in a cascaded nonlinear stage. Compression
of the broadened spectrum results in 10fs pulses with 260n] of energy at
40 MHz repetition rate (Seidel et al., 2014). The average power of these re-
producible waveform-controlled few-cycle pulses exceeds the average power
of Ti:sapphire oscillators by more than one order of magnitude. These ex-
ternally CEP stabilized pulses (Pronin et al., 2013) combined with optical
synchronization provides a suitable OPCPA seed at pJ-levels of energy.
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The need for an active pump-signal temporal synchronization system
can be eliminated by generating the broadband seed from a near-1-ps OPCPA
pump pulses. In spite of several attempts to generate such a broadband
spectrum via supercontinuum generation with sub-100-fs pump pulses in
solids and waveguides (Bradler et al., 2009; Silva et al., 2012; Seidel et al,,
2014), the following question remains open: is there a straightforward ap-
proach to generate a broadband signal from a near-1-ps pulse? Another
appealing question is: What is the best method for generation of a multi-
octave, CEP-stable spectrum suitable for seeding a multi-channel OPCPA
system?

In this chapter different methods for spectral broadening of sub-100-fs
and near-1-ps pulses are discussed. In the beginning spectral broadening of
near-1-ps pulses in large mode area (LMA) fibers is shown. Then sub-100-
fs-pump spectral broadening in solids and photonic crystal fibers (PCF) are
investigated. Cross-polarized wave generation (XPW) as a simple tool for
pulse-shortening, which enhances the temporal contrast of the pulse simul-
taneously, are studied theoretically and experimentally. This chapter culmi-
nates with a full study of the difference frequency generation (DFG) process
as the most promising route to the generation of a CEP-stable, multi-octave
seed for OPCPA systems.
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Figure 2.1: Cross-section of an LMA fiber (left) and its beam profile in the
far field (middle) (Newport Corporation 2014). Cross section of a HCF (right).

2.1 Spectral broadening in large mode area Fibers

Spectral broadening in a waveguide is preferred to spectral broadening in
bulk solids due to the longer interaction length resulting in a higher total
nonlinearity at a fixed intensity. In PCFs, pioneered by (P. St. J. Russell)
in 1996 (Knight et al., 1997; Birks et al., 1997) dispersion and confinement
of PCFs are determined by the periodicity of very tiny air holes, contrary
to a normal step-index fiber, where the properties are designed by a spa-
tially varying glass composition (Fig. 2.1). PCFs surpass the performance of
step-index single-mode fibers, where their single-mode operation is limited
to ~ 630 — 850nm. Spectral broadening in the normal dispersion regime
is dominated by SPM and Raman scattering, whereas in the anomalous
regime, soliton fission (Dudley and Coen, 2006) is responsible for very broad
continua. In the anomalous regime the spectrally broadened pulses have a
complicated temporal structure which limits their compressibility. There-
fore this regime is not an appealing approach to the generation of OPCPA
seed pulses.

In the normal regime, LMA fibers have a higher nonlinearity compared
to gas-filled HCFs and their higher damage threshold compared to single-
mode fibers makes them suitable for the spectral broadening of high power,
uJ-energy sources (Stidmeyer et al., 2003).

Experiment Fig. 2.2 shows an experimental setup used for spectral broad-
ening of 1ps, 11 MHz, 5 ] pulses of a Yb:YAG thin-disk oscillator (Fig. 2.3)
(Fattahi et al., 2012b). First the output of the laser was focused into a 4 mm
LBO crystal for SHG. The frequency-converted component of the beam was
separated by a dichroic mirror and used later to pump an OPCPA stage,
similar to (Fattahi et al., 2012b; Teisset, 2009)).

The residual energy of the fundamental after the SHG stage, which still
had a good beam quality (Fig. 2.3), coupled into a quartz LMA fiber with a
zero dispersion wavelength at 1.3 um. The fiber was placed in an aluminium
V-groove on a 3-axis translation stage. The input energy to the fiber was
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adjusted by a tunable attenuator (half-wave plate and a thin film polarizer).
A Faraday isolator was placed before the fiber to avoid any back-reflection
from the entrance of the fiber to the laser.

Spectral broadening in fibers with different core diameters of 12 um,
15 um, and 20 um were studied. Fig. 2.2-a shows the broadened spectra
in a 65mm-long, 15 pum-core diameter LMA fiber for different input av-
erage powers. For average powers higher than 7W and a fiber diameter
smaller than 12 um damage occurred. The spectrum broadened in a 12 um-
core-diameter LMA fiber supports 30 fs pulses. The pulses were collimated
by using a 3mm plano-concave lens and compression was performed in a
chirped-mirror compressor with a GDD of —500 fs? per reflection (Fig. 2.4-
b), producing a total GDD of —6000 fs? over 12 reflections.

The total throughput of 57% for the LMA fiber and the compressor left
4W of average power for supercontinuum generation in bulk. The beam
is focused into a 4mm YAG crystal to generate a single filament with a
spectrum reaching 500 nm.

crystal thickness (mm) input power (W)  output power (mW) efficiency (%)
YAG 4 4 50 1.2
YVO, 8 2.2 25 1.1

Table 2.1: Parameters of the supercontinuum generation in YAG and YVOy
crystals

Fig. 2.2-c and -d show the generated white light and its spectrum, in
two different crystals: 4 mm-long YAG and 10 mm-long YVOy. The average
power of the white light was measured behind a high-reflectivity mirror at
1030 nm. The mirror was used to filter out the input spectrum and the scat-
tered laser light. A white paper was used after the filter to diffuse the beam
before coupling into the spectrometer. In both cases the efficiency of the
supercontinuum generation did not exceed 2%. The generated supercon-
tinuum in YVO4 has a narrower spectrum (Fig. 2.2-d) and lower threshold
due to the higher nonlinearity of YVOy crystal compared to the YAG crystal
(Fig. 2.4-a). Accordingly, multi-filamentation and damage occurred at lower
pulse energies. The blue color, observable in the YVOy crystal in Fig. 2.2 is
due to the simultaneous THG of the input pulse in the crystal.

The supercontinuum generation also was tried in sapphire. The spec-
trum and energy in this case was not stable as the peak power of the pulses
was just above the critical peak power. Lower nonlinearity of sapphire com-
pared to YAG and YVO, and hence its higher threshold demands a higher
peak power to reach a stable regime of operation.
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Yb:YAG oscillator pulses with 7W of average power and a spectral
bandwidth of 1.4nm, centered at 1030nm are spectrally broadened
in a cascaded broadening stage to a bandwidth supporting few-cycle
pulses. Following broadening via SPM in a 12mm-long LMA fiber
and 12 reflections on a chirped-mirror compressor, 30fs pulses with
4 W of average power are obtained. Focusing these pulses into a 4-
mm-thick YAG crystal results in a supercontinuum with 1% of effi-
ciency in the anti-Stokes wing. In a proof-of-principle experiment, the
generated supercontinuum is amplified in a single OPCPA stage sim-
ilar to (Fattahi et al., 2012b). As the signal and pump pulses are gen-
erated from the same laser, they are intrinsically synchronized. There-
fore no additional temporal synchronization is required for temporal
jitter compensation and amplification in the OPCPA stage. While this
approach makes the setup simpler, it still suffers from the lack of car-
rier envelope phase stability of the generated supercontinuum and is
not scalable in energy due to limitations of LMA fibers.
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Figure 2.2: a) Spectral broadening in a 15 um core-diameter-LMA fiber for
different input average power normalized to one and plotted on a linear
scale (P;,: input average power). b) Schematic layout of the experimental
setup. The residual energy after frequency doubling of Yb:YAG oscillator
pulses was spectrally broadened in an LMA fiber and later temporally com-
pressed utilizing a chirped-mirror compressor. The compressed pulses are
focused into a bulk material for supercontinuum generation which provides
a coherent seed for optical parametric amplification. c) Supercontinuum
generation in a 4mm-YAG crystal. The transmission curve of a filter used
for spectrum and average power measurement is shown in light green. d)
Supercontinuum generation in a YVOj crystal. The generated blue light, vis-
ible in the picture of the crystal, is due to the simultaneous third harmonic
generation of the input spectrum.
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Figure 2.3: Auto-correlation trace (a), spectrum (b) and the beam profile (c)
of a SESAM mode-locked Yb:YAG thin-disk oscillator (Fattahi et al., 2012b).
The beam profile of the residual of the fundamental after the SHG (d).
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compression of the broadened spectrum generated in an LMA fiber.
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2.2 Supercontinuum generation in hollow core fiber

For large pulse energies, HCFs surpass the performance of PCFs since the
optical power is confined to a large-diameter, gas-filled hole and therefore
has a higher damage threshold intensity. In a gas-filled HCF, the process of
broadening is initiated in the gas and the HCF acts as a dielectric waveguide
which provides significantly longer nonlinear interaction length for the light
in comparison to the case of filamentation in gas. The energy throughput
is limited by damage and plasma formation at the entrance of the fiber as
well as self-focusing in the waveguide. The latter limitation is overcome by
differentially pumped fibers (Robinson et al., 2006).

Broadening in a HCF takes place in two different regimes. For long
pump pulses, purely SPM is observed, whereas for short pulses a more uni-
formly broadened spectrum indicates the influence of self-steepening (Nisoli
et al., 1997). Noble gases have high thresholds for ionization (Nisoli et al.,
1996) and are typically preferred. At very high gas pressures, energy loss
due to ionization and defocusing at the fiber entrance reduces transmission
and produces significant mode splitting, decreasing the bandwidth of the
broadened pulses (Wei et al., 2010).

Experiment 5% of the negatively chirped output of a Ti:sapphire multipass
amplifier (Cavalieri et al., 2007) was passed through a pair of SF57 wedges
for temporal compression down to 27 fs (Fig. 2.5). The compressed pulses
with 60nm spectral bandwidth at FWHM, centered at 790 nm, contained
30 uJ of energy. In an experimental setup shown in Fig. 2.6-a, the beam was
focused down to 84 um and coupled into a 120 um-core-diameter, 15cm-
long HCF placed on a V-groove in a gas cell, statically filled with 5bar of
krypton.

The gas cell was made of stainless steel with 1 mm Brewster-cut CaF,
windows. The GDD of the input pulse, adjustable with SF57 wedges, and
the pressure of krypton were optimised to obtain the maximum spectral
broadening (Fig. 2.6-b) and 50% throughput in the HCF. The broadened
spectrum at 4.3bar was subsequently focused in a 4mm YAG crystal to
extend the spectrum to 1400 nm.

The generated coherent broadband spectrum in a Kr-filled-HCF at
4.5bar spans from 400nm to 1000nm and contains 15 uJ of energy.
This spectrum is extended to 1400nm by focusing the output of the
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HCF into a 4-mm-thick YAG crystal. These pJ-level broadband spectra
are used to seed a 3-stage OPCPA system, discussed in Section 4.1 and
Section 4.3.
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Figure 2.5: Measured and retrieved SH-FROG (Second Harmonic- Fre-
quency Resolved Optical Gating) traces (top) and the retrieved spectrum
and temporal profile (bottom) of the pulses at the input of the HCF. The
compressed pulse has the pulse duration of 27 fs at FWHM. The uncom-
pressed pre-pulse pedestal, caused by the residual third order chirp, can be
compensated by additional specially designed chirped mirrors.
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Figure 2.6: a) Layout of the seed generation scheme. A small portion of the
energy of a Ti:sapphire multipass amplifier is focused into a 120 um-core-
diameter, Kr-filled HCFE. The fine tuning of the group-delay-dispersion of
the pulses was performed with a pair of SF57 wedges. b) The spectrum of
the Ti:sapphire multipass amplifier (Femtopower), the generated supercon-
tinuum spectrum in Kr without HCF, and different spectra of the Kr-filled-
HCF at different pressures. c) In the second step, the broadband spectrum
from the HCF filled with 4.3 bar of Kr, was focused into a 4 mm YAG crystal
to extend the spectrum to 1400 nm.
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2.3 Cross-polarized wave generation

XPW (Minkovski et al., 2004) is a degenerate four-wave mixing process
which is the result of the interaction of intense, linearly polarized light with
a nonlinear medium with an anisotropic third-order nonlinearity and (typi-
cally) an isotropic linear index.

The XPW signal has an orthogonal polarization with respect to the pump
and it is an automatically phase-matched process. XPW generation pre-
serves the good spatial quality of the input beam and can improve the spa-
tial profile of beams with distorted beam profiles. It also leads to significant
shortening of the filtered pulse. The intensity of the generated XPW signal
varies as the cubic power of the pump intensity. Suitable crystals for XPW
generation are cubic crystals with Fm3m cubic symmetry (BaF;, CaF,, LiF).
Among these crystals BaF, has a high x(®) anisotropy value which allows
good conversion efficiency and its linear optical properties allow perfect
group velocity matching along the propagation axis and a perfect spatial
overlap of the cross-polarized waves. The crystal also has a wide transmis-
sion range from 0.2 um to 11 um (Cotel et al., 2006; Ricci et al., 2013).

Modulation in the frequency domain corresponds to satellite pulses in
the time domain. In the XPW process these satellite pulses tend to be sup-
pressed, as they have a lower intensity relative to the main pulse. Conse-
quently, this pulse cleaning in the time domain translates to spectral smooth-
ing since only the main peak of the pulse is converted. Therefore the tempo-
ral contrast of the generated pulse is greatly enhanced (Jullien et al., 2005).

XPW also acts as a pulse-shortening process. Here, unlike the other
nonlinear phenomena, the generated XPW signal is always shorter than the
pump pulse, as the signal is the result of the gating of the pump pulse in the
time domain. For long pump pulses, the effect of dispersion of the crystal is
negligible and the generated signal stays close to its Fourier transform limit.

In a linear crystal without birefringence, as long as changes in the non-
linear index of refraction can be neglected, the phase-matching condition is
always fulfilled: k; = k| + k| —kj.

Starting from Maxwell’s equations and using the slowly varying enve-

lope approximation, the following coupled wave equations for XPW are de-
rived:

A
—iilg = MAA*A+ 1, AA*B + 27, AA*B

+2y3AB*B + 73BBA* + 14BB*B, (2.1)
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Figure 2.7: a) Schematic of crossed-polarized wave generation. Based on
a degenerate four-wave mixing process in a nonlinear medium with an
anisotropic third-order nonlinearity, a new wave with crossed-polarization
with respect to the pump wave and significantly better temporal contrast is
generated. b) Role of each coefficient in the coupled wave equations describ-
ing the XPW process.

dB
i = vsBB*B + y4BBA* + 27, ABB*

+2v3ABA* + y3AAB* + 1, AA*A, (2.2)

where A is the complex amplitude of the pump, B is the complex amplitude
of the generated signal and ¢ is the propagation direction. The coefficients
in Eq. (2.1) and Eq. (2.2) describe different degenerate third-order processes
that happen in the nonlinear medium simultaneously (Fig. 2.7) (Canova et
al., 2008).

To study the XPW process theoretically, the coupled wave equations are
solved in a split-step method (Taha and Ablowitz, 1984). The pulse is prop-
agated taking into account dispersion, diffraction and the third order non-
linearity, in the slowly evolving envelope approximation, in two dimensions
(cylindrical coordinates with the assumption of radial symmetry). This is
efficient enough to calculate not only the effects inside of one crystal, but
also the spatio-temporal dynamics of the optimized two crystal systems dis-
cussed in (Jullien et al., 2006). The pump pulse in the simulation is assumed
to be Gaussian in space and time. 1 ps pulses centered at 1030 nm are prop-
agated in a 2mm, [o11]-cut, BaF, at an intensity of 2 TW. It is assumed that
x®) =159 x 1072 m?2/V2 (Jullien et al., 2006) (Appendix B).

As can be seen in Fig. 2.8, in the first 0.5 mm length of the crystal, the
pump pulse does not change its shape during propagation. Here the XPW
signal varies as the cube of the input field. In this regime the pulse duration
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is reduced by a factor of /3. For a Fourier transform limited pulse, this
translates to a spectral bandwidth increased by the same factor.

In a 1 mm-thick crystal, the efficiency of XPW reaches 12%, with a smooth
spectral broadening and pulse duration of 900 fs at FWHM. For longer crys-
tal lengths, other third-order processes like SPM and cross phase modula-
tion (XPM) take over XPW and the spectrum becomes modulated. At the
same time, with the increase in efficiency of XPW, the pump pulse changes
its shape in the time domain, and therefore the generated XPW spectrum
becomes modulated. The introduced GDD from the SPM process and the
simultaneous change of the shape of the pulse in the time domain makes
the XPW pulse longer, while the Fourier transform limit pulse duration of
XPW decreases with a sharper slope. This simulation shows that achieving
high efficiencies in XPW comes at the expense of a modulated spectrum and
therefore a decrease in the temporal contrast of the generated pulse (Jullien
et al., 2006).

Experiment In an experimental setup shown in Fig. 2.9, 95 % of the output
of the Ti:sapphire multi-pass amplifier (Cavalieri et al., 2007) was focused
into a 1.1 m-long, 240 um-core-diameter HCF, filled with neon gas at a pres-
sure of 2bar. The generated white light from the fiber had a total power
of 1.5W and a spectrum spanning from 400 nm to 1000 nm (Cavalieri et al.,
2007). Using a chirped-mirror compressor consisting of six mirrors and a
pair of thin fused silica wedges, the pulses were compressed down to 4fs
with a total power of 1W in the spectral range of 480 — 1000 nm.

The beam after the fiber was collimated using a f = 1m spherical mir-
ror and later by using a set of curved mirrors, the beam size is reduced to
400 um. The telescope was misaligned to have a slightly divergent beam.
The smallest beam diameter was limited by filamentation in air. To per-
form an intensity scan of the process, a 1 mm BaF, crystal is placed at dif-
ferent positions (P, Py, P», P3, Ps) along the divergent beam (Fig. 2.9). The
pulses after the HCF are linearly p-polarized with no measurable energy
in the s-polarization. Therefore no polarizer is used before the BaF, crys-
tal. The generated XPW signal was separated from the pump by using a
nanoparticle-linear-film polarizer (Thorlabs GmbH).

Generated XPW spectra and the corresponding efficiencies are shown
in Fig. 2.9-b and Fig. 2.9-e. By increasing the intensity, the XPW spectrum
became smoother and the modulations decreased. At position Py, the red
tail of the spectrum was enhanced which might be caused by other nonlinear
processes.

In a second study, the crystal was fixed at position P; and BaF, with
different thicknesses were used. Increasing the crystal thickness from 1 mm



2.3 Cross-polarized wave generation 77

to 2mm increased the efficiency of the process to 8% (Fig. 2.9-d).

Later a 1mm crystal was placed after the 2mm BaF, to increase the
efficiency of XPW by taking advantage of the self focusing after the first
crystal (Cotel et al., 2006). The efficiency is slightly increased compared
to the single crystal measurement. After switching the order of these two
crystals, a yet higher efficiency was achieved as the pulse after propagation
in the Imm crystal is less dispersed and the pump peak intensity in the
second crystal remained higher. The spectrum of the latter combination is
labeled with cascaded-2 in Fig. 2.9-c. The achieved extra efficiency in the
cascaded crystal combination, is mostly dominated by extra photons in the
red tail of the spectrum, while the blue tail of the spectrum was saturated.

In the third experiment, which was performed for low-energy pumped
XPW (for the layout see Fig. 2.11), the spectrally broadened output of the
HCF explained in Section 2.2 was compressed to 9 fs (Fig. 2.10) using 10 re-
flections in a chirped-mirror compressor. The temporally compressed pulses
were characterized using a home-built transient grating frequency-resolved
optical gating device (TG-FROG) utilizing a 500 um fused silica plate as the
nonlinear medium. The spectral components below 650 nm were not com-
pressed as the design of the chirped-mirror compressor did not support this
spectral range. A pair of thin fused silica wedges was used for fine tuning
of the dispersion.

Unlike the previous study, in the high pressure gas-filled HCE, 6% of
the energy after the HCF was s-polarized, although the input pulse to the
HCF was p-polarized. The generated s-polarized photons resulted from a
crossed-phase Kerr effect. In a normal Kerr effect process, three photons
with the same polarization are mixed and a fourth photon with the same

polarization is generated: Pyj X;(;)WEPEPEP. In the presence of the small
number of s-polarized photons, crossed-phase Kerr effect, with the nonlin-
ear polarization of Py = X;:;)SSEPEPES results in mixing of two p-polarized
photons with one s-polarized photon and generation of a new s-polarized
photon. At the same time, two photons with s-polarization mix with a p-
polarized photon and a new p-polarized photon is generated. In an in-
finitely long medium the process reaches equilibrium with equal number of
s-polarized and p-polarized photons.

By adjusting the polarization of the input pulse to the HCF using a
quarter-wave plate, the generated s-polarized photons were minimized to
0.3% of the total average power. In order to enhance the polarization of
the input beam before the XPW crystal, a nanoparticle-linear-film polarizer
(Thorlabs GmbH) was placed after the chirped-mirror compressor. Then
the beam was focused down to 200 um at FWHM using a gold off-axis
parabola. A BaF, crystal was placed on a translation stage directly after
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the focus to balance the self focusing in the crystal and the divergence of
the beam in order to reach a uniform intensity over the crystal length. After
the crystal, the beam is collimated using an identical off-axis gold parabola
and sent through an identical nanoparticle-linear-film polarizer (Thorlabs
GmbH) aligned for maximum transmission of the s-polarized light.

Close to the focus of the beam, the beam profile of the XPW signal was
distorted (Fig. 2.11-b1 and -b2). Using an uncoated, [o11]-cut, 1 mm-thick
BaF, crystal, 3.3mW of average power (measured after the second polar-
izer) in an XPW signal was generated, corresponding to 12.5% efficiency
(Fig. 2.11-b).

In a cascaded-crystal configuration similar to the first study, the gener-
ated XPW spectrum was enhanced in the blue tail of the spectrum and the
efficiency was increased to 14%. Besides the XPW procces, other third order
phenomena like SPM and cross-phase modulation extended the red tail of
the XPW spectrum to 1400 nm (Fig. 2.11-b).

technique cons

plasma mirror - not suitable for high repetion rate lasers

- hard to align

sagnac interferometer .
- complicated set up

crossed-polarized - its contrast enhancement is limited to
wave generation polarizer extinction ratio
self diffraction - the generated pulse suffers from angular dispersion

Table 2.2: Comparison between different techniques to enhance the temporal
contrast of ultrashort pulses.

In this section, few-cycle near-infrared pulses are used to generate a
cross-polarized wave (XPW). The efficiency of the process is increased
to 9% by employing a cascaded-setup with 1 and 2 mm BaF; crystals.
To reach a high peak intensity on the second crystal, two parameters
are optimized: 1- temporal dispersion of the pump pulse entering the
second stage is minimized by adjusting the length of the crystal in
the first stage. 2- The distance between the two cascaded crystals is
optimized in order to balance the resulting self-focusing of the pump
pulse after the first stage and its divergence. It is observed that the
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generated XPW spectrum contains new frequencies in addition to the
pump spectrum.

Beside XPW, other techniques like plasma mirrors (Doumy et al.,
2004), Sagnac interferometers (Renault et al., 2005), and self diffrac-
tion (Liu and Kobayashi, 2010) can be used to enhance the temporal
contrast of laser pulses (Table 2.2). Among these methods, XPW is
chosen and implemented in an OPCPA setup described in Section 4.4
due to the possibility of generating coherent photons with new fre-
quencies and enhancing the temporal contrast of the laser pulses si-
multaneously. Although XPW preserves CEP-phase stability of the
pump pulses, a seed generation technique which produces intrinsi-
cally CEP-stable pulses combined with a good temporal contrast and
a well-behaved spectral phase is desired. The next section presents a
study of the DFG process, which meets both of these criteria, making
it the ideal OPCPA seed.
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Figure 2.8: a) The generated XPW spectrum, its time domain profile and the
temporal profile of the 1.6 ps, 1030 nm pump pulses propagating in a 2mm
BaF,. b) The signal reaches saturation at the end of the crystal, but after
1 mm of propagation, the spectrum becomes modulated due to SPM, XPM
and backconversion of the energy to the pump pulse. Therefore the pulse
becomes longer but the Fourier transform of the spectrum supports an even
shorter pulse.
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Figure 2.9: a) The experimental setup of XPW generation. b) XPW spectra
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of the XPW crystal. The compressed pulse has a duration of 9fs at FWHM.
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Figure 2.11: a) The experimental setup of XPW generation. b) HCF spectrum
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was enhanced for the case of the cascaded configuration (All spectra are
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2.4 Difference frequency generation

' The combination of two properties in DFG makes it a popular source for ul-
trashort pulse generation: the ability to simultaneously phase-match a large
fractional bandwidth and the passive CEP stability that can be obtained
(Manzoni et al., 2004; Moses et al., 2012; Homann et al., 2012). However, the
conversion efficiency into the long wavelengths are usually low, especially
in broadband DFG, where the crystal thickness has to be kept short.

In this section different types of phase-matching for generating a broad-
band signal via DFG are experimentally and theoretically discussed. It is
shown that a few-cycle VIS-NIR pulse obtained from spectral broadening
of a commercial Ti:sapphire laser can be used to efficiently obtain broad-
band pulses in the MIR by implementing a simple method. Extending the
CEP-stable broadband MIR pulses to VIS is the topic of Section 5.1.

Theory There are three ways of phase-matching for single-pulse DFG in
BBO crystals. type I (e —0 — 0) and type Il (e —e — 0),(e — 0 — e). These
three cases and their corresponding phase-matching angles are depicted in
Fig. 2.12.

A one-dimensional propagation code based on SVEA (Brabec and Krausz,
1997) which includes only second-order nonlinearities, is used for theoreti-
cal study of the DFG process. Fig. 2.12-e compares the generated DFG signal
from a 3.5 fs Gaussian input pulse in a 500 um-thick BBO. In (e —e — 0) type
Il and (e — 0 — 0) type I phase-matching, the generated spectrum has more
than four times the bandwidth of (e — 0 — e) type II phase-matching. There-
fore the following study is limited to the two broadband phase-matching
configurations.

In type I DFG, the underlying process is very similar to optical paramet-
ric amplification. The blue spectral components in the pulse on the fast axis
transfer energy to the red components on the slow axis. During this process
a phase-stable idler wave is generated and the phase-matching condition is
given by:

kp — ks = ki (2.3)

Where k,, ks and k; are the wave vectors of the blue, red, and the idler
wave respectively. As the process is similar to OPA, increasing the number
of photons on the fast axis, or pump wave, results in a higher efficiency.
Fig. 2.13 and Fig. 2.14-b show the efficiency curves of the DFG process and
its corresponding spectrum in a type I BBO crystal for three different polar-

'This section is adapted from (Fattahi et al., 2013). The electronic print of this paper is
attached in Appendix E with the permission of OSA.
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Figure 2.12: Diagram of: a) type I phase-matching with identical pulses sent
to the fast and slow axis of a BBO crystal, b) type I phase-matching using
a wave plate to optimize the short-wavelength spectral components on the
fast axis, c) type II phase-matching with a pulse propagating along the fast
axis of the crystal, and d) type II phase-matching with a pulse propagating
along the slow and fast axis of the crystal. e) Simulated DFG spectra for the
three phase-matching possibilities. The phase-matching angle for different
types of phase-matching in a BBO crystal is summarized in the table.
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Figure 2.13: Simulated spectra for three different orientations of the crystal
relative to the input beam polarization. « shows the angle between the
polarization of the incoming beam and the optical axis of the crystal.

The highest achieved efficiency is at & = 30° where a larger number of
photons of the incoming beam are projected onto the extraordinary axis of
the crystal. This suggests that the process should become even more efficient
by changing the spectral distribution of the input pulse on different axes of
the crystal. That is, by sending the blue photons to the extraordinary axis
of the crystal and red photons to the ordinary axis. In the presence of a
quartz waveplate, the blue spectral components of the pulse obtain more
phase shift than its red spectral components and they become separated.
Consequently, by implementing a thin waveplate before the BBO crystal the
fraction of photons with shorter wavelength on the fast axis can be increased
which leads to the rise in the efficiency of the DFG process.

Type Il DFG is very similar to optical rectification in the terahertz spectral
domain (Bakker et al., 1998): the nonlinear polarization takes the form of the
intensity profile of the pulse. By multiplying the phase-matching condition,
given in Eq. (2.3) by c:

wWphy — Wshs = Wi, (2.4)

for broadband pump and signal with the angular frequency of w, and the
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spectral width of A:

wp = W, + A, (2.5)
Ws = Wy — A, (2.6)
w; = wp — ws = 2A. (2.7)

The refractive indices of the signal and pump can be expressed to first order
in their series expansions

dn
T’lp =Ny =+ ATCS o (28)
dn
Ng = Ny — Ad—a‘; wa. (2.9)
By substituting Eq. (2.5) and Eq. (2.8) in Eq. (2.4):
win, + w;w, % = win; (2.10)
1'to [Aad¥ dw w, - [AAe ¥4 .
and by dividing the Eq. (2.10) by w;:
dn
ny + wod—(j . =n;, (2.11)

which is the expression for group index. By neglecting higher order terms,
we obtain:

ngump = n(l))FG. (2.12)

This phase-matching expression shows that the group velocity of the pump
pulse should be equal to the phase velocity of the emitted wave. Here the
dipole responsible for nonresonant DFG is simply the intensity envelope of
the input laser pulse (PNL(t) o< E*(t)E(t)  I(t)), so matching its velocity to
the wavefronts of the DFG pulse results in phase-matching.

The expression also shows intuitively why the (e —e — o) type II pro-
cess is more broadband than the (e — 0 — ¢) one, namely that the dispersion
along the fast axis is greater (more negative) in the infrared than on the
slow axis, reducing the range of frequencies where phase-matching is ap-
proximately satisfied.

The simulated conversion efficiencies in 500 um-thick BBO crystals cut
for type I (0 = 21.4°, ¢ = 90°, light polarization 30° from fast axis) and type
IT (0 = 40°, ¢ = 0°) are shown in Fig. 2.14. Here, at low pump intensities
for unsaturated DFG, the efficiency is linearly proportional to the pump in-
tensity. Increasing the pump intensity leads to higher conversion efficiency.
In type I DFG, at high pump intensity, the linearity is broken and the DFG
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process saturates as the energy transfer from the generated MIR pulse to
the pump pulse through sum frequency generation is faster than energy
transfer from the pump to the DFG signal. Due to extremely short pulses
in a single-pulse DFG studied here, the effect of group velocity matching
results in rather different behavior of the two phase-matching types at high
conversion efficiencies.
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Figure 2.14: Simulated conversion efficiency of light for a) type I and 1II
phase-matching, b) type I phase-matching with different ratios of the beam
on each optical axis of the 500 um-thick BBO crystal. & shows the angle be-
tween the polarization of the incoming beam and the extra-ordinary axis of
the crystal. c¢) Measured scaling of DFG conversion efficiency versus pump
power. d) Measured integrated spectral intensity as a function of pump
power. The pump power was adjusted with an iris and the spectrum was
measured for a beam much larger than the spectrometer entrance slit, indi-
cating the on-axis scaling of the MIR pulse.

In a type I process the group velocity walk-off between the pulses is
much less than in type II, which leads to a clear oscillatory behavior in
the efficiency curve. Let us consider the case where the MIR wavelength
is 2000 nm, with effective signal and pump wavelength of 800 and 580 nm.
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The group indices (Kato, 1986) of DFG, signal and pump are 1.6750, 1.6845,
and 1.6932, respectively. Therefore the propagation distance in the crystal
for a group delay shift of 10 fs between DFG and signal is 315.5 um, and for
the same shift between signal and pump is 344.6 um. In the case of type II
phase-matching, the DFG, signal and pump group indices are 1.6750, 1.6313,
1.6549, respectively, leading to much shorter distances to separate the DFG
from the signal (68.6 um) and the signal from the pump (127.0 um). These
relatively short length scales reduce the efficiency of the type II process,
but at the same time ensure that backconversion through sum-frequency
generation is unlikely at realistic intensities.

The effect of saturation on the DFG spectrum is illustrated in Fig. 2.15.
As the intensity is increased, the peak wavelength of the DFG spectra ob-
tained from type I phase-matching exhibits a shift first to longer and then to
shorter wavelengths once the local minimum in conversion is reached. The
spectral changes in type II phase-matching are more stable and the long-
wavelength components are gradually added to the spectrum at higher in-
tensities. This is caused by the overall redshift of the input pulse as energy
is transferred from the short-wavelength side of the input pulse spectrum
to the long-wavelength side, shifting the phase-matching to suit lower fre-
quencies, as shown in Fig. 2.16.

Experiment 4fs pulses with 1W of average power (Cavalieri et al., 2007)
were loosely focused down to 0.4 mm at FWHM by using a spherical mir-
ror with 1m focal length. Tighter focusing of the beam resulted in a fila-
ment in air and was therefore avoided in the experiment. The 500 um-thick,
antireflection-coated BBO crystals were placed in the laser focus. A spheri-
cal mirror was used for collimating the beam after the BBO and several gold
coated mirrors were used to either send the beam to a spectrometer or to a
power-meter. In order to block the residual short-wavelength light, a 2 mm-
thick antireflection-coated silicon wafer was placed in the beam to separate
the generated DFG from the fundamental beam (Fig. 2.17).

The measurements were performed for both types of phase-matching
and the energy of the generated DFG and its corresponding spectrum were
measured separately for different input pump energies, scaled by adjusting
a pinhole placed before the BBO crystals. The on-axis energy of the DFG
signal was calculated by integrating over each DFG spectra, measured for
different pump energies (Fig. 2.14-d). The maximum measured DFG effi-
ciency for type I BBO crystal was 11 % and for type II, it was 4.4%. The
obtained spectra for each phase-matching scheme and for different pump
intensities are shown in Fig. 2.15.

To optimize the efficiency in type I phase-matching, a 42 um-thick quartz
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plate was placed far from the focus and at Brewster’s angle, such that the
short-wavelength components were predominantly on the fast axis of the
BBO. By adjusting the quartz plate, the DFG efficiency was increased to
12.4%. The measured spectrum corresponding to the highest DFG pulse
energy(41 yJ), is shown in Fig. 2.17-b, alongside the spectrum of the pump
pulses.

In the generation of broadband single-pulse DFG signals, a short interac-
tion length in the material is required to avoid separation between different
frequencies in the time domain, caused by dispersion in the crystal. The
short pulses used in this experiment are important for reaching high con-
version efficiencies as crystals with short thicknesses, could be exposed to
higher intensities for reaching higher conversion efficiency. This would not
be possible with longer pulses (Lenzner et al., 1998).

In the experiment, the generated signal in type I phase-matching was
less dependent on the chirp of the input pulse relative to type II phase-
matching. In type II phase-matching, the DFG signal is generated from a
short pulse which travels on the extraordinary axis of the crystal, but in the
type I process the input pulse splits into two beams traveling on different
crystal axes. Consequently, the type II phase-matching is more sensitive to
dispersion of the input beam as it is very important to have all the frequen-
cies at the same time. But in type I phase-matching the interaction happens
between two relatively long pulses traveling on different axis of the crystal
and it is less sensitive to the input pulse chirp.

The output power of the type II process had higher stability than the
type I process. This behavior can be explained by looking at the conver-
sion efficiency of both cases. In type II phase-matching, the behavior of the
efficiency is linear and therefore the energy stability of the generated sig-
nal is proportional to the energy stability of the pump pulse. In contrast,
for type I phase-matching several local saturation points appear for differ-
ent intensities. In this case the most stable regime for operation is slightly
above saturation, where for slightly different input pulse energies, the same
output energy is obtained. However, the shape of the generated spectrum
is not robust against intensity fluctuations. The backconversion of the DFG
signal to the input signal changes the shape of the input in the time domain
and its corresponding spectrum. This can cause spectral instabilities in the
generated signal as shown in Fig. 2.15.

The energy stability of type II DFG would make it more attractive, de-
spite its lower conversion efficiency. Also it is an advantage that the emerg-
ing white light and MIR pulses are orthogonally polarized: the residual
pump light can be non-dispersively suppressed, via a Brewster’s angle re-
flection from a silicon wafer, which we found to reduce the residual white
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light contamination level to a few percent, dominated mostly by residual
higher-order modes from hollow-core fiber.

The damage threshold of the BBO was not reached in the measurement
so performing the experiments in vacuum with a smaller focus could lead
to yet higher conversion efficiencies.

R —

As shown in this chapter, difference frequency generation in a type
I BBO crystal using 4.5fs pulses centered at 800nm yields conver-
sion efficiencies above 10%. The presented experimental observations
and corresponding numerical simulations show qualitatively different
intensity-scaling behavior for type I and type II phase-matching.

It is observed that type I DFG has higher overall efficiency than type II
DFG. By modifying the polarization state of the pulse using a 42 um
zero-order wave plate, conversion efficiency of type I DFG was im-
proved to 12%.

Due to its sensitivity to dispersion, type II DFG has a lower conversion
efficiency but enables better stability of the spectrum versus input in-
tensity. The DFG signal was separated from the pump pulses entirely
by using a polarizer, as it had a different polarization. These two char-
acteristics of type II DFG, stability and its simple separation, makes
it a suitable choice for producing broadband, CEP stable, MIR pulses
with enhanced temporal contrast. By focusing the generated pulses in
a gas-filled hollow-core-fiber (Schwarz, 2014), the spectrum extends to
the VIS range. The remarkable role of such a multi-octave, CEP-stable
spectrum to seed an OPCPA system (discussed in Chapter 5) leaves
DFG an insuperable technique for generation of broadband, coherent
spectrum with the carrier phase locked to the intensity envelope.

Vv, Uou
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Figure 2.15: Measured and simulated DFG spectra in a 500 um-thick BBO
crystal for type I (a,c) and type II (b,d) phase-matching at different intensi-
ties.
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Chapter 3

Regenerative amplifiers

3.1 Yb:YAG thin-disk regenerative amplifier

* Although the construction of high energy laser systems is beyond the scope
of this thesis, OPCPA requires a pump laser, whose characteristics form
the ultimate limits on the possible specifications. In order to design and
create an effective OPCPA, a thorough understanding of the underlying laser
technology and its limits is required. The work in this thesis focuses on
the use of Yb:YAG-based thin-disk regenerative amplifiers, e.g. (Metzger
et al., 2009) , as a useful source of high-energy, high power picosecond pulse
trains to pump OPCPA systems, and the relevant considerations that must
be made in order to fully exploit their capabilities.

In a typical laser gain medium, pump photons at the resonance fre-
quency of the host material excite electrons to an upper atomic level, which
subsequently decay to a lower excited state. Interaction of the seed photons
with the excited electrons stimulates their decay to a lower energy level (in
the ground state manifold) and consequently, photons with the same direc-
tion, phase, polarization and frequency of the seed photons are emitted.

In an ideal laser, where the medium consists of infinite numbers of elec-
trons and in the absence of vacuum fluctuations, the amplified energy versus
the input pump energy scales linearly. In the presence of vacuum fluctua-
tions, amplification of the spontaneous emission depletes the medium and
leaves no opportunity for the amplification of an injected pulse. In a finite
medium, due to the restricted amount of atoms in the gain medium and
therefore geometry-suppressed spontaneous emission, amplification can take
place but still the depletion of the ground state can cause saturation and
limit the amplification. Gain media with long upper state lifetimes have the

'This chapter is adopted from (Fattahi et al., 2014b). The electronic print of this paper is
attached in Appendix E with the permission of OSA.
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potential for substantial population inversion under continuous pumping
and are desirable for the construction of high-energy laser sources.

Ytterbium-doped materials have a long upper state lifetime, broad emis-
sion, small density of quantum defects (Honninger et al., 1999) and their
broad absorption spectrum in the region accessible by efficient laser diodes
makes them the most promising gain medium for amplifiers in disk (Met-
zger et al., 2009; Teisset et al., 2013), slab (Schulz et al., 2011) or fiber (Jau-
regui et al., 2013) geometries. However, in continuously pumped regenera-
tive amplifiers, chaotic pulse train dynamics at repetition rates comparable
to the inverse of the gain relaxation time restrict the operating parameters
of the laser system (Dorring et al., 2004; Grishin et al., 2009). In this chap-
ter, different approaches to overcome these instabilities in order to achieve
reproducible, stable pulses with excellent temporal shape, are discussed.

Regenerative amplifiers operating at repetition rates close to the inverse
of the inversion build-up time in the gain medium show special amplifica-
tion dynamics. Here the amplification of a pulse in the cavity is strongly
coupled to the previous pulse and can result in stable regimes of operation
such as period doubling (bifurcation), tripling, or amplification of pulses
with extremely random variations in pulse-to-pulse energy (chaotic regime).
To visualize the process, let us consider a pulse entering the cavity and
depleting the gain medium. If a second pulse enters the cavity when the
population inversion of the gain medium is not at its maximum, then the
amplification gain is less.

In the bifurcation regime, the third pulse enters the cavity when the
population inversion has fully recovered and therefore carries away a large
amount of energy and leaves the gain medium depleted. This cycle re-
peats and every second pulse gets amplified to the maximum energy. In the
chaotic regime, the entrance of the third pulse and subsequent pulses into
the cavity are not synchronized with the full recovery of the depleted gain
medium and results in random pulse-to-pulse energy. Normal operation of
the laser, where every pulse exiting the cavity has the same pulse energy,
can be ensured by increasing the number of round trips (passes through the
gain medium), such that at a given seed and pump power level, each pulse
depletes the gain medium entirely. Increasing the number of round trips
increases the number of passes through the Pockels cell (PC) and air. This
increases the accumulated nonlinear phase on the amplified pulses and ini-
tiates nonlinear effects like SPM which consequently influence the temporal
and spectral shape of the pulse.

The induced nonlinear phase is described as:

dq)nl (Z, t)

w
Fra— —?nzl(t,z). (3.1)
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This instantaneous phase adds a nonlinear phase to the pulse. After propa-
gating distance L inside the PC and air, the accumulated nonlinear phase in
terms of the B-integral is:

2
B(t,r) = -2

vac

L
/ nal(t,r,z)dz, (3.2)
0

where 7 is the transverse coordinate of the laser beam. The spatial variation
of the B-integral implies that perfect compensation of the induced nonlinear
phase is not possible. The radial variation also forms a nonlinear lens inside
the cavity which can cause coupling to higher order modes. These modes
are filtered out by the cavity but cause reduction in the efficiency as they
increase cavity losses.

B-integral values of ~ 2 could double the pulse duration (Chuang et
al., 1993). Even for the modest value of B < 1 significant energy can be
removed form the central peak of the pulse and appear as a pedestal, de-
creasing the contrast and lowering the peak power (Perry et al., 1994). In
the SPM process the interference between the newly generated frequencies
and the spectrum of the pulse causes a change in the spectral bandwidth
of the pulse. In Fig. 3.1 the spectral and temporal effects for different chirp
values applied to the pulse are shown. For negatively chirped pulses with
a GDD of —0.27 x 107 fs?, destructive interference between the newly gen-
erated photons in SPM and the spectrum of the pulse causes spectral nar-
rowing. For heavily chirped pulses, however, SPM primarily influences the
spectral phase of the pulse, leaving the shape and the bandwidth of the
spectrum unchanged.

In regenerative amplifiers with low input seed energy, a large number
of round trips are required to reach energy saturation. To study the ef-
fect of B-integral in low-energy-seeded regenerative amplifiers, a simple 1-D
model (Appendix B) based on the rate equations for continuously-pumped
Yb:YAG (Antognini et al., 2009) is used. The model includes the wavelength-
dependent pulse energy buildup for the full pulse train and the nonlinearity
acting on the amplified pulses caused by the PC and air is calculated in each
round trip. The gain in each pass is obtained via the temperature-dependent
emission cross-section according to (B. Chen et al., 2003).

In the simulation a seed pulse with 10 nm spectral bandwidth is stretched
using GDD of 1.19 x 108 fs?, to approximately 2ns. The pulse travels for
40ns in the cavity in each round trip. A 20-mm-long PC (traversed twice
per round trip) with a nonlinearity of 2.99 x 1072°cm?/W (Desalvo et al.,
1996) and a beam waist of 3.5mm (1/¢?) on the PC crystal is assumed, simi-
lar to (Metzger et al., 2009). 225 W of pump power with a 2.8 mm beam waist
is used to pump a 100-pm-thick Yb:YAG gain medium. The simulation is
performed for two different input seed energies, 80 p] and 40nJ.
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Figure 3.1: Spectral (right panels) and temporal (left panels) evolution of a
pulse, stretched with different amounts of dispersion versus B-integral.

Figure 3.2 compares the pulse build-up and spectral and temporal behav-
ior of the amplified pulses for these two cases. In the low-energy-seeded re-
generative amplifier, 126 round trips are required to reach saturation. At this
number of round trips, the accumulated B-integral causes undesired higher-
order nonlinear phase on the amplified pulses, which makes compression
of the pulse to its Fourier transform limit challenging. Any additional in-
crease in the round trip numbers causes pulse break-up in the time domain.
By increasing the input seed energy level to 40n]J, the required number of
round trips to reach saturation reduces to go. Here, the introduced nonlin-
ear phase on the amplified pulse is negligible, leaving the spectral phase of
the amplified pulse well-behaved as in this case the nonlinear path through
the regenerative amplifier is reduced.

In Fig. 3.2, for the case of low-energy-seed, spectral narrowing versus the
round trip number is visible, which is caused by the limited bandwidth of
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Figure 3.2: a) Simulated temporal and spectral profile of the amplified pulses
versus round trip number in a regenerative amplifier for two different input
seed energies: 8o p] and 40 n]J. For the case of low-energy-seed, the accumu-
lated nonlinear phase, causes undesired temporal features on the amplified
pulses (The temporal and spectral amplitudes in all cases are normalized
to unity). b) Pulse build-up in the regenerative amplifier for the two differ-
ent input seed energies. For the case of the higher seed energy, saturation

happens after a lower number of round trips.
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Figure 3.3: Simulated and measured amplification dynamics for CW-
pumped Yb:YAG thin-disk regenerative amplifier operating at different rep-
etition rates and seed energies. a) The amplifier with a PC driven at 6 kHz
repetition rate enters a chaotic regime for low seed energy and reaches sta-
ble bifurcation at higher pump power. Increasing the input seed energy
reduces the chaos in the cavity. b) The same system with a PC driven at
3 kHz repetition rate. Here no chaotic regime is observed and the bifurca-
tion is removed at a higher pump power. The pump power difference for
reaching the bifurcation point and the normal operation point is reduced
by increasing the input seed energy. c) Measured dynamics at 3kHz. d)

Required pump power for stable operation as a function of pulse energy at
3kHz.

the gain medium. In regenerative amplifiers with higher input seed ener-
gies, the effect of gain narrowing is reduced, which results in a longer pulse
inside of the cavity after amplification and correspondingly lower pulse in-
tensity and less accumulated nonlinear phase.

A Yb:YAG thin-disk regenerative amplifier described in (Metzger et al.,
2009), is used to study these effects experimentally. In this system, the 1p]
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pulses centered at 1030 nm, driven from a Ti:sapphire oscillator were ampli-
tied to an energy of 80 p] with a diode-pumped fiber pre-amplifier. A second
fiber pre-amplifier was placed after the pulse picker for further amplifica-
tion of the seed pulses up to 40n]J. In the first measurement, the regenerative
amplifier was seeded with 80 p]J of energy. Using 107 cavity round trips, af-
ter intermediate chaos, period doubling and a stable regime of operation
was achieved. The amplified pulses were passed through a grating pair for
temporal compression and characterized by SH-FROG exploiting a 10 um
BBO crystal as the nonlinear medium.

A stable regime of operation with no chaotic behavior or bifurcation was
observed after increasing the input seed energy to the cavity (Grishin et al.,
2007). Figure 3.3 shows the energy distribution in a bifurcation diagram
acquired by incrementing the pump power over the range of 50-250 W with
the number of cavity round trips kept constant at 70. Here the PC was
driven at 3kHz repetition rate. For the input seed energy of 0.1nJ, the
bifurcation happened at 100W of pump power. By increasing the pump
power to 250 W, the amplifier went out of the doubling regime and the
amplification happened at 3kHz repetition rate. By increasing the input
seed energy the bifurcation and normal amplification points were shifted to
lower pump powers.

The simulated and measured data are in good agreement. In both cases,
there is no sign of chaotic behavior for high energy seeding. Figure 3.3-a
shows the simulated data in the case of 6 kHz operation similar to (Metzger
et al., 2009). Here, the bifurcation point is shifted to a higher pump power
compared to 3kHz operation. After period doubling, the amplifier goes
to the chaotic regime and at high pump power reaches a stable doubling
regime. The separation of this point and the chaotic zone is determined
by the input seed energy level. Running the amplifier with a PC driven
at 3kHz is advantageous as it simplifies synchronization with OPCPA seed
sources and reduces the thermal load on the PC crystal. Due to hysteresis,
the amplifier has the tendency to stay in the normal operation regime. Af-
ter emerging from bifurcation, even for slightly reduced pump power, the
laser stays in the normal operation mode as the cavity design is optimized
for high-power operation. Therefore the cavity efficiency increases slightly
as the system enters the normal amplification mode and the output power
doubles. The hysteresis and thermal effects which are not included in the
simulation are the primary source of discrepancy between the measured and
simulated data.

Figure 3.4-b shows the effect of the cavity dynamics on the temporal
profile of the compressed pulses. The characterization of the unsaturated
amplified pulses at 14 W seeded with 80 pJ does not show any phase distor-
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Figure 3.4: a) Measured SH-FROG traces of the 14 W amplified pulses in a
regenerative amplifier seeded with 8o pJ of energy and making 107 cavity
round trips (the laser operated in the unsaturated regime with unstable laser
output). b) Measured SH-FROG trace for the same pulses amplified to 58
W, showing strong SPM in the time domain. c) Temporal profile of 300 p]J
amplified pulses to 61 W with increased pump power and reduced round
trip number. The effect of SPM in this case is negligible. d) Calculated
group delay resulting from the induced nonlinear phase on the amplified
pulses with different input seed energies. The pump power for all cases was
kept constant and saturation was ensured by changing the number of cavity
round trips.
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tion and the pulses are nearly compressed to their Fourier-transform limit
(Fig. 3.4-a). However, after running the laser in the saturated regime with
an output power of 58 W, SPM begins to distort the temporal phase of the
amplified pulses, although the shape of the spectrum is not affected. By
increasing the input seed energy to 300 p]J, increasing the pump power and
reducing the cavity round trip number by 10, the characterized 61 W, com-
pressed pulses show a good temporal profile indicating that the effect of
SPM in this case in negligible (Fig. 3.4-c). Figure 3.4-d shows calculated
nonlinear group delay distortion of the amplified pulses for varying input
seed energies to the amplifier, explaining the temporal behavior of the mea-
sured pulse in Fig. 3.4-b. The FROG G-error of the reconstructed trace in
Fig. 3.4-b is 0.022 which is more than the the G-error of Fig. 3.4-c, 0.0087.
This could be an indication of pulse-to-pulse variations in temporal profile
(Ratner et al., 2012).

Different approaches can be used to eliminate the undesired SPM ef-
fects in amplifiers while maintaining stable operation. Table 3.1 summarises
different approaches with their pros and cons.

Effect of suboptimal amplifier design in subsequent nonlinear processes
In the presence of significant SPM in the system, small changes in the seed
energy level and cavity alignment result in large variations of the amplified
output pulses. For an OPCPA pumped by such pulses these variations affect
the efficiency of the amplified pulses in the subsequent broadband OPCPA
stages. For a regenerative amplifier operating at the border of nonlinearity,
variations of the spectral phase to the evolution of the pulse inside of the
cavity can result in large fluctuations in the OPCPA output, although the
pulse-to-pulse energy fluctuations of the pulses of the saturated amplifier
are at their minimum. To study these effects, the spectrum and gain of an
OPCPA system are simulated.

The pulses from Fig. 3.4-b and Fig. 3.4-c with an identical pulse energy of
3mJ and a beam diameter of 1.2 mm at full width half maximum are used to
amplify a broad spectral range in a single OPCPA stage consisting of 1 mm
BBO crystal with a d,¢¢ value of 2.3 pm/V, a phase-matching angle of 24.5°,
and noncollinear angle of 2.7°, seeded with 1] of energy. As shown in
Fig. 3.5 this variation in pump pulses results in a factor of 3.5 difference in
pump-signal efficiency and modifications in the amplified spectrum. Subop-
timal pump pulses also affect the spectrum and efficiency of the generated
second harmonic (Fig. 3.5-c).



104 3. Regenerative amplifiers

a)
o o o
—~ 0.5F OPCPA efficiency: 14 % o @
e | OPCPA efficiency: 4%
~ o
5 0.3+ °
Q
c B o
o]
® 0.1} s ° o © ©° °
e o o o &8 8 8 a2 o © © © ©
0.2 0.4 0.6 0.8
b) crystal length (mm)
1
- OPCPA efficiency: 14 %
S OPCPA efficiency: 4%
s
=05
[2]
C
o
£
600 800 1000 1200
wavelength (nm)
c)
— 1 -
; low energy SHG £
& high energy SHG %
> 0.5+ 5
5 £
c 1029 1031
*g wavelength (nm)

514.5 515 5155 516
wavelength (nm)

Figure 3.5: Simulation of the effect of amplified SPM on the output of a
broadband OPCPA. The orange curves are simulated with the pulse mea-
sured in Fig. 3.4-c and the green curves correspond to the pulse in Fig. 3.4-b.
a) Gain vs. crystal length in the OPCPA, showing saturation with the SPM-
free pulse, and a factor of 3.5 reduction in pulse energy with the distorted
pump pulse. b) Modification of the spectrum resulting from the pump tem-
poral profile (normalized). c) The measured second-harmonic spectra of the
suboptimal pump pulses (Fig. 3.4-b) in the saturated (high energy) and un-
saturated (low energy) regime. The hole in the second harmonic spectra is
caused by the distorted spectral phase of the input pump pulses. The pump
spectrum is shown in the inset.
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Approach

Mechanisms

Negative consequences

Reduced round trips

with higher pump power

- Reduced nonlinear path length
- Reduced cavity losses leading to
less gain narrowing at same energy

- Increased thermal load
- Smaller range of stable
operating power

Increase seed level via
further broadband pre-
amplification

- Reduced gain narrowing
- Reduced nonlinear propagation
distance via reduced round trip number

- Increased system
complexity/cost
- Longer seed beam path

Decrease pump spot
size

- Faster inversion buildup for given pump
power, allowing stable operation at lower
power

- Increased thermal gradient in
gain medium
- Reduced saturation energy

Increase stretcher and
compressor dispersion

- Reduced intensity at given pulse energy

- Increased cost and alignment
sensitivity of compressor and
stretcher

- Additional timing jitter when
synchronized with external
seed

Increased beam size in

- Increased complexity of the

nonlinear cavity - If a single element (i.e. Pockels cell) is )
; . h ; . laser cavity
elements via reflective | responsible, reduced intensity . . .
- Requires large cavity optics
telescope

- Cost and complexity
- More difficult thermal
management

Operation in vacuum | - Reduced nonlinearity of free beam path

Table 3.1: Possible approaches for the reduction of SPM in a thin-disk re-
generative amplifier

Stable OPCPA demands not only excellent pump energy stability,
but also a high degree of reproducibility of the temporal shape of
the pump pulses, which can only be ensured by careful matching of
the amplifier design to the seed specifications. The presented simple
one-dimensional simulation and the measurements show the chaotic
regime in the ytterbium-doped regenerative amplifiers is avoidable
by increasing the input seed energy. Here the accumulated nonlinear
phase in the cavity is minimized and a reproducible spectral phase is
achievable. The effect of a suboptimial amplifier on a subsequent non-
linear stage (here OPCPA) is numerically studied, which emphases the
high demands on well-behaved phase of pump pulses in an OPCPA
system. By ensuring that these effects are well controlled, thin-disk
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regenerative amplifiers are an ideal route to stable and efficient pump-
ing of high-power, high-energy, broadband OPCPAs.

Uoy U0
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Figure 3.6: a) Parameters of BBO and LBO crystal for SHG. b) SHG gain vs.
crystal length of a 200 mJ, 1.6 ps pulses in a type I, BBO and LBO crystal
from simulation. « values in the table indicate the absorption coefficient of
each crystal.

3.2 Second harmonic generation

Pumping OPCPAs in the near infrared and visible requires the generation of
low-order harmonics of the near-infrared emission of the Yb:YAG medium
(Section 1.2). Although there are numerous options for second harmonic
generation, critically phase-matched LBO and BBO are among the best can-
didates for low-order harmonic generation of near-1-ps pulses at 1030 nm.
They have fairly high nonlinear coefficients and damage thresholds. BBO
has a higher nonlinearity than LBO but a larger spatial walk-off and is lim-
ited in the available aperture, as summarized in Fig. 3.6-a.

Fig. 3.6-b shows the simulated SHG gain versus crystal length for 1.6 ps
pulses centered at 1030 nm with a pulse energy of 200 mJ and a beam diame-
ter of 10 mm in type I BBO and LBO crystals. In the LBO crystal with a crys-
tal thickness twice that of the BBO crystal, the generated second harmonic
reaches saturation. Due to reduced spatial walk-off between the second
harmonic beam and the fundamental beam in LBO, a conversion efficiency
similar to BBO can be achieved, despite having a smaller d.¢s value than
BBO. The calculated conversion efficiency does not reach 100% becuase of
phase-mismatch between the second harmonic and the pump beam, and the
temporal and spatial walk-off in the nonlinear crystals.
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Experiment The discussed Yb:YAG thin-disk regenerative amplifier was
used to study SHG in LBO and BBO crystals. The output beam profile of
the laser after compression became elliptical as the grating pair used for the
pulse compression was not entirely flat. The ellipticity was compensated by
implementing a home-made adaptive mirror before the grating compressor.
By tuning the curvature of the thin, flat mirror the beam ellipticity was
improved to 0.78 and the residual ellipticity was further improved to 0.83 by
using a set of cylindrical mirrors with radii of curvature of —1574mm and
500 mm (Fig. 3.7).

A refelective telescope consisting of mirrors with radii of curvature of
—2000mm and 800 mm was used to adjust the beam size on the crystal in
order to reach 120GW/cm? intensity, assuming a Gaussian beam in time
and space. The SHG in a 2mm BBO crystal reached 70% conversion effi-
ciency and saturated at 5m] of input pump energy. By increasing the input
pump energy, the energy backconversion from the SHG signal to the pump
resulted in oscillatory behavior in the efficiency curve and degradation of
the spatial profile of the generated second harmonic (Fig. 3.7-b.3). The gen-
erated second harmonic in a 1 mm BBO crystal with the same pump param-
eters reached saturation while the spatial profile of the pulses preserved its
quality. A pump intensity of 70 GW/cm? on a 4 mm LBO crystal resulted in
an efficiency of 70% with an excellent beam quality. SHG could also be used
as a measure for fine tuning the grating pair compressor. Fig. 3.7-e) shows
the sensitivity of the SHG conversion efficiency to the temporal profile of
the pump pulses.

S ——

As it is shown in this section, employing BBO or LBO crystals for
frequency doubling of a 20m]J, 1.6 ps pulses of an Yb:YAG amplifier,
leads to pump-to-second harmonic conversion efficiency above 65%.
This high efficiency indicates the optimum temporal and spatial prop-
erties of the amplifier pulses. High conversion efficiencies in both
crystals is achieved, even though the nonlinearity of a LBO crystal is
about half of the BBO crystal, due to the lower temporal walk-off in a
LBO.

V.0, A ,V,V
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Figure 3.7: a,b) Home-made passive adaptive mirror used before the grating
compressor of the disk laser (a.1). The beam profile of the amplifier after
the adaptive mirror and the cylindrical telescope (a.2). The beam profile of
the generated second harmonic in a 1 mm BBO (b.1), 2mm LBO (b.2), 2mm
BBO (b.3) and 4mm LBO (b.4) crystals. ¢) SHG in a 1mm and 2mm BBO
crystal with the intensity of 1220 GW/cm?. d) SHG in a 1 mm and 2 mm BBO
and 2mm and 4mm LBO crystals for a pump intensity of 70GW/cm?. e)
Second harmonic signal versus grating separation in a 1 mm BBO crystal.






Chapter 4
Experimental OPCPA

In this chapter, broadband seed pulses demonstrated in Chapter 2 and the
turn key Yb:YAG pump laser discussed in Chapter 3 are employed to de-
velop OPCPA systems with particularly high conversion efficiency.

Conversion efficiency in an OPCPA is limited by the group velocity mis-
match between pump, signal and idler during the amplification process,
deficient spatial overlap between the interacting beams caused by spatial
walk-off in the nonlinear crystal, the temporal and spatial profiles of the
seed and pump beams, and finally, the amplification of superfluorescence.

Overcoming these limitations to increase the efficiency has been the sub-
ject of several previous studies. By using a spatiotemporally shaped pump
pulse, a pump-to-signal conversion efficiency as high as 40% (theoretically)
(Guardalben et al., 2003) and 25% (Chekhlov et al., 2006), 29% (Waxer et al.,
2003) and 34% (Bagnoud et al., 2005) (experimentally) have been reported.
However, there is no straightforward possibility for spatiotemporal shape of
the ps-pump laser pulses. Also, the amplified spectrum of the mentioned
OPCPAs is narrow compared to the bandwidth of few-cycle pulses. For
100-ps-pumped few-cycle OPCPAs, a 27% conversion efficiency was demon-
strated by applying a complex, double-pass OPCPA configuration (Ishii et
al., 2005) and in a near-1ps-pumped OPCPA system, few-cycle pulses with
25% pump-to-signal efficiency were shown (Fattahi et al., 2012b).

In this chapter, the theoretical analysis and experimental implementation
of three different techniques for the simultaneous optimization of conversion
efficiency and amplified spectral bandwidth in near-1ps-pumped OPCPA
systems are explored.
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4.1 Reusing the pump

" In order to increase the conversion efficiency of the near-1-ps-pumped
OPCPAs, the residual of the pump energy from one stage can be reused in a
subsequent OPCPA stage (Schultze et al., 2010a). Figure 4.1 compares three
different simulated OPCPA designs.

In this calculation, a Gaussian structure for the pump in both space and
time and a Gaussian structure for the seed in space is assumed. The fourth-
order super-Gaussian seed spectrum is linearly chirped to a 1.6ps pulse
duration with the spectrum spanning from 600 — 1100 nm. The noncollinear
type I geometry in a BBO crystal with an internal pump-signal angle of 2.7°
and a phase-matching angle of 24.5° is used. The first design consists of
a single OPCPA stage using a BBO crystal, pumped with an intensity of
approximately 100 GW/cm?. In the second design, firstly, a 0.68 mm-thick
BBO crystal is pumped with 7 m] and the residual pump energy is reused in
a subsequent stage consisting of another 0.45 mm-thick BBO crystal. In this
design a higher pump-to-signal conversion efficiency is expected due to the
possibility that the noncollinear pump-signal angle and the phase-matching
angle can be readjusted and optimized between the two stages.

The third configuration is a two-stage OPCPA system similar to the sec-
ond design except that the pump-beam size between the two stages is read-
justed to provide about 100 GW /cm? pump intensity on the second crystal
in order to compensate for the reduced pump intensity after its depletion
in the first stage. The amplified signal energy as a function of total crystal
length for three different designs is shown in Fig. 4.1, where the third design
results in a factor of 2.5 increase in the conversion efficiency of the OPCPA
system.

The observed increase in efficiency for this scheme arises from the free-
dom to readjust and optimize the phase-matching angle, noncollinear pump-
signal angle, and spatial and temporal overlap for the second crystal. Im-
portantly, the idler in the second amplification stage is built up from zero
energy, and therefore the amplification saturation happens in a longer total
crystal length. Additionally, in the third design, the higher pump intensity
on the last crystal results in a more efficient energy extraction compared to
the second design. In Fig. 4.1-a, the corresponding pump-beam profiles at
two different points A and B on the amplification gain curve are shown. Al-
though the pump-beam profile changes dramatically from point A to B, the
amplified signal beams preserve their quality. Therefore, the third design
was chosen for experimental realization.

'This section is adapted from (Fattahi et al., 2012a). The electronic print of this paper is
attached in Appendix E with the permission of OSA.
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Figure 4.1: a) Simulated amplified signal energy over the crystal length for
three different designs. Design 1 consists of one amplification stage. De-
signs 2 and 3 consist of two amplification stages, where the residual pulse
energy after the first amplification stage is used to pump the second stage.
In Design 3, the pump after the first amplification stage is resized to keep
the pump intensity on the crystal similar to the first stage. The beam pro-
files of the pump after the first OPCPA stage at points (A) and (B) and their
corresponding amplified-signal-beam profiles after the second OPCPA stage
are shown in the inset. b) The simulated parameters of the three different

designs.
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Experiment The experimental OPCPA setup consisted of five main in-
gredients: the pump laser (see: Chapter 3), the Ti:sapphire oscillator and
amplifier, followed by the broadband nonlinear seed generation (see: Sec-
tion 2.2), the timing jitter compensation system (Schwarz et al., 2012), and
three OPCPA stages followed by a chirped-mirror compressor.

52 W of the Yb:YAG regenerative amplifier output was frequency dou-
bled in a 1mm type I, BBO crystal with a conversion efficiency as high as
57 % (Fig. 4.2). The choice of the material and the length of the SHG crystal
was based on minimizing the total B-integral in the whole OPCPA chain
while maintaining a good pump-to-second-harmonic conversion efficiency:.

A 4 mm-thick SF57 plate was used to temporally stretch the 10 uJ broad-
band OPCPA seed in order to provide good temporal overlap between the
pump and signal pulses. The broadband seed was sent through the entire
beam path in the absence of amplification consisting in total of 5.5 mm BBO
from the OPCPA stages, 4 mm of SF57 glass and air so that the phase could
be characterized by a multi-shot, cross-correlation frequency-resolved opti-
cal gating (XFROG) device incorporating a 20 um BBO crystal cut at 29° as
the nonlinear medium. A fraction of the Ti:sapphire amplifier output pro-
vided the reference pulse (see: Section 2.2). The pulse duration of the seed
(assuming a Gaussian fit for the retrieved time structure) is 1.1 ps which
ensures sufficiently good temporal matching between the seed and pump
pulses in the OPCPA stages (Fig. 4.2). The XFROG measurement indicated
that the spectral phase of the OPCPA seed was well-behaved and compress-
ible.

The first OPCPA stage serves as a preamplifier for the low-energy broad-
band seed pulses. 1m] of the frequency doubled output of the thin-disk
amplifier was used for pumping a 1.5 mm type I, BBO crystal and an output
pulse energy of 120 uJ was achieved. Using a 3mm BBO crystal in the first
stage resulted in 800 mW of signal output, but this configuration resulted in
a total of 400 mW of superfluorescence, measured after the third stage when
the seed was blocked before the first amplification stage, while no further
increase in the efficiency of the system was observed. Therefore the 1.5 mm
BBO crystal was chosen for the first stage to minimize the superfluorescence
after the third stage.

Up to 7.3 m] of energy at 515nm was used to pump the 2mm BBO crys-
tal at the second OPCPA stage. The remaining 5.6 m] pump energy after
the second stage preserved its good beam quality (Fig. 4.3), (except for the
large ellipticity caused by the grating pair compressor of the amplifier, see
Chapter 3). Subsequently, the size of the remaining pump beam was re-
duced to provide 80 GW/cm? pump intensity on a 2mm BBO crystal in the
third amplification stage. In the last two OPCPA stages an optical-to-optical
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Figure 4.2: a) The efficiency curve of SHG in a 1 mm BBO crystal. b) The
XFROG measurement of the OPCPA signal passing through the entire beam
path, consisting altogether 5.5mm BBO and a 4 mm SF57. SF57 is used to
temporally stretch the signal to ensure a proper temporal overlap between
signal and pump pulses.
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15t stage 2" stage 34 stage

amp. signal

Figure 4.3: Beam profiles of the signal and pump in the OPCPA stages. The
ellipticity of the signal beam is caused by the telescope. s1 shows the beam
profile of the amplified signal when second stage of the OPCPA runs slightly
below saturation. s2 shows the beam profile of the amplified signal when
the second stage of the OPCPA runs in saturation.

conversion efficiency of 32% was achieved (Fig. 4.4). No measurable super-
fluorescence background was observed when blocking the signal beam in
front of the first stage.

The 350 nm-broad-amplified signal supports a Fourier transform limit
pulse duration of 5.7 fs as shown in Fig. 4.5. Preliminary compression using
a double-angle chirped-mirror compressor similar to (Fattahi et al., 2012b)
resulted in a pulse duration of 10fs. The FROG trace and its retrieved coun-
terpart are shown in Fig. 4.5. It can be clearly seen from the retrieved phase
and the presence of satellite pulses that the compression was not optimal.
Higher-order dispersion and satellite pulses can be compensated by using
specially designed chirped mirrors for this system. Also the retrieved spec-
trum shows amplification of spectral components above 1 um, which were
not measurable with the available Si-based spectrometer.
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Figure 4.4: a) The seed spectrum and the amplified spectra for three OPCPA
stages, normalized to the output energy of each stage. b) OPCPA efficiency
curve at the second stage. c) OPCPA efficiency curve at the third stage.
To calculate the efficiency in (b) and (c) the net amplified signal energy is
divided to the pump energy at the corresponding OPCPA stage. d) The
detailed parameters of each OPCPA stage. To calculate the efficiency of each
stage, the net amplified signal energy is divided by the total pump energy
of the OPCPA chain.
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Figure 4.5: a) Amplified spectrum after 3 OPCPA stages on a linear scale,
measured with a Si-based spectrometer. Inset: The Fourier transform limit
waveform corresponding to the measured spectrum. ¢) SH-FROG measure-
ment of the compressed pulse utilizing 12 reflections in a double angle
chirped-mirror compressor. The retrieved spectrum shows the amplifica-
tion of spectral components above 1 pm, not detectable with the available
spectrometer. The pulse is compressed to 10 fs.
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By careful optimization of the pump intensity on the crystal, temporal
stretching ratio between pump and seed, and spatial overlap between
the pump and seed via large beam diameters, and by reusing the
residual pump energy a high pump to signal conversion efficiency is
achieved.

The calculated increase in efficiency by reusing the pump is in good
agreement with the experimental results. Quantitative comparison
shows, however, that the simulated conversion efficiency is higher
than that observed in the experiment. The reason for this overesti-
mation could be explained by the ellipticity of the pump and signal
beam profile, which limited the interaction area during the amplifica-
tion process.

90,9 P,
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4.2 Temporal allocation of pump intensity remainder
(TAPIR)

? In contrast to conventional OPCPA systems, where the seed-pulse dura-
tion is a fraction of pump-pulse duration, OPCPA seed pulses can be lin-
early stretched to be several times longer than the pump-pulse. Once this
is done, a different temporal delay between pump and signal pulses in each
stage results in temporal and therefore spectral stacking of the signal in the
amplification process. In this context, “stacking” refers to the controlled de-
position of pump energy in subsequent temporal/spectral locations along
the chirped seed pulse (Deng and Krausz, 2013).

This technique enables shaping of the amplified spectrum to overcome
the phase-matching deficiencies in broadband OPCPAs, as the phase-matching
angle of the crystal can be tuned to the central wavelength of the selected
portion of the signal. By reusing the pump after each amplification stage,
the total conversion efficiency can be increased. Furthermore, by controlling
the amplification gain in each stage, the spatio-temporal profile of the pump
pulses can be shaped to a flat-top pulse. On the other hand, this approach
demands a complex stretcher and compressor, the B-integral of the reused
pump in subsequent OPCPA stages is higher, and most importantly, for the
case of unsaturated OPCPA gain, different spectral parts of the amplified
signal have varying energy stability which results in spectral beating.

Figure 4.6 shows simulation results for three different OPCPA designs.
In the first design, 7m] of pulse energy, centered at 515nm, with a du-
ration of 1.6 ps at FWHM and beam diameter of 1mm at FWHM is used
to amplify a fourth-order super-Gaussian broadband spectrum centered at
850nm, with a pulse duration of 1.6ps and input energy of 120 uJ. Here,
for both the pump and signal, the same pulse duration is considered and a
0.68 mm BBO crystal with a phase-matching angle of 24.7°, noncollinear an-
gle of 2.7° and d,¢s value of 2.3168 pm/V is used as the nonlinear medium.
After the first amplification stage, the residual pump energy is used to pump
the second stage consisting a 0.45mm BBO crystal, while the pump beam
diameter is resized and reduced to 78% of its original diameter to keep the
pump intensity at 100 GW/cm?. Finally, the pump after the second stage
is used to pump the 0.6 mm BBO crystal of the third stage while the beam
diameter of both the pump and the signal are resized by a factor of 0.78.

Figure 4.7-a shows the spatio-temporal profile of the pump before each
amplification stage. Due to the Gaussian shape of the pump in time and
space, the energy extraction took place primarily in the middle of the pump,
leaving the wings mostly unaffected with a signature of energy backconver-

2This technique is based on (Deng and Krausz, 2013)
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Figure 4.6: a) The amplified pulse energy versus crystal length, b) the am-
plified spectrum, c) the conversion efficiency for three different OPCPA de-
signs. In Design 1 the signal pulses are stretched to the same pulse dura-
tion as the pump pulses and amplified in 3 cascaded OPCPA stages, while
the residual pump energy after each stage is used to pump the subsequent
stage. In Design 2 the seed pulses are stretched to nearly twice the pump-
pulse duration and amplified in two cascaded OPCPA stages and in Design
3, the signal-pulse duration is increased to more than three times the pump-
pulse duration. In Designs 2 and 3 a different part of the signal spectrum is

amplified in each OPCPA stage.
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Figure 4.7: a) Spatio-temporal profile of the pump pulses for different
OPCPA designs before each OPCPA amplification stage. b) Beam profile
of the amplified signal in each OPCPA design.
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sion in the center, owing to the fact that this part of the pump possesses
the highest peak intensity. In this design, the OPCPA pump-to-signal con-
version efficiency is increased to 43% with a good spatio-temporal profile
for the amplified signal (Fig. 4.7-b). In the second design, the signal pulses
were stretched linearly to 4 ps at FWHM and the blue part of the spectrum
is amplified in a 0.85mm BBO crystal by adjusting the temporal overlap
between pump and signal pulses. Subsequently, the pump pulses after the
first stage are reused to amplify the red part of the spectrum in a 1 mm BBO
crystal at the second stage, while the pump beam size is reduced by a factor
of 0.78. In this design the pump-to-signal conversion efficiency reaches 45%
and maintains the beam quality of the amplified signal (Fig. 4.7-b).

The gain and the shape of the amplified spectrum can be further opti-
mized by adjusting the phase-matching angles of the crystal in each stage
to tune the amplification for the selected part of the spectrum (this option
is not investigated in this study). The spatio-temporal profile of the pump
before each OPCPA stage, shown in Fig. 4.7-a, indicates better pump-energy-
extraction but becomes asymmetric. The asymmetry is caused by the tem-
poral walk-off between signal and pump pulses and can be suppressed by
careful adjustment of the initial temporal overlap of the interacting beams.
The 45% conversion efficiency achievable from Design 2, is not drastically
different from the achievable 38.6% efficiency for the case where the signal
and pump pulses have the same pulse duration (studied in Section 4.1) as
the pump pulses after the first amplification stage in both cases maintain
good spatio-temporal profiles.

As shown in Design 1, reusing the pump pulses for a third time results in
a comparable efficiency. However, this changes for heavily stretched signal
pulses. In design 3, the bluest part of the spectrum of the input signal pulses,
which are linearly stretched to 9 ps pulse duration at FWHM, is amplified
in a 0.9 mm BBO crystal. The residual pump diameter is reduced by a factor
of 0.78 and used to amplify the middle part of the input spectrum in a
1mm BBO crystal and finally, the red wing of the spectrum is amplified
in a 1.2mm BBO crystal while the input pump beam is shrunk by a factor
of 0.68 before the last OPCPA stage. Here the pump-to-signal conversion
efficiency reaches 57%, which is a noticably higher value compared to the
other designs. The spectral narrowing for Designs 2 and 3 visible in Fig. 4.6-
b, is caused by a suboptimal stretching factor of the input signal and phase-
matching angle of the crystal. Optimizing these parameters are cumbersome
in simulation but straightforward in an experimental setup.

Experiment An 8 mm-thick SF57 plate was used for stretching the ampli-
fied signal pulses after the first OPCPA stage, as described in Section 4.1.
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The glass was used at the Brewster’s angle to minimize reflections from the
surface of the glass. The delay between pump and signal, and the phase-
matching angles of the BBO crystal at the second stage were adjusted to
shift the amplification to the blue wing of the input spectrum and 4W of
power was obtained (blue curve in Fig. 4.8-a). In the third OPCPA stage,
the phase-matching and temporal overlap between pump and signal pulses
were adjusted, to shift the gain to the red wing of the input spectrum with
a total amplification power of 6 W (Fig. 4.8-a, pink curve).

The same setup, after removing the bulk-stretcher, resulted in 6.2 W am-
plification after the third stage. Figure 4.8-b compares the amplified spec-
tra for these two cases. The amplified spectrum of the stacked-OPCPA
is smoother and has a square shape as the stretching of the signal spec-
trum provides comparable amplification gain for different frequencies. The
red wing of the spectrum gains more energy in this case, as the phase-
mismatching could be minimized (see Fig. 1.5). Also the spike around
780nm is heavily suppressed, as further stretching of the signal reduces
the temporal overlap between different frequencies. Further stretching of
the signal in a 12 mm-thick SF57 resulted in a reduced amplified power of
2.75W in the second stage, 5W in the third stage, and produced a hole in the
amplified spectrum at 790 nm (Fig. 4.8-c), leaving the temporal stretching of
the seed using 8-mm-thick SF57, the optimum.

S ——

Temporal stretching of the signal pulses to twice the pump-pulse du-
ration, demonstrated in this section experimentally, did not show any
increase in the OPCPA conversion efficiency compared to the scheme
realized in Section 4.1. The simulated conversion efficiency for these
two schemes is in the same range due to the fact that the residual
pump energy after only one amplification stage (without any ex-
tra temporal stretching of the signal pulses) preserves good spatio-
temporal quality (Fig. 4.7).

As the difference between simulated amplified energy in these two
cases is only on the order of 1W of average power, their experimental
evaluation demands precise control over the signal-pulse duration.
However, stretching the duration of the signal pulse to three times
(or more) the pump-pulse duration results in a significant increase in
conversion efficiency (Fig. 4.6). Here, the advantage of this technique
becomes distinguishable, as the residual pump pulses after the second
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amplification stage possess a better temporal and spatial quality for
the heavily chirped signal pulses in comparison to the case discussed
in Section 4.1. The experimental demonstration of the latter case could
be an interesting study for the next generation of PhD students!
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Figure 4.8: a) The stacked spectrum in a two-stage OPCPA system, tempo-
rally stretched by 8 mm of SF57. The high frequencies were amplified in
the second stage (blue curve) and the low frequencies were amplified in the
third OPCPA stage (pink curve), recycling the pump energy after the second
stage. The amplified signal energy in this case is comparable to the amplified
energy obtained from the OPCPA system without additional stretching. b)
Comparison between the amplified spectra in a stacked OPCPA (blue curve)
and with no additional stretching and reusing the pump (gray curve). c) The
amplified spectrum of a pulse stretched using 8 mm (blue curve) and 12 mm
SF57 (purple curve) and stacked in two-cascaded OPCPA stages.
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4.3 Bandwidth engineering

To optimize the amplification bandwidth in an OPCPA system, different
crystals or a crystal with different phase-matching angles can be utilized.
Figure 4.9-a compares the simulated amplified spectrum from a 2.75 mm-
thick LBO crystal at a phase-matching angle of 14.4° and the noncollinear
angle of 1.1° with an amplified spectrum from a 1 mm-thick BBO crystal
with a phase-matching angle of 23.3° and a noncollinear angle of 0°, and
a 1 mm-thick BBO crystal with a phase-matching angle of 24.5° and a non-
collinear angle of 2.7°.

In this study, the pulse duration of the signal and pump pulses are both
1.6 ps at FWHM. The 3 m] pulses with a beam diameter of 1.2 mm at FWHM
are used as a pump and the input seed energy is 3 uJ. The same temporal
stretching is used for the three cases. Combining the two phase-matching
angles in a BBO crystal results in broader amplification compared to LBO.
Figure 4.9-b studies the amplification gain in a cascaded OPCPA stage us-
ing these two different phase-matching angles. Firstly, the red wing of the
spectrum is amplified in the first stage at a noncollinear angle of 0°, and the
blue wing of the spectrum in the second stage where the noncollinear angle
is set to 2.7° and pumped with 3 m] of energy.

The amplification behavior in the second stage is very interesting. Ini-
tially, the spectral components that were amplified in the first stage and are
phase-matched in the second stage, namely 800nm to 1100 nm, are ampli-
fied until they reach saturation. Further amplification of these spectral com-
ponents is due to the reset of the idler in the second stage. In broadband
OPCPA, energy saturation of each frequency component rarely happens at
the same crystal position. Later, energy backconversion takes place and at
a crystal thickness of 0.6 mm, the amplification is shifted to the blue wing
of the input spectrum (Fig. 4.9-b and c). Fig. 4.10 compares the amplified
spectra in the two-stage OPCPA using LBO crystal or using BBO crystals
at different phase-matching angles. The amplified energy in both cases is
similar. 1.1 mJ in the LBO crystals and 1m] in the BBO crystals for a total
pump energy of 6 mJ. The amplified spectrum for the latter case is broader,
which reduces the Fourier transform limit of the amplified signal from 5.3 fs
to 4.4fs.

Experiment The broadband, octave-spanning spectrum described in Sec-
tion 2.2 is amplified in an OPCPA system similar to the system described
in Section 4.1. A 2mm LBO, 2mm BBO, and 3mm LBO crystal was used
in each amplification stage alternatively. The first stage was optimized to
amplify a broad spectral range spanning from 750 nm to 1400 nm up to 50 pJ
of energy. In the second stage, the measured amplified spectrum using a Si-
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Figure 4.9: a) Simulated amplified spectra in different crystals and different
phase-matching and noncollinear angles. b) The OPCPA gain in a 2-stage
OPCPA, using two BBO crystals with two different sets of phase-matching
angles. Left: the amplified energy vs. crystal length in a BBO crystal with a
noncollinear angle of « = 0° in the first stage. Right: The amplified energy
vs. crystal length in a BBO crystal with a noncollinear angle of x = 2.5° in
the second stage. c) The amplified spectrum vs. crystal length in the second
stage.
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Figure 4.10: Amplified spectra in a 2-stage OPCPA using LBO crystals
(blue curve) and BBO crystals with different phase-matching angles (pur-
ple curve).

based spectrometer, spans from 670nm to 1100 nm and contained 1.1 m] of
energy. Finally at the third stage, the amplified energy was scaled to 1.8 m]
using the LBO crystal. The spectra shown in Fig. 4.11 are normalized to the
energy in each amplification stage. Comparing the spectra after the second
and third stages indicates energy backconversion for spectral components
that reached saturation in the previous stage. The system has a lower effi-
ciency compared to the system described in Section 4.1, as the main goal in
this study was the engineering of the spectral bandwidth and the parame-
ters of the system are not optimized in terms of the conversion efficiency.

The amplified spectrum supports a FWHM transform limited pulse du-
ration of 4.3 fs. A set of double-angle chirped mirrors designed for spectral
wavelengths of 700-1300 nm (Fig. 4.12-a) was used for the preliminary com-
pression of the amplified pulses. Fig. 4.12-b shows the SH-FROG measure-
ment of the compressed OPCPA seed pulses without any amplification, us-
ing 12 reflections on the chirped mirrors. The seed pulses were compressed
down to 8fs. The red tail of the spectrum generated via filamentation in
the YAG crystal could not be characterized as it contained very little energy
compared to the blue part of the spectrum generated via SPM in a HCFE. The
pre-pulse visible in the SH-FROG trace and also the retrieved pulse in the
time domain, indicates uncompensated third-order chirp. After amplifica-
tion, the signal pulses were characterized after the second and third OPCPA
stages. Figure 4.13-a shows the pulse compression after the second OPCPA
stage. The higher-order phase developed during the amplification can be
seen in the measured FROG trace. The retrieved spectrum includes spec-
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tral components from 680 — 1100nm as the energy in the red wing of the
spectrum is much lower than the blue wing. Figure 4.13-b shows the pulse
compression down to 9fs after the third amplification stage. The retrieved
spectrum is in good agreement with the measured OPCPA spectrum shown
in Fig. 4.14 (red curve). Pulse compression to the Fourier transform limit
would require an additional chirped-mirror compressor for compensating
the higher-order OPCPA phase and a longer beam time!

R ——

As shown in this section, utilization of well-selected, different non-
linear crystals extends the OPCPA-gain bandwidth substantially. The
realized 3-stage OPCPA system, using one BBO and two LBO crys-
tals, delivers 1.8 m] pulses with a Fourier transform limit of 4.5 fs and
thus supports even shorter pulse-duration than a 3-stage OPCPA sys-
tem based on LBO alone, which supports only 5.3fs. The reported
extension of the supported amplified spectral bandwidth is crucial for
experiments which rely on high-energy, single-cycle pulses.

The presented simulation results indicate that rather than using differ-
ent crystal types, an equally impressive result can be achieved using
BBO crystals at different phase-matching angles.

Vv, U
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Figure 4.11: a) Amplified spectra in a 3-stage OPCPA. The seed pulses in
the first stage were amplified to 50 uJ using a 2mm LBO crystal. In the
second stage, the spectral components below 1100 nm were amplified in a
2mm BBO crystal up to 1.1 mJ of energy, and finally in the last stage, the
amplified energy was boosted to 1.8m] using a 3mm LBO crystal. The
OPCPA seed was generated via cascaded spectral broadening in a HCF and
a 4mm YAG crystal. b) The parameters of the OPCPA system.
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Figure 4.12: a) The GDD, reflectivity and transmission of the double angle
chirped mirrors used for compression of the OPCPA system. The black
curve shows the average GDD of the two complementary mirrors at two
different angles of incidence. b) The SH-FROG measurement of an OPCPA
seed without any amplification, using 12 reflections on the chirped-mirror
compressor.
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Figure 4.13: Measured and retrieved SH-FROG traces and the retrieved spec-
trum and temporal profile of the pulses at the second (a) and third (b) stage
of the OPCPA measured at an amplified energy of 1.1m]. The retrieved
spectrum after the third stage is in a good agreement with the measured
spectrum shown in Fig. 4.14.
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4.4 XPW seeded OPCPA system

The generated broadband seed in Section 2.3 is amplified in the 3-stage
OPCPA system described in Section 4.1 utilizing LBO crystals in all amplifi-
cation stages. Fig. 4.14 shows the amplified spectrum compared to the one
described in Section 4.3. The smooth amplified spectrum does not contain
sharp features, as the temporal contrast of the generated pulses in the XPW
process is enhanced. Due to the lower input seed energy in this case com-
pared to the previous OPCPA systems, the pump distribution and crystal
thickness in each OPCPA stage should be optimized to achieve the highest
conversion efficiency. This proof of principle study shows the potential of
XPW as a temporal filter and a source for generating coherent photons at
new frequencies, desired for seeding OPCPA systems.



Chapter 5

Design of a multi-terawatt field
synthesizer (LWS-pro)

' Near 1ps-pulse-pumped OPCPA offers several advantages over both long-
pulse-driven OPCPA and conventional CPA implemented in solid-state laser
amplifiers. As discussed in Section 1.1, in short-pulse-pumped OPCPA crys-
tals can be pumped at much higher intensities, allowing high gains to be re-
alized with very thin crystals, i.e. in combination with broad amplification
bandwidths. Also, the short pump window greatly simplifies the imple-
mentation of CPA and dispersion control and, finally and most importantly,
improves the temporal contrast of the amplified signal dramatically on the
nanosecond to few-picosecond time scale.

The energy scalability of near-1-ps pulses of Yb:YAG thin-disk regen-
erative amplifiers, their near-diffraction-limited beam and excellent pulse
energy stability, makes them promising pump sources for future OPCPA
systems.

The gain bandwidth of an Yb:YAG-pumped OPCPA system can be ex-
tended up to several octaves, by using different crystals or crystals with
different orientations yielding shifted gain bands (as it was experimentally
and theoretically demonstrated in Chapter 4) or utilizing multiple pump
beams at different wavelengths, i.e. at 1030 nm and its low-order harmonics
at 515nm, and 343 nm (see: Section 1.2).

In what follows, the feasibility of super-octave, high-energy, high-power
OPCPA sources and their expected performance when being pumped with
several-kHz, kW-class thin-disk lasers is discussed.

Driving different OPCPA channels by 1030-nm picosecond pulses from
Yb:YAG thin-disk amplifiers and their second and third harmonics, yield

'This chapter is adapted from (Fattahi et al., 2014a). The electronic print of this paper is
attached in Appendix E with the permission of OSA.
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few-cycle pulses in the MIR, NIR and VIS spectral ranges, respectively (see:
1.2). These few-cycle pulses may also be superimposed on each other for the
synthesis of multi-octave light transients. These options call for a seed com-
ing in the form of a coherent, phase-stable, multi-octave supercontinuum
covering the entire wavelength range of interest.

Prototypical OPCPA architecture The common backbone for the proposed
and numerically analyzed prototypical architecture in this chapter consists
of (i) a high-power femtosecond laser, in our case a 100-W-scale Kerr lens
mode-locked (KLM) Yb:YAG thin-disk oscillator, followed by (ii) the multi-
octave seed generation, and (iii) a multi-100-W-to-kW-scale source of multi-
m], near-1-ps-pulses, in our case based on Yb:YAG thin-disk amplifiers (Fig. 5.1).

Using chirped dichroic beam splitters, the supercontinuum seed is split
into three spectral channels:VIS centered at 550 nm, NIR centered at 1 um,
and MIR centered at 2 um. Each of the three OPCPA channels can be used
to obtain few-cycle pulses. Their pump pulses are generated by a simple
frequency-converter module comprising two LBO crystals. SHG in the first
one yields twin pulses of comparable energy at 515nm and 1030 nm, which
are mixed in the second crystal to produce a third pump pulse at 343 nm
by sum frequency generation (SFG). Moderate SHG and SFG conversion
efficiencies ensure that all beams exiting the frequency converter unit have
a good beam quality, which is important for OPCPA pumping (for more
details, see: Section 5.2). The three beams are subsequently separated by
dichroic beam splitters and directed into three OPCPA channels.
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Figure 5.1: Schematic architecture of a three-channel OPCPA system seeded
and pumped by near-1-ps ytterbium lasers. A part of its output is used
for generating the multi-octave supercontinuum signal, which is split into
three channels, centered at 550 nm, 1 um, and 2 pum, respectively. The differ-
ent channels are pumped by different low-order harmonics of the multi-m]J
level, kHz, Yb:YAG regenerative amplifier output. Each channel supports
few-cycle pulses. By coherently combining the three few-cycle channels,
amplified, non-sinusoidal, multi-octave light transients can be generated.
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5.1 Proposed multi-octave seed generation

DFG is the most powerful technique for the generation of MIR continua
among the spectral broadening schemes discussed in detail in Section 2.4.
This process creates a CEP-stable output from a non-CEP-stabilized pulse
and has been successfully applied to seeding few-cycle MIR-OPCPA systems
(Erny et al., 2007; Chalus et al., 2009; Deng et al., 2012; Hong et al., 2011).
The DFG signal has good temporal contrast, is scalable in energy, and is pas-
sively CEP-stable which provides a reproducible shot-to-shot electric field,
as required for HHG. The spectrum of the DFG output at mJ-level or pJ-level
can be efficiently extended to cover the multi-octave range of 400 — 5000 nm
in filament (Kartashov et al., 2012; Silva et al., 2012). Moreover, the spec-
trum of sub-20-fs pulses from a MIR OPCPA (Deng et al., 2012), could be
efficiently broadened in a 1bar-Ar-filled HCEF, to cover the entire VIS and
NIR spectral range from 400 — 2500 nm, as shown in Fig. 5.2. Such continua,
at energy levels of hundreds of microjoules, could also be achieved with
substantially longer, multi-cycle MIR fs pulses, in agreement with theoreti-
cal predictions (Kartashov et al., 2012). The temporal characterization of the
generated continuum by SH-FROG shows the smooth spectral phase and its
compressibility (Schwarz, 2014).

In what follows, different designs for generation of broadband MIR, >
uJ-level energy, passively CEP stabilized pulses, required for seeding the
OPCPA are proposed.

1-ps-pumped multi-octave seed generation The 10fs pulses required to
seed the continuum generator shown in Fig. 5.2, may possibly be derived
directly from the output of the near-1-ps Yb:YAG pump source by cascaded
temporal compression. This approach would eliminate the need for the ac-
tive pump-seed synchronization system for the OPCPA, because both the
pump and the seed would travel comparable optical paths. In a cascaded
gas-filled-HCEF, the 1ps input pulses centered at 1030nm could be broad-
ened to 700 — 1500 nm (Voronin et al., 2013). Although in this scheme the
spectral phase in the vicinity of 1030 nm is not well-behaved and could cause
a long pedestal in the time domain, the spectral phase in the blue and red
wings of the spectrum are well-behaved and suitable for a type II DFG pro-
cess.

In an alternative approach, shown in Fig. 5.3-a, 1-ps-pump pulses could
be temporally shortened in an XPW stage (Cotel et al., 2006). As XPW acts as
a gate in the time domain, no additional step would be required to compress
the generated signal.

Recent experiments by Karpowicz et al. show that the red shift of the
laser radiation necessitated by energy conservation in optical rectification
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Figure 5.2: Multi-octave seed generation. a) Near-three-octave seed genera-
tion schemes based on the output from a KLM oscillator or driven by a ps
thin-disk regenerative amplifier. The spectrally broadened and compressed
output of both lasers drive the DFG stage. The resultant broadband DFG
signal, centered at 2 pm is compressed and focused into a gas-filled HCF
to extend the spectrum into the visible range. b) Broadband phase-stable
continua generated in preliminary experiments. Red curve: Difference-
frequency radiation in a 500 pm-thick BBO crystal. Purple shaded area:
Spectral broadening of a parametrically amplified three-cycle DFG signal
in a gas-filled HCF to a continuum containing 33 pJ of energy (Schwarz,
2014). The detected bandwidth of the spectrum in both cases is limited by
the sensitivity of the spectrometer in the infrared tail. The dashed blue curve
shows the measured spectral phase of the generated supercontinuum using
the SH-FROG technique (Schwarz, 2014).
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Figure 5.3: a) 1-ps-pumped broadband CEP-stable seed generation scheme
based on Yb:YAG regenerative amplifiers and cascaded spectral broaden-
ing in an XPW stage, a GaP crystal and a HCF. b) 200-fs pumped broad-
band CEP-stable seed generation scheme based on Yb:YAG oscillator and
supercontinuum generation in YAG crystal. c) Sub-200-fs pumped broad-
band CEP-stable seed generation scheme based on Yb:YAG oscillator and
cascaded broadening in LMA fibers. d) Ti:sapphire oscillator-based, multi-
octave seed generation.

for generating terahertz transients leads to pulse shortening. In their exper-
iment, 1.6 ps pulses at 1030 nm were compressed to 300 fs, after propagation
in a 5mm [110] GaP and a grating compressor. This scheme can be exploited
as the second broadening stage after XPW to shorten pulses down to 100 fs,
a suitable pulse duration for spectral broadening in a gas-filled HCE. After
compression, the 10fs pulses are a suitable driver for the DFG process and
multi-octave seed generation.
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Sub-2o0o0fs-pumped multi-octave seed generation In this scheme, the 200fs,
uJ-level energy pulses directly from a KLM thin-disk oscillator, which serves
to seed a thin-disk regenerative amplifier, are focused in a bulk (here YAG)
for supercontinuum generation (Fig. 5.3-b). The spectral components at
1030nm and 650 — 750nm are separated from the rest of the continuum.
The latter one is amplified in an OPCPA stage pumped by the second har-
monic of the thin-disk regenerative amplifier and then combined with the
1030 nm pulses in a DFG stage (Homann et al., 2012). As the efficiency of the
generated supercontinuum in bulk does not exceed 2 %, the 1030 nm pulses
have pJ-level energies and the energy of the DFG signal does not exceed
several tens of nJ. Although the scheme is simple, it is not scalable to higher
pulse energies.

In an alternative approach, the output of the oscillator is broadened in
a cascaded SPM stages and compressed down to 10fs pulses with pJ-scale
energy (Fig. 5.3-c) (Seidel et al., 2014). The spectrum of these pulses with a
well-behaved spectral phase and excellent spatial beam quality is matched to
the gain band of BBO and LBO-based optical parametric amplifiers pumped
by a fraction of the second harmonic of the Yb:YAG think-disk regenerative
amplifier. Amplification in such an OPCPA to the several hundred uJ energy
level and recompression of the amplified NIR pulse is followed by a DFG
stage. Saturated amplification in such an OPCPA provides not only the
pulse energy and intensity required for subsequent spectral broadening but
also stabilizes the amplified NIR against energy fluctuations accumulating
in the preceding nonlinear stages. Here the signal and pump pulses must
be synchronized actively.

In the last proposed scheme (Fig. 5.3-d), a broadband spectrum of a
Ti:sapphire oscillator, used to seed the thin-disk regenerative amplifier, is
amplified in an OPCPA stage. A broadband cascaded SHG and DFG of the
amplified pulses after compression, extends the spectrum to VIS and MIR.
In this scheme, active synchronization is required and the carrier-envelope
phase of the VIS and MIR spectra need to be actively stabilized.

R ——

By spectral broadening of broadband pulses centered in the mid-
infrared and generated in a difference frequency process, a CEP-
stable, multi-octave spectrum spanning from visible to mid-infrared
with a high temporal contrast can be produced. This approach is the
base of three different designs proposed in this section.
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Deriving the required spectrum to pump a DFG stage from a 1-ps
thin-disk regenerative amplifier, eliminates the need for a pump-to-
signal active temporal synchronisation in the OPCPA chain. This spec-
trum can be achieved in a setup consisting of three nonlinear stages.
However, the proposed scheme consists of three unsaturated nonlin-
ear steps which makes achieving the required energy and spectral-
bandwidth stability of the generated signal challenging.

The two other proposed approaches in this section, based on sub-
300-fs pulses of a thin-disk oscillator require active temporal synchro-
nisation of the signal and pump pulses. Here, the setup contains a
saturated OPCPA stage which may provide necessitated energy and
spectral bandwidth stability for the subsequent DFG stage.

For generality a multi-octave seed generation scheme based on a
Ti:sapphire oscillator is discussed, as well. Here the generated spec-
trum in the mid-infrared is passively CEP-stable while the near-
infrared and visible part of the spectrum has to be actively stabilized.
In this scheme, an active temporal synchronization between pump
and seed pulses is also required.

V) P
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5.2 Synthesizer channels

Each of the three prototypical, multi-terawatt OPCPA channels can be de-
signed to generate few-cycle pulses at a single carrier wavelength, by ampli-
tying and recompressing the continua seeded into the amplifier chains. The
following model calculations for a prototypical multi-color, multi-terawatt,
few-cycle system is performed by assuming the availability of a 200 mJ Yb:YAG
thin-disk regenerative amplifier and designed for operating at a 5-kHz rep-
etition rate (Fattahi et al., 2014a).

In this design study, the pump energy is distributed preferentially to the
NIR and MIR channels. This strategy is motivated by numerous applications
benefiting from longer wavelengths, like generating keV photon energies in
HHG due to the A?-scaling of the high-harmonic cutoff energy, as illustrated
in Section 5.3 (Tate et al., 2007).

Generation of different harmonics of the pump laser In a first step, SHG
of the 1030nm Yb:YAG laser pulses in a type I LBO crystal cut at 40.2° and
the d.¢r of 0.7pm/V, is implemented with an optical-to-optical efficiency
of approximately 50% to share the pump-pulse energy equally between the
fundamental laser wavelength and its second harmonic, i.e. 100 mJ of energy
at 515nm and 1030nm each. LBO is chosen instead of BBO, owing to its
availability in large sizes and its small spatial and temporal walk-off, in
spite of its smaller effective nonlinear coefficient.

The direct THG in solids has low conversion efficiency reaching ~ 6% in
BBO crystal (Banks et al., 2002), caused by the small magnitude of the )((3)
nonlinear polarization compared to the one arising from x? . Hence, for
generating the third harmonic of the laser, cascaded third harmonic genera-
tion in a simple collinear geometry without the need of an additional delay
element is used (Herrmann et al., 2010a). The SHG stage is followed by
SFG in another LBO crystal with a conversion efficiency of approximately
20%. This approach yields approximately 40 mJ at 343 nm, 74 mJ at 515 nm
and 86m] at 1030nm for pumping the VIS, NIR, and MIR channels of the
OPCPA system, respectively (Fig. 5.4).

The OPCPA is designed for maximum spectral bandwidth and pump-to-
signal efficiency. The latter has been optimized, among others, by recycling
the residual of the pump energy after the penultimate amplifier stage, a
scheme which was successfully implemented in an experiment discussed in
detail in Section 4.1. In the last crystal of the chain, the phase-matching
angle, noncollinear pump-signal angle, spatial walk-off and spatial overlap
of the interacting beams is slightly readjusted for maximum efficiency. In
the following simulations, a Gaussian spatial and temporal profile of the
pump pulses is assumed.
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Figure 5.4: a) The SHG energy over crystal length for a near-1-ps, 200 mJ,
1030 nm Yb:YAG regenerative amplifier (green curve) and the SFG between
the second harmonic and the fundamental (blue curve). b) The simulated
beam profile of the cascaded SHG-SFG frequency converter. c¢)The detailed
parameters of the simulation. L.: length of the crystal, ¢ : beam diameter at
FWHM, Ej,pys: input energy, Eoutpur: output energy. In the table, red areas
indicate the parameters related to fundamental, while green and blue areas
are related to the parameters of second and third harmonics of the laser,
respectively.

A linearly-chirped fourth-order super-Gaussian spectrum is used for the
seed pulses. The pump and seed duration in each channel is set to 1.6 ps
at FWHM. After setting the pump-beam diameter such that the desired on-
axis peak intensity is realized, the size of the seed beam is optimized for
best efficiency and amplified beam profile.

In the spectrum shown in Fig. 5.2, the different spectral regions, 1600 nm
to 2800nm (MIR channel), 700nm to 1400nm (NIR channel) and 450 nm
to 600nm (VIS channel) contain 40%, 40%, and 3.5% of the total energy of
the super-continuum, respectively. In this study, the same spectral energy
distribution for the input seed containing a total energy of 6.5 pJ is assumed.
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MIR channel LiNbOj3 is chosen as the gain medium for a 4-stage MIR
OPCPA chain (Section 1.2), with the first three stages pumped with pulses
of energy of 1m]J, 7m], 78 mJ, respectively, and the residual pump energy
surviving the third stage recycled to pump the fourth stage. The pump
intensity in all stages is kept at 70 GW /cm? to avoid photorefraction. The
optimized chain yields 19.2 mJ pulses with a bandwidth-limited pulse dura-
tion of 12.3 fs at FWHM, corresponding to less than two cycles of the carrier
wave (Table 5.1). A d.sf value of 3.3pm/V is assumed in the simulation.
The pump-to-signal energy conversion efficiency is 18%, limited by back
conversion of the signal into the pump via phase-matched SHG (Fig. 5.5).

NIR channel In the second-harmonic-pumped NIR channel, a broad phase-
matched bandwidth can be obtained by using a BBO crystal with an internal
pump-signal angle of 2.2° and a phase-matching angle of 22°, or an LBO
crystal with an internal pump-signal angle of 1.1° and a phase-matching
angle of ¢ = 15.5° in the noncollinear type I geometry. LBO is chosen as
the gain medium because it supports somewhat shorter amplified pulses.
The NIR OPCPA chain also consists of 4 crystals being pumped with a total
energy of 74m]. The d,¢s value of 0.82pm/V is assumed in the simulation.
Adjusting the peak pump intensity to 110 GW/ cm?, 22.7-mJ pulses with a
bandwidth-limited pulse duration of 4.8 fs have been predicted by our sim-
ulation (Table 5.1), corresponding to a conversion efficiency of 30%. Thanks
to the noncollinear geometry, parasitic backconversion is strongly reduced,
giving rise to an excellent efficiency (Fig. 5.5).

VIS channel Finally, the VIS channel pumped with 40 mJ, 343nm pulses,
has been modelled by using type-I BBO crystals phase matched at 32.7°
and an internal noncollinear pump-signal angle of 4.5° in three amplifier
stages. The pump intensity in all stages is kept to 70GW /cm? to avoid
BBO degradation. With pump energies of 3m] and 37 m] for the first two
OPCPA stages and reusing the residual pump energy of the second stage
in the third stage, 7.1 m] pulses with a bandwidth-limited duration of 5.1fs
could be reached (Fig. 5.5). A d,sr value of 1.56 pm/V is assumed for the
calculation (Table 5.1).

Challenges Although parametric amplification, due to the (ideally) instan-
taneous, non-resonant nature of the light-matter interaction involved should
be scalable in average power, limitations and challenges might arise in real
crystals due to the absorption of certain frequencies, even with a very small
absorption coefficient, in high power systems. This could cause a tempera-
ture gradient in the crystal and eventually lead to cracking of the crystal or
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MIR channel
It stage 2" stage 3rdstage 4t stage
E, (m)) [ 7 78 54
L, (mm) 25 1.7 1.4 1.1
Es_amp (mJ) 0.146 1.3 12 19.2
®_ (mm) 0.9 2.4 7.6 6.1
®_(mm) 09 *D,,,*3 *D,,,*3.5 *D,, %12
NIR channel
It stage 2" stage 3rstage 4 stage
E, (m)) [ 7 66 45
L, (mm) 25 1.5 1.5 1.2
Es_amp (mJ) 0.189 1.6 14 225
@, (mm) 0.7 1.8 56 45
®_(mm) 0.7 *D, x2.5 *D, %322 *D, x12
VIS channel
I**stage 2" stage 3stage
E, (m)) 3 37 29.4
L, (mm) 1.2 075 0.5
E, oy (MJ) 0.474 48 7.1
@, (mm) 1.2 53 4.66
®_(mm) 1.2 *Dampx4.4 *Dampx 1.1

Table 5.1: Detailed parameters of the simulated channels. E,: input pump
energy. L.: crystal length. Es_;;,p: amplified energy of the signal. ®,: beam
diameter of the pump at FWHM. ®;: beam diameter of the signal at FWHM.
Dgyp: Diameter of the amplified beam at FWHM.
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Figure 5.5: a) Amplified spectra of the three channels of the synthesizer ob-
tained from simulation. The spectra of the different stages in the different
channels are normalized to their energy and shown on a logarithmic scale.
VIS channel is plotted in blue, NIR in red-orange, and MIR in brown. The
dip in the amplified spectra of the MIR channel is caused by the phase-
matched SHG of the signal in the degenerate OPCPA. The strong modula-
tions around 1 pm in the NIR channel are also caused by SHG. Here, because
of the noncollinear geometry, the dip is narrower. b) Fourier-transform-
limited electric field corresponding to the final output spectrum of each
channel and their pulse duration at FWHM. All channels support few-cycle
pulses.
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Figure 5.6: Beam profile of the signal and pump pulses at the last (signal-
r and pump-r) and the penultimate (signal, pump) OPCPA stages of three
channels of the synthesizer. The amplified signal in the MIR and NIR chan-
nels preserve the Gaussian shape. The asymmetric beam profile of the signal
in the VIS channel comes as a consequence of the large noncollinear angle
between signal and pump. This effect can be avoided via pulse-front-tilt
compensation.
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cause phase-matching changes via the thermo-optic refractive index of the
crystal.

In LBO, similar to BBO, a problematic absorption may be expected from
the second harmonic of the pump centered at 515 nm due to the high power
density. However, this value is estimated to be negligible for the pump lasers
with the average power as high as 1kW and should not be problematic in
this case (Rothhardt et al., 2013; Prandolini et al., 2014). In the MIR channel
the linear absorption in LiNbOj3 at 2.6 um could cause a temperature gra-
dient and eventually mechanically damage the crystal. This problem could
be avoided by cutting the amplified spectrum to below 2.6 um or heating
up the crystal. The main challenge of the visible channel is caused by non-
linear absorption of the pump laser as its second harmonic approaches the
UV cut-off edge of the BBO at 189 nm. However, the calculated two-photon
absorption in the VIS channel of the synthesizer is negligible due to the
low intensity employed. BBO crystal exhibits decreasing transmittance with
increasing UV intensity and over time, e.g. when irradiated with ns-laser
pulses centered at 262 nm, which could be improved by heating up the crys-
tal (Takachiho et al., 2014).

For frequency-doubling of pulses with an average power of 1kW, the
temperature of the SHG-crystal should be stabilized. Another option for
SHG is utilizing crystals with noncritical phase-matching (NCPM) which is
characterized by the absence of walk-off, maximized effective nonlinearity
and very wide acceptance angle. The temperature bandwidth and the ac-
ceptance angle of LBO for NCPM is 4°C and 52 mrad/cm!/2, respectively.
As for the current system, critical phase-matching is temperature and angle
dependent, and using NCPM could be preferable. Table 5.2 summarizes
some of the challenges with potential solutions.
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challenge

Negative consequences

Proposed solution

Linear absorption at
515 nm in BBO and LBO

- temperature gradient

- mechanical damage

- varied phase matching over the beam
cross section

- temperature dependent phase matching

- thermal control of the crystal by
heating it up, utilizing special
holders

Linear absorption at
2600 nm in LINbO,

- temperature gradient

- mechanical damage

- varies phase matching over the beam
cross section

- temperature dependent phase-matching

- thermal control of the crystal by
heating it up, utilizing special
holders

- cutting the amplification
bandwidth in OPCPA

Nonlinearity in air

- accumulation of the nonlinear phase,
causing undesired temporal and spatial
changes

- operation in vacuum

two-photon absorption in
BBO pumped at 343 nm

- mechanical damage
- crystal degradation

- reduction of pump intensity

BBO degradation
in the presence of UV

- decreasing transmittance with increasing
intensity

- Heating up the crystal
- ejection of O,

Linear absorption at
515 nm in LBO used for
SHG

- temperature gradient

- mechanical damage

- varied phase-matching over the beam
cross section

- temperature dependent phase matching

- thermal control of the crystal
by heating it up, utilizing special
holders

- using noncritical phase-
matching

Table 5.2: Summary of possible challenges for the described three-channel
synthesizer and different approaches to resolve them.
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5.3 Field synthesizer

Waveform-controlled light transients with a bandwidth approaching two oc-
taves have been demonstrated at pJ energy and GW peak power levels (Has-
san et al., 2012; Wirth et al., 2011; Harth et al., 2012; Manzoni et al., 2012).
They allow the control of electric fields of femtosecond pulses on a sub-cycle
scale (Luu et al.,, 2013). The described prototypical three-color few-cycle
OPCPA system offers a conceptually simple route to scaling multi-octave
optical waveform synthesis to the multi-terawatt regime. To this end, the
three channels delivering few-cycle pulses in the VIS, NIR, and MIR spec-
tral ranges are recombined into one beam using a set of dichroic chirped
mirrors (Huang et al., 2012; Wirth et al., 2011). Due to the difficulties of dis-
persion management, the high demands on the chirped-mirror compressor,
and the required coating for the OPCPA crystals in serial pulse synthesis
(Harth et al., 2012; Herrmann et al., 2010b), a parallel-synthesis approach is
chosen (Kértner et al., 2013).

In coherent synthesis of different pulses, fine control over the spectral
phase, relative phase of each pulse, and their relative timing jitter are cru-
cial. Fluctuations and drifts in the relative timing of the recombined pulses
need to be suppressed to a tiny fraction of the half-field cycle for a stable
waveform resulting from the coherent superposition (Bagayev et al., 2013).
To control the spectral phase, a Dazzler acousto-optic pulse shaper (Ver-
luise et al., 2000) will be implemented in the MIR OPCPA chain, and later
the negatively-chirped, amplified pulses will be compressed to their Fourier
transform limit using a spatially tailored chirped-mirror compressor. For
the compression of the NIR and VIS channels, a dual spatial light modu-
lator (DSLM) (Binhammer et al., 2005) and two sets of specially designed
chirped-mirrors could be utilized. This combination allows fine control over
the spectral phase of each channel to minimize the residual spectral phase
in each arm separately.

A passively stabilized OPCPA seed ensures a stable carrier-envelope
phase, and the relative timing stability between the three arms will be en-
sured by a balanced optical cross-correlator (BOC) to avoid a phase shift of
the waveform at the synthesis point. By utilizing a BOC, a temporal over-
lap with sub-100-as precision could be achieved, as in this approach the
contribution of the amplitude noise of each OPCPA output on the detected
error signal is suppressed (Huang et al., 2012; Manzoni et al., 2012). Besides
the precise temporal overlap of pulses, precise spatial synthesis is required
for wave-front matching of the pulses. As a majority of applications will
employ focusing of light transients in order to attain high intensities, the
OPCPA pulses will be combined in a constant-waist-width fashion that al-
lows the temporal pulse form to remain unchanged upon propagation (Zou
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and L, 2007).

The feasibility of super-octave optical waveform synthesis was recently
demonstrated in the NIR-VIS-UV spectral range by seeding a three-channel
(Wirth et al., 2011) and, more recently, four-channel (Luu et al., 2013) synthe-
sizer consisting of broadband chirped mirrors with a continuum originating
from a Ti:sapphire-laser-driven HCF. Implementation with an OPCPA sys-
tem is also being prepared (Kéartner et al., 2013; Rossi et al., 2014; Fang et al.,
2013).

Merely the adjustment of the relative timing of the three pulses emerging
from the three OPCPA channels can result in a great variety of electric field
wave forms on the time scale of the optical cycle. Fig. 5.7 depicts a few
representative waveforms that may be synthesized by first compressing the
output of the individual channels to their bandwidth limit and then adding
the three pulses with various time delays and relative amplitudes. Further
degrees of freedom for waveform modification can be introduced by shaping
the amplitude and phase of the spectra of the individual channels.
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Figure 5.7: Calculated synthesized waveforms from the three-channel
OPCPA system. a) Fourier-transform limit waveform of the three OPCPA
channels. b) Synthesized waveform generated by changing the amplitude
ratio between the three channels to (1:-4/3:1), ¢) and by changing the ampli-
tude ratio of three different spectra to (1:0.5:1) and the delay between them
to (0:-0.6 fs:1 fs). d) Optimized waveform for HHG in terms of the highest
cutoff energy of the synthesizer.
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In this section a conceptual design of an OPCPA-based synthesizer is
presented and discussed. 1.6-ps pulses from a 200-mJ Yb:YAG thin-
disk regenerative amplifier operating at 5kHz are sent to a simple fre-
quency converter module for generation of second and third harmon-
ics. A multi-octave seed spectrum is divided to three parts, centered
at 550nm, 1um, and 2pum. Consequently, these spectra are ampli-
fied to the total energy of 499 m] in three OPCPA channels pumped by
fundamental, second- and third-harmonic pulses of the regenerative
amplifier. Each OPCPA channel supports few-cycle pulses.

Coherent combination of the three channels after their temporal com-
pression results in a sub-cycle waveform. By adjusting the relative
timing and amplitude between three arms of the synthesizer, variety
of confined, sub-cycle electric fields with different shapes are achiev-
able.

VOU  UWU



154 5. Design of a multi-terawatt field synthesizer (LWS-pro)

1 0-1 5
1 0-20
1 0-25

1 0~1 5
1020
10

harmonic yield

200 400 600 800
photon energy (eV)

Figure 5.8: a) Simulated HHG spectrum of a 4.6fs and b) 2.6 fs pulse cen-
tered at 800 nm at the pump intensity of 50 x 10'* W/cm? in He. The cutoff
decreases for the single-cycle pulse as the envelope of the pulse becomes
shorter compared to the cycle.
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Figure 5.9: The synthesized waveform with the CEP offset of 0.47r shows
the highest HHG cutoff (a), compared to a waveform with carrier envelope
phase offset of 0 (b) and 0.87 (c).

5.4 Prospects for experiments

Multi-terawatt, multi-octave light transients are promising tools to extend
the photon energy frontier of attosecond pulses to kilo-electronvolts and the
boundary of the hard x-rays regime (Moulet et al., 2014). To explore the po-
tential of keV HHG, the cutoff energy of different waveforms is evaluated by
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calculating the dipole response of one atom using the strong-field approx-
imation (Lewenstein et al., 1994; Antoine et al., 1996) (see: Appendix B).
Fig. 5.8 compares the harmonic spectra of a 4.6 fs pulse centered at 800 nm
and a 2.6 fs single-cycle pulse at 800nm. The dipole response is calculated
for a pump intensity of 50 x 10'* W/cm? interacting with He atoms.

Without controlling the waveform, the cutoff tends to reduce for single-
cycle pulses, as the HHG process requires two half-cycles to push electrons
away from their parent core and accelerate them home. Diminishing either
of the half-cycles decreases the cutoff. This problem is unavoidable for a
single-cycle Gaussian pulse, as the envelope of the pulse becomes shorter
compared to the cycle. Controlled-transient waveforms hold promise to
overcome this shortcoming, as the half-cycles of the waveform can be fully
optimized by adjusting different parameters like spectral phase and ampli-
tude of each channel, the relative temporal delay between different arms of
the synthesizer, carrier envelope phase and the spectral chirp of the final
waveform.

Fig. 5.9 shows the influence of the carrier envelope phase on the HHG
spectrum of the waveform shown in Fig. 5.7-a at a peak intensity of 50 x
10" W/cm? in He. The highest cutoff energy is achieved for a global phase
of 0.477, as in this case the waveform contains two strong half-cycles. The
first half-cycle strongly ionizes the atoms and the second one provides the
force for recollision of the electrons with their parent ions. The optimized
waveform in terms of the CEP offset, has the highest ionization rate com-
pared to the other waveforms.

In the multi-octave transient waveform, the energy distribution between
three channels and therefore, the shape of the spectrum plays an important
role in defining the cutoff energy. Low-frequency photons extend the cutoff
and higher frequency photons are helpful in the ionization process although
they reduce the cutoff to lower photon energies. In Fig. 5.10 the cutoff en-
ergies for different energy ratios of the three channels of the synthesizer at
50 x 104 W/cm? peak intensity and in a He atom are compared. Reducing
the energy of the VIS channel extends the cutoff dramatically while increas-
ing the energy of the MIR channel improves the cutoff energy. For the case
of an energy ratio of 3:1:0 between the MIR:NIR:VIS channel, the cutoff de-
creases, emphasizing the role of the VIS channel in the ionization process.

This suggests that the cutoff can be optimized further by changing the
relative delay of the VIS channel compare to the other channels in order
to shift the high frequency photons in the VIS range to the leading edge
of the waveform where the first half-cycle ionizes the atom. As shown in
Fig. 5.11, this selectively introduced chirp leads to a substantial increase in
the generated photon energies. Comparing the ionization probabilities in



156 5. Design of a multi-terawatt field synthesizer (LWS-pro)

synthesizer

1015
1020
10
100

ratio: 1:1:1 10

10%
10%
10-%°

ratio: 1:1:0.2 1015

1020
102
10

harmonic yield

electric field (arb. u.)

ratio: 1:2:0.2

1075
102
10
l 1 0-30

ratio: 3:1:0.2

10"

1020

102

10-30

-10 O 10 200 400 600 800 950
time (fs) photon energy (eV)

Figure 5.10: Right panels: the simulated HHG spectra for 50 x 1014 W /cm?
of peak intensity in He gas, for the energy distribution of a) the simu-
lated synthesizer in the previous section b) 1:1:1 between the MIR:NIR:VIS
channels ¢) 1:1:0.2 between the MIR:NIR:VIS channels d) 1:2:0.2 between
the MIR:NIR:VIS channels d) 1:2:0.2 between the MIR:NIR:VIS channels e)
3:1:0.2 between the MIR:NIR:VIS channels. Left panels: the corresponding
transient waveform responsible for the shown spectra and their correspond-
ing ionization probabilities. The simulation is performed for a peak intensity
of 50 x 10'* W/cm? and in a He atom. Pj,,: ionisation probability.

Fig. 5.10-a and Fig. 5.11-d suggests that synthesized waveforms are also su-
perior to Gaussian pulses in terms of reaching the same cutoff energy at a
lower ionization rate, as one of the fundamental limits in phase-matching
high-energy photons is determined by the plasma density. We have ne-
glected the magnetic drift as the electron in this parameter regime is not yet
relativistic (Palaniyappan et al., 2006; Reiss, 2014).
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Figure 5.11: Right panels: the HHG spectra generated with a transient wave-
form of the synthesizer with energy distribution of 3:1:0.2 for VIS:NIR:MIR
channels, while the VIS channel is delayed by a) —1fs b) —3fs and c) 0fs
relative to the other channels. d) The HHG spectrum of a 4.6 fs Gaussian
pulse shown for comparison. Left panels: the corresponding synthesized
waveform that produced the HHG spectra. Pj,,: ionisation rate.

Sub-1-cycle waveforms hold promise to improve the cut-off energy
in the HHG process. Due to their confined sub-cycle electric field,
they provide the same cut off energy in lower ionization probability
compared to Gaussian pulses. This improves the phase-matching over
propagation.

It is analytically shown that the cut off of the waveform driven HHG
can be extended by pushing the high energy photons to the leading
edge of the waveform and leaving the low-energy photons at the trail-
ing edge of the waveform.
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Chapter 6

Conclusion and outlook

The first-generation of femtosecond technology relied on dye lasers with
MW-scale peak power and average powers up to 100mW. The spectral
bandwidth of these sources was confined to a narrow range between 600
and 9oo nm.

The second-generation femtosecond lasers, driven by chirped pulse am-
plification (CPA) in broadband solid-state laser media, boosted the peak
power of lasers to the multi-terawatt level. At this peak power lasers pro-
vide enough intensity to efficiently harvest x(*) and x®) nonlinearities and
reach extreme nonlinearity at low repetition rates but are still limited in
terms of reaching high peak power at high repetition rates.

Based on short-pulse-pumped optical parametric chirped pulse amplifi-
cation (OPCPA), third-generation femtosecond technology allows boosting
the peak and average power of coherent femtosecond light sources to the
multi-terawatt level with hundreds of Watts average power, at a MHz repe-
tition rate.

The OPCPA systems designed and realized in this thesis are pumped
with near-1-ps Yb:YAG thin-disk lasers and have a modular and robust ar-
chitecture offering different modes of operation. From a high-power, widely
tunable source to few-cycle sources at different carrier wavelengths span-
ning from visible to mid-infrared or super-octave, subcycle light transients.

Crucial for the performance of this concept is the availability of broad-
band, high-contrast, CEP-stable seed pulses and powerful and reliable pump
sources:

In Chapter 2 of this work, different techniques for the generation of co-
herent, broadband spectra suitable for seeding OPCPA systems were the-
oretically and experimentally investigated. Comparison of several tech-
niques revealed that the smooth spectrum and good temporal contrast made
cross-polarized wave generation (XPW) and difference frequency generation
(DFG) the most favorable seed generation schemes. Additionally, the DFG
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concept offers intrinsic phase-lock between the carrier wave and the intensity
envelope (CEP stability). However, the efficiency of these processes is low,
for XPW due to the weak third-order nonlinearity and in broadband-DFG
because of the limit phase-matching requirements impose on the nonlinear
crystal thickness. Here, it is experimentally shown that the efficiency can be
doubled by implementing a cascaded XPW setup. Optimization of the DFG
process up to 10 % efficiency is achieved by careful projection of the input
signal on both the ordinary and extraordinary axis of the nonlinear crystal,
making DFG the method of choice for OPCPA seed generation.

Chapter 3 investigates Yb:YAG thin-disk regenerative amplifiers as the
most promising pump sources for high-energy, high-power OPCPA systems.
To fully exploit the capabilities of these sources, the underlying dynamics
of chirped pulse amplification including the chaotic amplification scheme in
an ytterbium-based thin-disk amplifier is examined. It was demonstrated
that with adequate input seed energy and optimized cavity design, the non-
linear amplification dynamics and the chaotic regime in regenerative ampli-
fiers are in balance and a safe operation mode is achieved. Yielding <1%
amplitude stability renders these systems ideal pump sources for nonlinear
amplification schemes like OPCPA.

With broadband seed pulses and the reliable, 20m] Yb:YAG thin-disk
regenerative amplifier in place, different techniques for further optimiza-
tion of the conversion efficiency and spectral bandwidth engineering in an
OPCPA system were experimentally and theoretically studied (Chapter 4). It
was shown that by reusing the residual pump energy in a 3-stage OPCPA
system and employing BBO crystals as the nonlinear medium, a pump-to-
signal conversion efficiency of 30% is feasible while the amplified spectrum
supports sub-6-fs pulses.

In a conventional OPCPA system, a balance between amplification band-
width and conversion efficiency has to be found. Necessarily, the seed pulse
duration has to be shorter than the pump pulses. Consequently only a
fraction of the pump pulse energy can be used for amplification, limiting
the overall efficiency. This can be resolved by controlling the deposition of
pump energy along the temporal profile of the heavily chirped seed pulse.
Chapter 4 presents the theoretical and experimental evidence of this new
scheme, promising unprecedented efficiency.

The discussion is concluded by a theoretical outline and experimental
verification of a technique to engineer the OPCPA amplification gain band-
width. Based on this, the bandwidth of a 3-stage OPCPA system was ex-
tended beyond the phase-matching limitations by utilizing different gain
media (LBO and BBO in this case). Amplification of near-1-cycle pulses,
at 3kHz repetition rate and centered at 1 um to 1.8 mJ] was demonstrated,
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parameters that have been unachievable with 2" generation femtosecond
technology.

All of the above presented findings are utilized in Chapter 5, for the full
design study of the multi-TW, multi-octave, 200-Watt-scale, OPCPA-based
tield synthesizer currently under development at the Laboratory of Extreme
Photonics (LEX) in Garching.

The fundamental, second and third harmonics of a 200m]J, 1 kW Yb:YAG
thin-disk laser will be used to pump three OPCPA channels covering the vis-
ible to mid-infrared wavelength range. The superposition of the few-cycle
pulses from the individual channels will allow synthesis of sub-cycle wave-
forms. Analytical methods were employed to identify the ideal waveform
that maximises the cutoff energy of the generated photons in the high har-
monic generation (HHG) process. With the optimized waveform seeding
HHG, the laser system is predicted to become a new source of attosecond
keV x-ray pulses.

Such a laser will equip scientists with a unique tool to explore and scru-
tinize a new era of physics so far deemed beyond reach. The attempts to
better understand and control the underlying principles of lasers in the sin-
gle cycle limit, discussed in this thesis, are small contributions to the next
chapter of the fascinating story of photons.
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Appendix A

In situ spectral interferometry
as a pulse compression tool

Compressing the output of a laser or an OPA requires that both the pulse
and the compressor are free of complicated phase features, unless they are
equal and opposite. However, once a complicated structure is detected in
the final pulse, the question still remains if it is coming from the laser or the
compressor. For example, a split pulse could arise either through a strongly
amplified reflection, or through an unwanted ripple in the group delay curve
of a set of chirped mirrors. Finding the culprit requires a way of measuring
at least one of them independently.

FROG and other pulse measurement techniques are based on nonlinear
effects, and cannot be easily used for an uncompressed pulse. A simple and
effective way to characterize the chirped-mirror compressor is measuring the
total group delay response of the compressor using interferometry, which is
a linear effect. This method does not require the pulse to be compressed to
perform a measurement, can be done in a single shot and requires only a
spectrometer capable of detecting the spectrum of the laser or OPA itself.

In order to characterize the chirped-mirror compressor used in Section 4.3,
the seed pulse of the OPCPA system was sent to the chirped-mirror com-
pressor. A 4-mm-thick CaF, plate beam splitter was placed before the com-
pressor, reflecting a reference pulse which bypassed the compressor. After
the rest of the light was transmitted through the compressor, it was recom-
bined with the reference light (which passed through a variable time delay),
using an identical glass plate beam splitter (Fig. A.1). The combined beams
were sent to a spectrometer so that their spectral interference pattern could
be observed.

These patterns, accompanied by reference spectra from the two arms in-
dependently, are sufficient to completely reconstruct the group delay curve
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of the compressor.
The spectral intensity of the two pulses after interference is described as:

« |Ea(w) + Ep(w )’
Cx‘EA ‘ —f—}EB ‘ +2‘EA HEB )\coscpml(w)
= IA( + IB +2\/ I41p COS(Prel

The cosine of the spectral phase can be calculated from the measurement:
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and by using the Hilbert transform:
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Therefore the spectral phase is:

$re; = atan2(sin ¢ (w), cos Prer (w)).

Measured interference patterns and their corresponding group delay
curves for two different time delays are shown in Fig. A.1.

Conclusion Spectral interference is an extremely useful technique for char-
acterizing a compressor without having to perform a pulse retrieval. Be-
cause it relies on linear optics, it can be performed with any beam light
source without having to approximately compress the pulse beforehand.
The simple setup and the single shot measurement makes it possible to op-
timize the reflection angles of a set of mirrors.
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Figure A.1: a) Layout of the spectral interferometer setup; BS, beam split-
ter; HR, high reflector. b) Recorded spectrum with reference significantly
temporally separated from signal. c) Spectrum with a smaller path length
difference. d) Reconstructed group delay curve from b). e) Reconstructed
group delay curve from c). 12 mm of glass was inserted in the compressor to
remove some of the negative GDD so that the high-order terms were more
visible.






Appendix B

Toolbox and ideas

OPCPA simulations The numerical simulation of the tunable OPCPA sys-
tem, the multi-channel synthesizer and case studies presented in Chapter
1 were performed using the SISYFOS code, developed by Dr. Gunnar Ar-
isholm.

SISYFOS uses a Fourier-space method to simulate second-order nonlin-
ear interactions. In this method, each beam is decomposed into plane-wave
eigenmodes and the coupled differential equations are solved for the slowly
varying eigenmode amplitudes (Arisholm, 1997).The code is capable of han-
dling wide bandwidth, linear and two-photon absorption, thermal effects,
nonlinear refraction, parasitic processes and noncollinear beams with possi-
bly tilted pulse fronts. In the numerical studies in this thesis, thermal effects
are not included. and the Sellmeier coefficients are taken from (Kato, 1994;
Zelmon et al., 1997; Zhang et al., 2000).

Nick’s photonics library The numerical studies of difference frequency
generation, cross-polarized wave generation, spectral interferometry, and
chaotic behavior in Yb-doped lasers were done using Nick’s photonics li-
brary. This marvelous library was developed by genius Dr. Nicholas Kar-
powicz and in the case of cross-polarized wave generation calculation, it was
modified in the least clever way by the author of this thesis!

HHG simulation For numerical studies of the single-dipole HHG response
in Chapter 5, a code based on the Lewenstein model (Lewenstein et al., 1994)
and developed by Dr. Valer Tosa was used (Moulet et al., 2014).

TAPIR idea The idea explained in Section 4.2, was conceived by Dr. Yun-
pei Deng (Deng and Krausz, 2013).
Patent Number: EP2742384, US14/0293405.



170 B. Toolbox and ideas

Title: "Method and device for optical parametric chirped pulse amplifi-
cation.”
Inventors: Yunpei Deng, Ferenc Krausz.



Appendix C

Simulation details of Fig. 0.2

Table C.1 summarizes the parameters of the simulations performed for OPCPA
systems depicted with red triangles in Fig. o0.2. In all calculations, a pump-
to-seed energy ratio of 10% is considered. The pump pulses have a Gaussian
profile in time and space. For the temporal profile of the signal, a Gaussian
distribution of the fourth order is assumed. LBO crystal with a noncollinear
pump to signal angle of 1.1° and a phase-matching angle of 14.4° is used as a
nonlinear medium. The d, ¢ value is 0.819 X 10~12 pm/V. In all simulations,
three-stages of OPCPA is considered while in the last stage the residual
pump energy of the second stage is recycled. The amplified spectrum in all
cases is centered at 1 um.
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300 W, ps thin-disk regenerative amplifier at 10 kHz

pump laser ' 30 mJ,10 kHz,1.6 ps
second harmonic 21 mJ, 70% efficiency
pump peak intensity 110 GW/cm?

amplified energy/pulse duration L 6.1 mJi5 fs

Compact diode-pumped 1.1 kW Yb:YAG Innoslab femtosecond amplifier

pump laser ' 1.38 mJ, 800 kHz, 7.3 ps

second harmonic v 700 pJd, 50% efficiency
pump peak intensity . 40.7 GW/cm?

amplified energy/pulse duration | 128 uJ/5.24 fs

200 mJ, ps X-CPA thin-disk regenrative amplifier at 5 kHz

pump laser 200 mJ, 5 kHz, 1.6 ps

second harmonic 140 mJ, 70% efficiency
pump peak intensity ¢+ 110 GW/cm?

amplified energy/pulse duration 40 mJ/5 fs

Envisioned 2 J, thin-disk booster at 10 kHz

pump laser v 2J,10kHz, 1.6 ps
second harmonic 1.4 J, 70% efficiency
pump peak intensity 1 110 GW/cm?
amplified energy/pulse duration | 345 mJ/5 fs

Table C.1: Summary of the simulated OPCPA systems depicted in Fig. 0.2
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1-ps-pumped supercontinuum
generation

In a preliminary experiment, broadband supercontinuum was generated by
focusing a small fraction of a 800 fs pulses, centered at 1030 nm (Klingebiel
et al., 2011) to a 20 mm-long TGG crystal.

Single filament, stable regime of operation for the input pulse energies
of 70 uJ to 150 uJ was achieved. In a 4 mm-long KGW crystal the generated
spectrum shows a different behavior which is originated from Raman effect
(Fig. D.1-a,-b). Focusing the second harmonic of the laser in 4mm YAG
and 20 mm TGG, stable supercontinuum, with the cut-off below 500 nm was
generated. As the photon energies are higher in this case, the damage of the
crystal happened easier (Fig. D.1-c). Simultaneous focusing of the pulses
at 1030 nm and 515 nm resulted in a broadband spectrum covering spectral
component from 470 nm to 1400 nm. These supercontinuum are not scalable
in energy, as the generated filament in bulk can carry a certain amount of en-
ergy and for peak power above critical power Eq. (D.1), multi-filamentation
happens.

7(0.61)2A2

Py =
SHQHZ

(D.1)

Their carrier envelope phase is not stable but they preserve the CEP-
stability of the pump pulse. Anti-stokes and stokes wings of such super-
continuum have a well-behaved spectral phase although it is distorted at the
vicinity of the pump wavelength (Cerullo et al., 1997; Siddiqui et al., 2009),
makes it difficult to compress a full supercontinuum spectrum(Antipenkov
et al., 2011; Riedle et al., 2000). It is shown recently that the magnitude
of this phase jump scales with the pulse duration of the the pump pulses
(Harth et al., 2012).
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Figure D.1: a) Anti-stoke wing of the generated supercontinuum pumped
by 1030-nm, 800-fs pulses in 20-mm TGG crystal and b) the observed Raman
effect in a 4-mm KGW crystal. ¢) Supercontinuum generation in 4-mm YAG
and 20-mm TGG crystal pumped by 8oo-fs pulses and measured after a
notch filter at 515-nm. w-2w pumped supercontinuum in 20-mm TGG. a
long-pass filter at 515-nm and a short-pass filter at 1030-nm is used to filter
out the pump beam.
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E.1x Decoupling chaotic amplification and nonlinear
phase in high-energy thin-disk amplifiers for
stable OPCPA pumping

This paper was published in Optics Express and is made available as an
electronic reprint with the permission of OSA. The paper can be found at the
following URL on the OSA website: http://www.opticsinfobase.org/oe/
abstract.cfm?uri=oe-22-25-31440. Systematic or multiple reproduction or
distribution to multiple locations via electronic or other means is prohibited
and is subject to penalties under law.
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Abstract: The dynamics of chirped pulse amplification in thin-disk
regenerative amplifiers relevant to the pumping of optical parametric chirp
pulse amplification systems are described. It is shown that the suitability for
reproducible pumping of subsequent nonlinear processes requires a balance
between the demands of avoiding chaotic pulse train dynamics and
providing a reproducible spectral phase. We describe measures that may be
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1. Introduction

The generation of high energy, few-cycle laser pulses at a high repetition rate is of great
interest, as progress in fields such as attosecond science [1,2] and high field physics [3]
benefits directly from the availability of such sources. Optical parametric chirped pulse
amplification (OPCPA) represents the most promising route to simultaneously achieving high
pulse energies and large amplification bandwidths supporting intense, few-cycle pulses [4].
To push the frontiers of ultrafast pulse generation, pump lasers delivering sub-10 ps, high-
energy pulses with near diffraction limited beam quality, ideally at repetition rates in the kHz
to MHz range, are required [2,5].

Amplifiers based on Yb-doped gain media in disk [6,7], slab [8] or fiber [9] geometries
are a most promising route as ytterbium has a broad absorption in a spectral region accessible
by efficient laser diodes [6,10]. The long fluorescence lifetime of ytterbium makes it an ideal
candidate for regenerative amplifiers as it supports substantial population inversion under
continuous pumping. However, in continuously pumped regenerative amplifiers when the
pulse repetition rate becomes comparable to the inverse of the gain relaxation time,
bifurcation and chaotic pulse train dynamics can restrict the operating parameters of the laser
system [11,12]. These instabilities can be suppressed by increasing the input seed energy to
the regenerative amplifier [13], which may require additional stages of pre-amplification, or
by increasing the pump intensity or number of passes of the pulse through the cavity, each of
which may have negative consequences in terms of accumulation of nonlinear phase or
intracavity power levels approaching the damage threshold of the optical elements. As a
consequence, a regenerative amplifier may have excellent energy stability but exhibit
variations in the temporal pulse shape that spoil the reproducibility of subsequent nonlinear
processes [14,15]. It is therefore essential to both understand and manage these effects before
areliable OPCPA can be realized.

2. Theoretical description and experiment

In regenerative amplifiers operating at repetition rates close to the inverse of the inversion
build-up time in the gain medium, the gain experienced by a pulse in the cavity is strongly
coupled to the depletion caused by the previous pulse. This can result in nonlinear



amplification dynamics, including both stable regimes such as period doubling (bifurcation)
and chaotic regimes, where subsequent pulses exhibit extreme, seemingly random variations
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Fig. 1. (a) Simulated temporal and spectral profiles of the amplified pulses versus round trip
number in a regenerative amplifier for two different input seed energy: 80 pJ and 40 nJ
(amplitudes normalized). (b) Pulse build up in the regenerative amplifier for two different input
seed energies, along with the build-up of B-integral in the cavity. The pulse distorts rapidly as
the B-integral exceeds 2 for this output spectrum.

in energy. For example, consider the case of a pulse in a continuous-wave-pumped
regenerative amplifier whose gain medium had been entirely depleted by the previous pulse.
In the time between the exit of the previous pulse from the cavity and the entrance of the new
pulse, the inversion in the medium was not sufficiently recovered to produce a high gain for
the new pulse. As a result, its energy remains low for its time in the cavity, and it is unable to
extract a significant amount of energy. By the time the next pulse comes, the inversion has
recovered to a level where there is significant gain, the new pulse amplifies quickly and
carries away a large amount of energy, leaving the medium depleted. This cycle then repeats,
creating a stable energy bifurcation, with only every other pulse being amplified. If the
inversion can recover to the same level between all pulses, the laser operates “normally”, with
each pulse entering the cavity exiting with the same energy. This can be ensured by increasing
the number of round trips through the cavity, such that at a given seed and pump power level,
each pulse will entirely deplete the medium.

In regenerative amplifiers with low input seed energy, a large number of round trips
(passes through the gain medium) are required to reach energy saturation. This means a larger
number of passes through the Pockels cell (PC) and air, increasing the accumulation of
nonlinear phase on the amplified pulses. This self-phase modulation (SPM) consequently
influences the temporal and spectral shape of the pulse. In the SPM process the interference
between the newly generated frequencies and the spectrum of the pulse causes a decrease or
increase in the spectral bandwidth of the pulse. For heavily chirped pulses, however, SPM
primarily influences the spectral phase of the pulse, leaving the shape of the spectrum
unchanged. To study the effect of B-integral in low-energy-seeded regenerative amplifiers, a



simple 1-D model propagating the gain medium inversion and wavelength-dependent pulse
energy buildup for the full pulse train is developed, where the nonlinearity on the amplified
pulse caused by the PC and air is calculated in each round trip. The populations in the ground
and excited state manifolds are calculated based on the rate equations for continuously-
pumped Yb:YAG [16] and the gain in each pass is obtained via the temperature-dependent
emission cross-section according to [17].

The detailed simulation parameters are as follows: A seed pulse with 10 nm bandwidth is
stretched using 1.19 x 10® fs* dispersion, to approximately 2 ns. After entering the cavity, the
pulse travels 40 ns in each round trip, with a beam waist of 3.4 mm (1/¢*) on the 20-mm-long
PC (twice per round trip), similar to [6] and with an assumed nonlinear refractive index of
2.99 x 10*° cm*/W. The nonlinearity of the gain medium is neglected as it is small compared
to that of the PC. 225 W of pump power with a 2.8 mm beam waist is used to pump the 100-
pm-thick gain medium with 12.5% doping and 1.2 ms upper state lifetime, with the
assumption of 90% absorption of the incident pump light and 95.5% overlap of the pumped
energy with the cavity mode. The Yb:YAG temperature is 300 K, and the emission spectrum
as determined by [18] is used to determine the spectral profile of the gain. The mode of the
seed is assumed match that of the cavity. The cavity round trip transmission efficiency is 98%
and each trip takes 40 ns. The repetition rate is set to 3 kHz, such that the inversion rebuilds
under constant pumping conditions for 333 us between pulses. The pulse passes twice through
the disk during each round trip. The SPM is calculated in each round trip so that SPM-induced
spectral changes will influence the gain and efficiency of the amplifier. The simulation is run
over 120 pulses in the pulse train to reach a steady state. The same parameters are used in all
calculations.

The calculation is shown in Fig. 1 for two input seed energies, 80 pJ and 40 nJ. Figure 1
compares the pulse build up and spectral and temporal behavior of the amplified pulses for
these two cases. For 80 pJ seed energy, 107 round trips are required to reach saturation. At
this number of the round trips, the accumulated B-integral causes undesired higher-order
nonlinear phase on the amplified pulses, which makes the compression of the pulse to its
Fourier transform limit challenging. The spectral narrowing versus the round trip number
visible in Fig. 1 is caused by the limited gain bandwidth of the medium. Increasing the input
seed energy to 40 nJ will reduce the required number of round trips to reach saturation to 90.
In this case the introduced nonlinear phase on the pulse is negligible and leaves the temporal
phase of the pulse well-behaved. The difference is due to two factors: the reduced nonlinear
path through the regenerative amplifier, and more significantly, the reduction of gain
narrowing, which results in a longer pulse inside of the cavity after amplification to high
energy, and a correspondingly lower intensity. When the B-integral exceeds approximately 2,
the pulse rapidly distorts. This, combined with the fact that the rate of increase of the
nonlinear phase is maximized when the amplifier reaches energy saturation, has the end result
that there is a sharp threshold where nonlinear phase fluctuations may easily exceed energy
fluctuations as a source of changes in the peak power of the laser output. The exact pulse
deformation depends on the spectral profile of the amplified light — with linear chirping, the
profile of the spectral intensity is imprinted onto the spectral phase.

A Yb:YAG thin-disk regenerative amplifier, as described in [6], is used for experimental
verification of these effects in this study. In this system, the 1 pJ pulses centered at 1030 nm,
derived from a Ti:sapphire oscillator, were amplified to 80 pJ exploiting a diode-pumped,
fiber pre-amplifier [9,19,20]. A second fiber pre-amplifier was placed after the pulse picker
for further amplification of seed pulses up to 40 nJ. At the seed energy level of 80 pJ and 107
cavity round trips, after intermediate chaos, period doubling and a stable regime of operation
was achieved resulting in 20 mJ pulse energy at 3 kHz repetition rate after passing through a
grating pair for temporal compression. The SHG-FROG measurement indicates that the
accumulated nonlinear phase, due to the large number of round trips, distorted the temporal
phase of the amplified pulse, without affecting the spectrum.
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Fig. 2. Simulated and measured pulse train dynamics for CW-pump Yb:YAG thin-disk
amplifiers for varying seed levels and repetition rates. (a) Simulated pulse train dynamics at 6
kHz Pockels cell rate, exhibiting chaotic behavior at low seed energies and stable bifurcation at
higher pump powers. (b) The same system simulated at 3 kHz, showing the elimination of
chaos at all powers and the removal of bifurcation at higher pump powers. (c) Measured
dynamics at 3 kHz. (d) Required pump power for stable operation as a function of pulse energy
at 3 kHz.

By increasing the input seed energy, a stable regime of operation with no chaotic behavior
and no period doubling was observed. Figure 2 shows the energy distribution in a bifurcation
diagram acquired by incrementing the pump power over the range of 50-250 W with the
number of round trips in the amplil Jer being kept constant at 100. For a cavity seeded with 0.1
nJ of energy, at 100 W of pump power, bifurcation occurred while the PC was driven at 3 kHz
repetition rate. Increasing the pump power to 250 W lead to repetition rate preserving
amplification. Increasing the input seed energy shifted both the bifurcated and normal
amplification points to lower pump powers. The measured data are consistent with the
simulation, indicating no chaotic behavior for the case of high energy seeding. In the case of 6
kHz operation, chaotic behavior appears, as measured in [6], resulting from the stronger
pulse-to-pulse coupling. Period doubling persists to higher pump powers, and reaches a stable
doubling regime, whose location and separation from chaotic zones is determined by the seed
energy. Under the same conditions, when the PC is operated at 6 kHz in period doubling,
normal operation may be obtained with the PC run at 3 kHz, reducing the thermal load on the
PC crystal and simplifying synchronization with OPCPA seed sources [21]. It is noteworthy
that the severity of the nonlinear cavity dynamics decreases as the seed level increases; this is
due to the reduced sensitivity of the amplification to the process to the degree of inversion of
the medium for an amplifier with lower total gain. This has the end result that wider range of
stable operating points is available with higher seed levels, making it more likely that a mode
with low B-integral and the desired repetition rate can be found.

The primary difference between the simulation and the experiment is in the tendency of
the laser to emerge from bifurcation and stay in the normal operation regime even if the pump
power is slightly reduced (hysteresis), due to the fact that the cavity is optimized for high-



power operation, including thermal effects not present in the simulation: the cavity efficiency
increases slightly as the system enters the normal amplification mode and the output power
doubles.
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Fig. 3. Pulse dynamics in regenerative amplifier exhibiting SPM and its removal. (a)
unsaturated SHG-FROG trace using 80 pJ seed amplified to 14 W (unstable laser output in the
unsaturated regime). (b) 80 pJ seed amplified to 58W, exhibiting strong SPM. (c¢) 300 pJ seed
amplified to 61 W with increased pump power and reduced round trips, exhibiting minimal
SPM. (d) Additional group delay resulting from nonlinear phase as calculated for varying seed
levels, with sufficient number of round trips to reach saturation.

Figure 3 shows how the cavity dynamics affect the temporal profile of the compressed
pulse. In Fig. 3(a) the unsaturated output of a laser system seeded with 80 pJ, amplified to 14
W shows a nearly transform-limited profile, but after increasing the energy to 58 W in Fig.
3(b), the pulse is obviously distorted by SPM. After increasing the seed energy to just 300 pJ
and reducing the round trip number by 10 (combined with additional pump power) the
compressed pulse characterized with a SHG-FROG indicates a good temporal profile for the
pulse (i.e. SPM effects are negligible), at an average power of 61 W (Fig. 3(c)). A sufficient
amount of pre-amplification of plJ-level seed pulses is therefore essential for the
reproducibility of the peak power produced by the amplifier. In Fig. 3(d), the numerical
results showing the effect of seed energy on the nonlinear group delay distortion of the output
pulses are shown, explaining the difference in the three FROG traces. Additionally, the trace
in Fig. 3(b) reconstructs with significantly more G-error than the corrected trace in Fig. 3(c),
0.022 compared to 0.0087, respectively. This may indicate pulse-to-pulse variations in shape
[22].

The elimination of SPM effects can be attempted via several approaches, some entailing
compromises in other areas of laser performance or system complexity. A number of possible
approaches, along with their mechanisms and drawbacks are shown in Table 1, in order of
approximate overall difficulty. As opposed to lasers exhibiting no chaotic behavior, the



simple solution of reducing the pump intensity does not work for these systems: the laser
must operate with both a stable pulse train (at the correct repetition rate) and have a clean
spectral phase. This can only be accomplished by decoupling the pulse distortion of the pulse
from the nonlinear pulse train dynamics by the use of methods that do not affect both
characteristics to the same degree.

Table 1. Possible approaches to the reduction of SPM in a thin disk regenerative

Approach

amplifier

Mechanisms

Negative consequences

Reduce round
trips with higher pump
power

- Reduced nonlinear path length
- Reduced cavity losses leading to less
gain narrowing at same energy

- Increased thermal load
- Smaller range of stable
operating power

Increase seed
level via further

- Reduced gain narrowing
- Reduced nonlinear propagation

- Increased system
complexity/cost

broadband pre- distance via reduced round trip number - Longer seed beam path
amplification
Decrease pump - Faster inversion buildup for given - Increased thermal
spot size pump power, allowing stable operation at gradient in gain medium
lower power - Reduced saturation
energy
Increase - Reduced intensity at given pulse - Increased cost and

stretcher and
compressor dispersion

energy

alignment sensitivity of
compressor and stretcher

- Additional timing jitter
when synchronized with
external seed

Increased beam
size in nonlinear cavity
elements via reflective
telescope

- If a single element (i.e. Pockels cell)
is responsible, reduced intensity

- Increased complexity of
the laser cavity
- Requires larger cavity
optics

Operation in
vacuum

- Reduced nonlinearity of free beam
path

- Cost and complexity
- More difficult thermal

management
3. Effect of suboptimal amplifier design on OPCPA

In the event that significant SPM can be observed in the pulse emitted from such an amplifier,
it is likely that it cannot be used reproducibly until it is eliminated, e.g. by the design changes
listed above. In the case of significant SPM, small changes in the seed and cavity alignment
result in large variations of the output of an OPCPA pumped by such a pulse. These effects
are shown in Fig. 4, where pulses with the same energy and spectrum, but with varying levels
of SPM result in significant variations in the efficiency and spectrum of the pulses amplified
in a broadband OPCPA. As a result, even in the total absence of energy fluctuations in the
output of a saturated amplifier, variations of the spectral phase induced by the sensitivity of
the SPM process to the evolution of the pulse inside of the cavity can nevertheless result in
large fluctuations in the OPCPA.

This is shown in the simulations presented in Fig. 4, calculated using the SISYFOS 3D
code [23]. In the simulation, 20-mJ, 1030-nm pump pulses with the beam diameter of 3.3 mm
at full width half maximum are used to amplify a broad spectral range in a single OPCPA
stage. The OPCPA consists of a 2.7 mm-thick LiNbO; crystal with d.¢ value of 3.3 pm/V, and
a phase-matching angle of 45.25°. Here the broadband phase-matching is fulfilled as the OPA
works in degeneracy. Seed pulses with energy of 3 pJ and beam diameter of 3.3 mm are
considered. The pulses from Figs. 3(b)-3(c) are used as the temporal profile of pump pulses in
the simulation whereas a super-Gaussian of the order of four is assumed for the seed in the
time domain. The 1.6-ps seed pulses are linearly chirped in both cases. The thickness of the
LiNbO; crystal is optimized to reach gain saturation in the OPCPA when the temporal profile
of pump is taken from the measurement shown in Fig. 3(c). Using identical parameters for
OPCPA and pump pulses with accumulated nonlinear phase (Fig. 3(b)), results in a factor of



3.5 difference in amplified energy and decreases the conversion efficiency from 12% to 2.2%.
Here the OPA does not reach gain saturation anymore and the amplified spectrum becomes
modulated in consistent with the temporal shape of the pump pulses.
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Fig. 4. Simulation of the effects of amplifier SPM on the output of a broadband OPCPA.
Orange curves are simulated with the pulse measured in Fig. 3 (c) and green curves with the
pulse in Fig. 3 (b), all other parameters are the same: pump energy 20 mJ, seed energy 3 pJ
amplified in 2.7 mm LiNbO; with the phasematching angle 45.25°. (a) Gain vs. crystal length
in the OPCPA, showing saturation with the SPM-free pulse, and a factor of 3.5 reduction in
pulse energy with the distorted pump pulse. (b) Modification of the spectrum resulting from the
pump temporal profile (normalized).

4. Conclusion

Stable OPCPA demands not only excellent pump energy stability, but also a high degree of
reproducibility of the temporal shape of the pump pulses, which can only be ensured by
careful matching of the amplifier design to the seed specifications. The relevant effects can be
modeled and understood using a simple numerical approach, which when combined with an
awareness of the various trade-offs involved, allows an optimal design for a given set of
inputs and target parameters. By ensuring that these effects are well controlled, thin-disk
regenerative amplifiers are an ideal route to stable and efficient pumping of high-power, high-
energy broadband OPCPAs, enabling the exploration of new frontiers in ultrafast science.
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Femtosecond pulse generation was pioneered four decades ago using mode-locked dye lasers, which domi-
nated the field for the following 20 years. Dye lasers were then replaced with titanium-doped sapphire
(Ti:Sa) lasers, which have had their own two-decade reign. Broadband optical parametric amplifiers (OPAs)
appeared on the horizon more than 20 years ago but have been lacking powerful, cost-effective picosecond
pump sources for a long time. Diode-pumped ytterbium-doped solid-state lasers are about to change this
state of affairs profoundly. They are able to deliver 1 ps scale pulses at kilowatt-scale average power levels,
which, in thin-disk lasers, may come in combination with terawatt-scale peak powers. Broadband OPAs
pumped by these sources hold promise for surpassing the performance of current femtosecond systems so
dramatically as to justify referring to them as the next generation. Third-generation femtosecond technol-
ogy (3FST) offers the potential for femtosecond light tunable over several octaves, multi-terawatt few-cycle
pulses, and synthesized multi-octave light transients. Unique tunability, temporal confinement, and wave-
form variety in combination with unprecedented average powers will extend nonlinear optics and laser
spectroscopy to previously inaccessible wavelength domains, ranging from the far IR to the x-ray regime.
Here we review the underlying concepts, technologies, and proof-of-principle experiments. A conceptual
design study of a prototypical tunable and wideband source demonstrates the potential of 3FST for pushing
the frontiers of femtosecond and attosecond science. © 2014 Optical Society of America
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1. INTRODUCTION

Femtosecond technology was born in the 1970s, when pas-
sively mode-locked dye lasers produced the first pulses shorter
than 1 ps [1-3]. Subsequent advances led to pulse durations of
a few tens of femtoseconds directly from laser oscillators [4-7].
The poor energy storage capability of laser dyes limited ampli-
fication to microjoule energies and megawatt peak powers
[8,9]. This first-generation femtosecond technology (1EST)
opened the door for direct time-domain investigations of
hitherto immeasurably fast processes such as molecular dynam-
ics, chemical reactions, and phase transitions in condensed
matter [10,11].

Broadband solid-state lasers with large energy storage capa-
bilities appeared by the end of the 1980s [12-14]. They
offered the potential for further pulse shortening as well as
boosting the pulse energy and peak power by many orders
of magnitude. Second-generation femtosecond technology
(2FST), based on chirped-pulse amplification (CPA) [15] in
solid-state lasers, in particular, in Ti:sapphire-based systems
[16-18], and dispersion control by chirped multilayer mirrors
(henceforth, for brevity, chirped mirrors) [19-21] paved the
way for the emergence of entirely new research fields and
technologies such as attosecond science [22] and laser-driven
particle acceleration [23].

2FST is now capable of providing pulses with ultrahigh
(petawatt) peak power at moderate average power [24] and
moderate-peak-power (gigawatt) pulses at ultrahigh (approach-
ing the kilowatt scale) average power levels [25]; see Fig. 1.
Based on optical parametric chirped-pulse amplification
(OPCPA) [26] driven by terawatt-scale pulses from ytterbium
lasers at kilowatt-scale average power, third-generation femto-
second technology (3FST) will, as a defining characteristic,
combine high (terawatt-scale) peak powers with high (kilowart-
scale) average powers in ultrashort optical pulse generation
for the first time. This unprecedented parameter combination
will allow us to explore extreme nonlinearities of matter and
extend ultrashort pulse generation to short (nanometer to
subnanometer) as well as long (multimicrometer) wavelengths
at unprecedented flux levels, holding promise for yet
another revolution in ultrafast science. Figure 1 shows a
summary of the performance of 1FST, 2FST, and 3FST
systems.

OPCPA requires intense optical pulses for pumping the
nonlinear medium used for the parametric conversion. The
optimum duration of these pulses is of the order of 1 ps, con-
stituting a trade-off between a high resistance to optical dam-
age (decreasing for longer pulses [27-29]) and a small temporal
walk-off [30,31] between pump and signal pulses relative to
their duration (increasing for shorter pulses). OPCPA pumped
by 1-ps-scale pulses offers octave-spanning light amplification
with unprecedented efficiency, not accessible by any other
technique known to date. Moreover, for very similar physical
reasons, these pulse durations appear to be ideal for efficient
frequency conversion of the pump light via low-order har-
monic generation and/or frequency mixing [32,33]. Hence,
a reliable, cost-effective, and power-scalable source of high-
energy 1-ps-scale laser pulses would constitute the ideal basis
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Fig. 1. Summary of recorded performances of 1EST and 2FST and
the expected performance of 3FST, in terms of average and peak powers.
These systems are reviewed in detail in Supplement 1. The blue square
represents the best performance achieved by dye-laser technology (1, cor-
responding to Ref. [9]), the green dots show femtosecond CPA solid-state
technology (2-7, corresponding to Refs. [60,71,66,18,67], and [25], re-
spectively), and the red triangles represent the simulated results for
OPCPA based on pump sources under development (8 and 9, pumped
by a 1 ps, 5 kHz, 200 m] Yb:YAG thin-disk laser) and envisioned (10,
based on a future 1 ps, 10 kHz, 2 J Yb:YAG thin-disk laser system).
Systems 8 and 10 use one OPCPA channel in the NIR, whereas in system
9 the output of three OPCPA channels in the VIS-NIR-IR are added for
coherent synthesis of a subcycle waveform. The table summarizes the
predicted output parameters of these systems. The relevant pump source
architectures and multichannel OPCPA system are discussed in Section 2
and Section 3, respectively. OPCPA systems pumped by Yb:YAG slab
and fiber amplifier systems [108,110] have been demonstrated in the
performance range of 2FST and are not displayed in the figure.

for exploiting the full potential of OPCPA for ultrashort pulse
amplification at a variety of wavelengths.

In this work we show that diode-pumped Yb-doped thin-
disk lasers based on a technology well established in industrial
environments fulfill all these requirements and offer a prom-
ising route to implementing 3FST in the conceptual architec-
ture outlined in Fig. 2. In addition to simultaneously reaching
peak and average power levels that will outperform 1FST and
2FST by several orders of magnitude (Fig. 1), 3FST systems
allow a variety of operational modes, offering multicycle pulses
tunable over several octaves, few-cycle pulses at different carrier
wavelengths, and multi-octave synthesis of light waveforms.

Our discussion in this paper focuses on powerful ultrashort-
pulse generation at high (>1 kHz) repetition rates; ultrahigh-
intensity lasers emitting a few pulses per second or less as well
as sources delivering moderate-power pulses at high average
power are out of the scope of this work (for a review, the
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Fig. 2. Basic conceptual architecture of a 3FST system. A subpicosecond ytterbium laser oscillator seeds the pump source. The broadband seed can be
generated either from the output of the picosecond pump laser (solid arrows) or directly from the oscillator (dashed arrows). In the latter case an active

temporal synchronization is needed between the pump and seed pulses of the OPCPA chain. The 3EST source can be operated to generate (i) widely
tunable pulses of a few tens of femtoseconds duration, (ii) few-cycle pulses in different spectral ranges, or (iii) multi-octave controlled waveforms with a
sub-optical-cycle structure. The building blocks of the 3FST system are discussed in detail in the respective sections as indicated in the figure.

interested reader is kindly referred to relevant reviews in [23]
and [34], respectively). A brief historical overview of 1FST
[1-9,35-45] and 2FST [12-21,45-73] is presented in
Supplement 1. The remaining part of the introduction
addresses some of the major milestones of OPCPA history.

A. Conceptual Basis for 3FST

Optical parametric amplification (OPA) was discovered in the
1960s [74,75], but only nonlinear crystals with a high second-
order nonlinear susceptibility and high resistance to optical
damage, such as f-barium borate (BBO) [76] along with
the invention of OPCPA by Piskarskas and co-workers [26]
opened the prospect for efficient amplification of femtosecond
laser pulses via this mechanism. A prerequisite for OPA being
able to provide a competitive alternative to femtosecond laser
amplifiers is the availability of power-scalable pump sources
with a good wall-plug efficiency. So far, only lasers with pulse
durations much longer than 1 ps have been able to meet this
requirement. The instantaneous nature of the OPA pump-to-
signal energy conversion calls for a signal pulse that is tempo-
rally stretched to match the duration of the pump pulse for
efficient OPA and then recompressed after amplification.
The bandwidth of OPCPA can be enhanced by a noncollin-
ear pump-signal beam propagation geometry, utilizing the
slightly different propagation directions of the interacting
beams to compensate the effect of material dispersion in the
nonlinear medium [77,78]. Drawing on these basic concepts
and a variety of pump and seed sources, a large number of
OPA experiments aiming at efficient amplification of ultrashort
pulses have been performed over the past 20 years. Their review
is beyond the scope of this paper; we refer the interested reader
to a number of excellent review articles on this subject [79-83].

OPCPA has been demonstrated to be capable of amplifying
pulses as short as 4 fs [84], achieving peak-power levels of 16
TW from a tabletop system [85], approaching the petawatt
frontier when pumped by large-scale lasers [86-92], and reach-
ing average power levels as high as 22 W ata 1 MHz repetition
rate [93]. However, none of these systems have been capable of
achieving high peak and average powers simultaneously. The
most powerful OPCPA system of this kind reported to date
delivers 0.49 TW pulses at an average power of 2.7 W
[94], which is still inferior to state-of-the-art Ti:Sa systems.
The pump laser technology described in Section 2 holds prom-
ise for changing this state of affairs dramatically.

In what follows, Section 2 reviews near-1-ps pulse ampli-
fication and its implementation with thin-disk lasers, scalable
to high peak as well as average powers. Section 3 is devoted to
conceptual design studies demonstrating the potential of 3FST
for creating a source of femtosecond light with unprecedented
characteristics, and Section 4 addresses some of the expected
implications.

2. NEAR-1-PS YTTERBIUM LASERS

Near-1-ps laser pulses with high peak power have long been
available from flashlamp-pumped passively mode-locked
neodymium-doped glass lasers—however, only at a very low
repetition rate and hence low average power level [95-97].
High average powers ranging from tens to hundreds of watts
recently became available from diode-pumped fiber, slab, and
cryogenically cooled thick-disk lasers [98—109]. Because of
excessive accumulation of nonlinearly induced phase shifts
in their long gain media, their scaling to much higher energies
requires large-aperture (meter-scale) and hence extremely
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Table 1. Performance of Yb-Doped Few-Picosecond High
Average and High Peak Power Systems?

P, peak P avg E pulse/ Tpulse f rep Reference
Fiber laser systems
12 MW 830 W  10.6 pJ/640 fs 78 MHz (100
0.75 GW 93 W 93 pJ/81 fs 1 MHz (102
1.8 GW 530 W 1.3 m]/670 fs 400 kHz (106
Slab laser systems
37 MW* 140 W 43 pJ/1.1 ps  3.25 MHz  [108]
80 MW 1.1 kW 55 WJ/615 fs 20 MHz (99]
23 GW* 250 W 20 mJ/830 fs 125 kHz  [110]
Cryogenically cooled laser systems
0.65 MW’ 430 W 8.6 pJ/12.4 ps 50 MHz (104]
8.7 MW* 93 W 93 pJ/10 ps 1 MHz (105]
73 MW 194 W 1 mJ/11.7 ps 20 kHz (98]
7 GW* 60 W 12 mJ/1.6 ps 5 kHz [103]
2 GW 6G4W  32ml/15ps  2kHz  [101]
170 GW 100 W 1J/5.1 ps 100 Hz (109
Thin-disk laser systems
14GW'  200W  2mJ/l3ps 100 kHz  [206]
176 GW* 300 W 30 mJ/1.6ps  10kHz  [147)
38.8 GW’ 200 W 40 mJ/0.97 ps 5kHz  Fig. 5(b)
27.6 GW’ 100 W 50 m]J/1.7 ps 2 kHz (134]
— — 200 m]J 5 kHz under
development
— — 2] 10 kHz  envisioned

“Peak power (P, average power (Py,), pulse energy (Epu), pulse duration
(Tpulse)> and repetition rate (f,) of selected Yb:YAG fiber, slab, cryogenically
cooled, and thin-disk amplifier systems delivering pulses with a duration of a
few picoseconds or shorter. The data are taken from the corresponding references.

’Peak powers have been calculated assuming a Gaussian pulse shape
(Ppeak ~0.94 * Epulse/rpulse)'

expensive diffraction gratings for implementing CPA
[102,106,110] or complex architectures, such as the coherent
combination of a large number of parallel beams [111], or pos-
sibly coherent pulse stacking [112]. Diode-pumped ytterbium-
doped thin-disk lasers offer energy and peak-power scalability
from simple, cost-effective assemblies. Therefore, in what fol-
lows we focus on this technology as a promising candidate for
driving broadband OPA systems scalable to high average and
peak powers. Nevertheless, we stress that diode-pumped fiber,
cryogenically cooled thick-disk, and slab lasers constitute a
highly competitive alternative at high repetition rates and
moderate peak power levels, and we kindly refer the reader
to recent reviews of these approaches [33,107,113-116].
Table 1 summarizes the parameters of some of the best-
performing systems based on Yb-doped fiber, slab, cryogeni-
cally cooled thick-disk, and thin-disk technology.

A. Toward High Peak and Average Powers

Ever since its first demonstration in 1994 [117], the thin-disk
laser has been one of the most promising concepts for scaling
sub-picosecond pulses to the highest peak and average powers.
In this section we briefly summarize the basic features of
thin-disk technology and refer the reader to Supplement 1
and recent reviews [118-120] for a more detailed discussion
of performance, limitations and ways of overcoming them.
In a thin-disk laser the active medium is a thin and relatively
large-diameter disk, typically tens to hundreds of micrometers
in thickness and few (tens) millimeters in diameter. Crystals

are used due to their favorable thermal and mechanical proper-
ties compared to glasses, with ytterbium-doped yttrium alu-
minium garnet (Yb:YAG) being the paradigm material of
choice to date, although thin-disk lasers using different disk
materials such as Yb:Lu,Oj [121,122], Yb:CALGO [123],
and ceramic Yb:YAG disks [124,125] have also been demon-
strated.

A Yb:YAG laser disk is coated on the back side to act as a
high-reflective (HR) mirror for both the pump and the laser
wavelengths. The other (front) side is antireflection (AR)
coated for both wavelengths [see Fig. 3(a)]. The HR-coated
side of the disk is firmly fixed onto a supporting substrate,
which, in turn, is mounted on a water-cooled assembly. To
achieve good (90% or more) absorption of the pump light,
the pump beam is delivered at an angle from the front side
and reflected in a number of passes using a special imaging
multipass assembly [Fig. 3(b)]. Heat removal from the crystal
is realized along the optical axis of the resonator. This mini-
mizes thermally induced changes in the optical properties of
the laser medium across the laser beam and allows for
extremely high pump power densities reaching and exceeding
10 kW /cm? [118,126,127]. Energy and power scaling can be
accomplished by scahng the diameter of the disk along with the
pump and laser beams, which is eventually limited by ampli-
fied spontaneous emission (ASE) [128,129].

The small length of the gain medium greatly suppresses
nonlinear focusing during the amplification of ultrashort
pulses as compared to other laser geometries. As a result,
CPA can be implemented with substantially smaller temporal
stretching, requiring smaller, less expensive diffraction gratings
as compared to other solid-state ultrashort pulse amplifiers
[99,107]. These superior features of the thin-disk laser geom-
etry come at the expense of a low single-pass gain of typically
10%-15% (small signal). This shortcoming can be mitigated
by multiple passages and/or the serial combination of several
disks [118,130,131].

Thin-disk gain modules have been used for ultrashort pulse
generation in mode-locked oscillators [132,133] and regener-
ative [134] and multipass [135] amplifiers. Thousands of them
have been tried and tested in 24/7 service for industry. This
mature technology constitutes an ideal basis for scaling
subpicosecond pulses to unprecedented combinations of peak

(b)

Yb:YAG disk

Fig. 3. Schematics of thin-disk laser technology. (a) Cold finger with
substrate showing the cooling mechanism in a disk laser head, (b) disk
laser head showing the principle of the pump light reimaging technique
onto the thin-disk active medium (courtesy of TRUMPF Laser GmbH).
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ing stage), a bulk crystal as the nonlinear media (second broadening
stage), and chirped mirrors forming the dispersive delay lines (first
and second compressors), resulting in carrier-envelope-phase (CEP)-

stabilized few-cycle output pulses [144].

and average power levels for driving OPAs in 3FST [136]. The
remaining part of this section reveals how this technology can
provide both the broadband seed and the high-power pump

pulses in a perfectly synchronized fashion to this end.

B. Mode-Locked Ytterbium-Doped Thin-Disk
Oscillators

Ultrashort pulse generation from a diode-pumped Yb-doped
thin-disk laser oscillator was first demonstrated by Keller
and co-workers at the turn of the millennium [137]. The tech-
nology was subsequently advanced to average power levels of
hundreds of watts [138], pulse energies of several microjoules
[130,139,140], and pulse durations shorter than 100 fs
[131,141] directly from the oscillator. Kerr-lens mode locking
(KLM) [49] and semiconductor saturable absorber mirrors
[142] have been the methods of choice for mode locking
[137,143].

Figure 4 shows the schematic of a KLM Yb:YAG thin-
disk-oscillator-based few-cycle source [144]. The system deliv-
ers reproducible waveform-controlled few-cycle pulses at an
average power exceeding that of few-cycle Ti:Sa oscillators
by more than an order of magnitude.

The average power of KLM Yb:YAG thin-disk oscillators
was recently increased by nearly an order of magnitude to
deliver 14 pJ, 330 fs pulses at a 19 MHz repetition rate
[140]. These advances open up the prospect of a megahertz
source of near-infrared (NIR) femtosecond continua with a
peak power of several hundred megawatts at average power lev-
els of the order of 100 W and, if needed, with a controlled
waveform. Such a source holds promise for greatly expanding
the range of applications of ultrashort pulsed laser oscillators
(as a stand-alone system) and for serving as a front end for giga-
watt-to-terawatt 3FST architectures (see Fig. 2 and discussion
in Section 3).
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Fig. 5. Thin-disk regenerative amplifier. (a) Typical schematic layout.
The subpicosecond seed pulse is temporally stretched before entering the
thin-disk Yb:YAG regenerative amplifier. The amplified pulses are re-
compressed in a grating compressor. (b) Measured spectrum (green
dashed line) and temporal intensity profile (blue line) from a system
equipped with two disk modules (disk parameters: doping concentration
>7%, thickness ~100 pm, beveled and roughened edge, TRUMPF
Laser GmbH). These 0.97 ps pulses carry an energy of 40 m] at a rep-
etition rate of 5 kHz, corresponding to an average power of 200 W. The
corresponding measured (top) and reconstructed (bottom) FROG traces
are shown as insets (G error: 0.0024).

C. Thin-Disk Regenerative Amplifiers for Pumping
OPCPA

The first thin-disk-based regenerative amplifier was demon-
strated in 1997 and generated 2.3 ps pulses with energies
up to 0.18 mJ and an average power of the order of 1 W
[145]. A decade of development work advanced the technology
into the multimillijoule, tens of watts regime [146]. By draw-
ing on commercial Yb:YAG thin-disk modules originally de-
signed for multikilowatt-class cw products, continued efforts
led to near-1-ps pulses with energies as high as 30 m] and aver-
age powers reaching 300 W at repetition rate of 10 kHz [147].
Milestones of this evolution are listed in Table 1, and a sche-
matic of the architecture of state-of-the-art systems is shown in
Fig. 5(a). All results on picosecond CPA with thin-disk lasers
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referred to or reported directly in this work have so far been
achieved with standard Yb:YAG thin-disk laser modules de-
signed and fabricated for industrial lasers. This suggests that
there may be some room left for further optimization of
thin-disk Yb:YAG chirped-pulse amplifiers.

Thanks to their superior thermal management and low B
integral, Yb:YAG thin-disk regenerative amplifiers deliver their
near-bandwidth-limited pulses in a near-diffraction-limited
beam (M? < 1.1) with excellent pulse-energy stability charac-
terized by a drift smaller than 1% over 12 h. Figure 5(b)
presents the measured optical spectrum and the retrieved tem-
poral profile showing a full width at half-maximum (FWHM)
pulse duration of 0.97 ps of an Yb:YAG thin-disk regenerative
amplifier composed of two thin-disk amplifying modules
within one resonator, delivering 40 m] pulses at a repetition
rate of 5 kHz.

While 40 m] at 200 W and 30 m] at 300 W [147] represent
current records in high-energy 1-ps-scale pulse generation with
high average power, none of these values individually appear to
even come close to the ultimate limits of picosecond thin-disk
laser technology. In fact, a regenerative amplifier followed by a
multipass amplifier recently boosted the energy of sub-2-ps
pulses to more than 500 mJ at a repetition rate of 100 Hz
[148]. At a much higher repetition rate (800 kHz), 7 ps pulses
from a commercial thin-disk laser were amplified to an average
power of 1.1 kW [135]. An amplifier chain containing two
thin-disk-based multipass amplifiers as final stages delivers
14 kW, 140 m] in a 10 Hz burst mode [149].

Thanks to their optimum pulse duration of the order of 1 ps
and excellent beam quality, thin-disk Yb:YAG regenerative
amplifiers allow for efficient generation of second-harmonic
and third-harmonic light by ¥® processes [second-harmonic
generation (SHG) and sum-frequency generation (SFG),
respectively]. As an example, results achieved with 1.3 ps,
1030 nm pulses from a multikilohertz Yb:YAG thin-disk laser
demonstrate a second-harmonic conversion efficiency as high
as 74% in a 1.5 mm thick LiB;Os (LBO) crystal
@ =90° ¢ = 12.9°).

OPA relies on a spatial as well as temporal overlap of the
pump and seed pulses for efficient amplification. Hence, pump
and seed pulses are derived from the same femtosecond laser
[136,150] serving as the common front end. However, the
pump pulse suffers a delay of several microseconds upon pas-
sage through the regenerative and/or multipass amplifier(s).
This delay is compensated for by selecting a correspondingly
delayed seed pulse from the train delivered by the common
front end. Already fractional changes as small as 10”7 1078
(by air turbulences, mechanical vibrations, and expansion
due to temperature drifts) in the microsecond delay of the
pump and seed pulses suffered upon passage through different
optical systems may cause an excessive timing jitter [151] and
require active stabilization.

Spectrally resolved cross correlation of the seed and the
pump pulses offers a powerful means of active synchronization
[152]. A possible implementation of this concept is based on
stretching a small fraction of the broadband seed pulse to a
duration of several picoseconds and mixing this pulse with
the narrowband pump pulse in a nonlinear crystal. Changes

in the carrier wavelength of the resultant sum-frequency out-
put are unambiguously related to the relative timing between
pump and seed pulses. In its first demonstration, this
stretched-pulse cross-correlation technique was capable of
reducing the RMS timing jitter to ¢ = 24 fs over the fre-
quency band of 20 mHz to 1.5 kHz [153].

Recently, this method was improved by replacing the sum-
frequency generator by an OPA stage and deriving the timing
information (optical error signal) from the spectrally resolved
amplified signal output [154]. For this approach it is sufficient
to split off only ~2 pJ of the seed pulse energy, since with the
amplification of the seed pulse the OPA inherently delivers an
amplified error signal. The concept is schematically depicted in
Fig. 6(a). Its first implementation yielded pump-seed timing
stabilization with a record residual RMS jitter of less than 2 fs
over the frequency band ranging from 0.1 Hz to 1 kHz as well
as long-term timing stability [Fig. 6(b)], ensuring ideal condi-
tions for stable OPCPA operation.

D. Scaling Thin-Disk Amplifiers—Future Prospects

Present-day industrial thin-disk laser technology is capable of
transforming diode-laser light of poor beam quality into kilo-
watts of power delivered in a diffraction-limited laser beam.
The overriding question is to what extent this tremendous
potential can be exploited for simultaneously boosting the
energy and average power of near-1-ps laser pulses. Scaling
of power and energy have already been demonstrated separately
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Fig. 6. Active pump-seed temporal synchronization system. (a) Sche-
matic layout. PSD, position sensitive detector. (b) Timing fluctuations
on the order of 2100 fs are reduced to a residual RMS jitter of less than
1.9 fs; for details, see [154].
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Fig. 7. Performance of cw diode-pumped regenerative amplifiers uti-
lizing commercial thin-disk modules (disk parameters: doping concentra-
tion >9%, thickness ~120 pm, beveled and roughened edge, TRUMPF
Laser GmbH). In a linear cavity setup, 95 m] output energy was dem-
onstrated at a 1 kHz repetition rate with one standard disk pumped at
940 nm (blue dots). While there were indications of energy saturation,
the energy was boosted to 130 mJ by adding a second disk (green dots).
By further optimization of both disk parameters and the pump design,
more than 200 m] energy at 5 kHz can be achieved (yellow line).

beyond 1 kW [135] and up to 1 J [155-157], respectively.
Achieving these values of both energy and average power in
the same thin-disk laser system will require optimal scaling
of the disk diameter (increasing the available energy but also
the depopulation losses) and disk thickness (increasing the
available energy and the deleterious thermal effects) [118].

A regenerative amplifier equipped with commercial Yb:
YAG thin-disk modules is being developed in our laboratory
for generating 200 m] pulses at a 5 kHz repetition rate. In
preliminary experiments with a linear cavity amplifier, 95
and 130 m] pulses at a repetition rate of 1 kHz have been
demonstrated, with one and two disk modules, respectively
(Fig. 7), with the latter being limited by thermal effects in
the Faraday isolator preventing feedback into the front end
[158]. The use of a ring cavity will remove this limitation
and—based on these preliminary results—holds promise for
achieving the above target parameters. A rate-equation model
of thin-disk laser energy that takes into account the decrease in
the upper level lifetime, caused by ASE [120] and the disk tem-
perature, shows good agreement with the measurements and
indicates that the same energy can be extracted up to 5 kHz
with the current disks. An optimized design with increased
disk thickness pumped at 969 nm can further increase the ex-
tracted energy, using the same beam size of 5 mm.

Much higher energies and powers can be expected from
larger apertures [159]. The feasibility of scaling near-1-ps
thin-disk amplifiers to the 1 J frontier was recently demon-
strated [155-157]. Further discussion on how careful engi-
neering of large-aperture Yb:YAG disk amplifier modules
for minimizing ASE and temperature control could permit
scaling of the amplified energy to the joule-kilowatt level is
given in Supplement 1.

Such large-aperture Yb:YAG disks have been shown to be
capable of handling more than 10 kW of diode laser power

[160]. Merely a couple of thin-disk amplifier modules
equipped with 20-mm-diameter Yb:YAG disks and pumped
by approximately 30 kW of cw diode laser light each will
be sufficient to boost the energy of the 0.2 J seed pulses—
delivered by two 5 kHz regenerative amplifiers in a parallel
architecture—to the level of 2 J at a 10 kHz repetition rate.
A possible approach to this goal is schematically illustrated in
Fig. 8. Should scaling to this energy level encounter unex-
pected difficulties, coherent combination of several amplifiers
[25,161-163] or the concept of pulse stacking [112] might
provide a remedy. These developments may open the door
for a kilowatt-class 3FST source of few-cycle or tunable multi-
terawatt femtosecond pulses.

3. BROADBAND OPCPA PUMPED BY NEAR-1-PS
PULSES

With robust nonlinear crystals and a reliable, cost-effective,
and power-scalable short-pulsed pump-laser technology along
with methods for accurate pump-seed timing synchronization
in place (see Section 2.C), near-1-ps-pulse-pumped OPCPA
offers several advantages over both long-pulse-driven OPCPA
and conventional CPA implemented in solid-state laser ampli-
fiers. First, the amplifier crystals can be pumped at much
higher intensities [27-29], allowing high gains to be realized
with very thin crystals, i.e., in combination with broad ampli-
fication bandwidths. Second, the short pump window also
greatly simplifies the implementation of CPA and dispersion
control and, finally and most importantly, improves the tem-
poral contrast of the amplified signal dramatically on the nano-
second to few-picosecond time scale.

The gain bandwidth can be even further extended, up to
several octaves, by using different crystals or crystals with dif-
ferent orientations yielding shifted gain bands and utilizing
multiple pump beams [164] at all wavelengths where they
can be made available with good wall-plug efficiency, i.e.,
at 1030 nm and its low-order harmonics at 515 and 343 nm.
This constitutes the basis for developing the prototypical
broadband or broadly tunable sources of 3FST. The very same
front end and multicolor pump source may be utilized for both
purposes. In what follows, we shall discuss the feasibility of
these 3FST sources and their expected performance when
being pumped with several-kilohertz, kilowatt-class thin-disk
lasers recently demonstrated [147] and systems that are cur-
rently under development [158].

A. Basic Theory

In the OPA process, energy is transferred from a high-
frequency, high-intensity (pump) beam to a low-frequency,
low-intensity (seed or signal) beam in a birefringent [165] non-
linear crystal, while a third beam, the idler, is generated. By
polarizing the pump along the fast axis and the signal or idler
or both along the slow axis, conservation of energy and
momentum of the participating (pump, signal, idler, labeled
with p, 5, and 7, respectively) photons can be simultaneously

fulfilled:

hw, - ho, - ho; = 0, (1)
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In the classical description of the process, Egs. (1) and (2)
account for the parametric frequency downconversion and
phase (velocity) matching of the participating waves,
respectively. Due to dispersion, these conditions can be ful-
filled over a limited range of signal frequencies only, which
manifests itself in a finite parametric gain bandwidth Av

[166,167]:

2(ln 2)1/2 /T\ /2] 1 1|
w MDA
T L Ugi Vg

where L is the length of the nonlinear medium, I is the para-
metric gain coefficient proportional to the pump-field ampli-
tude and the effective nonlinear optical coefficient, and v,
stand for the group velocity of the idler and the signal, respec-
tively [166]. Equation (3) suggests that temporal walk-off
between the amplified pulses limits the achievable gain
bandwidth.

In sharp contrast with lasers, the central frequency and the
width of the OPA gain band can be manipulated by changing
the orientation or temperature of the crystal, and/or by the
pump-signal propagation geometry. These degrees of freedom
can be used to produce tunable femtosecond pulses. Alterna-
tively, degenerate OPA near the wavelength where the group-
velocity dispersion for the signal and idler beams becomes
zero (0, ~w; ~w,/2) [167] or the noncollinear OPA
[77,78,168—170] permits the amplification of few-cycle pulses

[171,172]. Both modes of operation can be simultaneously
implemented in several OPA channels driven by the third
or second harmonic or the fundamental of the 1030 nm pico-
second pulses from Yb:YAG thin-disk amplifiers to yield
synchronized tunable or few-cycle pulses in the visible
(VIS), NIR, and mid-infrared (MIR) spectral ranges, respec-
tively. These pulses may also be superimposed on each other
for the synthesis of multi-octave light transients [173-175].
These options call for a seed coming in the form of a coherent,
phase-stable, multi-octave supercontinuum covering the entire
wavelength range of interest.

B. Generation of Waveform-Controlled Continua for
OPA Seeding

The NIR continuum produced by the prototypical carrier-
envelope-phase  (CEP)-stabilized femtosecond KLM  thin-
disk-laser-based source described in Section 2.B [144], consti-
tutes—after proper active synchronization to the pump pulses
(see Section 2.C)—an ideal seed for broadband OPA. In fact,
these CEP-stabilized continua exhibit a well-behaved spectral
phase and excellent spatial beam quality and are delivered with
microjoule-scale energy, allowing efficient OPA with low
fluorescence background. The spectrum is perfectly matched
to the gain band of BBO and LBO parametric amplifiers
[136] pumped by the second harmonic of the Yb:YAG
laser (515 nm).

Amplification in such an OPA to the millijoule energy level
and recompression of the amplified NIR pulse may be fol-
lowed by further spectral broadening in a gas-filled hollow-
core fiber (HCF). Self-phase modulation and self-steepening
broadens the input spectrum predominantly toward shorter
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wavelengths. This approach can provide the broadband seed
required by a VIS-OPCPA pumped by the third harmonic
of the Yb:YAG laser (343 nm) but fails to do so for a
MIR-OPCPA driven directly at 1030 nm. In the remaining
part of this section we discuss the generation of a phase-stable
continuum in the MIR and its subsequent extension to shorter
wavelengths.

A powerful technique for the generation of CEP-stabilized
MIR continua has been difference frequency generation
(DFG) [176,177]. This process creates a CEP-stable output
from a non-CEP-stabilized femtosecond pulse and has been
successfully applied to seeding few-cycle MIR-OPA systems
[166,178,179]. The output of the sub-10-fs NIR source de-
scribed in Section 2.B can—after preamplification in a single
broadband OPA stage pumped at 1030 nm—efficiently drive
DEFG to yield a continuum in the 1.5-2.5 pm range [180].
The oscillator does not need to be CEP stabilized, since the
CEP of the fundamental cancels out in the DFG process.

The spectrum of the DFG output can be efficiently ex-
tended in a gas-filled HCF [181] to cover the multi-octave
range of 400-2500 nm. The main building blocks of such
a supercontinuum generator are sketched in Fig. 9(a). The
10-fs-scale seed pulses may possibly also be derived directly
from the output of the near-1-ps Yb:YAG pump source by
cascaded temporal compression [182], as indicated by a dashed
line in Fig. 9(a). This approach would greatly relax the need for
the active pump-seed synchronization system for the OPCPA
described in Section 2.C, because both the pump and the seed
would travel comparable optical paths.

All essential processes underlying the above concept have
already been successfully demonstrated. In fact, we have re-
cently generated IR continua [shown in Fig. 9(b)] from
few-cycle NIR pulses with an efficiency exceeding 10% [180].
Moreover, the spectrum from a MIR-OPA seeded by a similar
CEP-stable continuum could be efficiently broadened in a gas-
filled HCF to cover the entire VIS-NIR-MIR spectral range of
400-2500 nm, which is also shown in Fig. 9(b). The temporal
characterization of the continuum by second-harmonic fre-
quency-resolved optical gating (FROG) shows the high degree
of coherence and compressibility of the generated multi-octave
spectrum in Fig. 9(b) [183]. This indicates such continua, at
energy levels of hundreds of microjoules, are achievable with
few-cycle MIR pulses, in agreement with theoretical predic-
tions [181]. The seed signals for the simulated OPCPA sys-
tems discussed below are derived from the multi-octave
continuum shown in Fig. 9(b).

C. Prototypical OPCPA Architectures in 3FST

The common backbone for all prototypical 3FST architectures
we propose and numerically analyze in the following sections
consists of (i) a high-power femtosecond laser, in our case a
100-W-scale KLM Yb:YAG thin-disk oscillator, followed by
(ii) the multi-octave seed generation described in the previous
section and (iii) a multi-100-W-to-kW-scale source of multi-
m], near-1-ps-pulses, in our case based on Yb:YAG thin-disk
amplifiers, see Fig. 10(a). The supercontinuum seed [see
Fig. 10(a)] is split into three spectral channels: VIS centered
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Fig. 9. Multi-octave seed generation. (a) Near-three-octave seed gen-
eration schemes based on the output from the oscillator described in
Section 2.B or driven by the amplified subpicosecond pulse characterized
in Fig. 5(b) (dashed arrow). The spectrally broadened and compressed
output of the Yb:YAG oscillator is amplified in an OPA stage to
50 pJ of energy and subsequently compressed in a chirped-mirror com-
pressor (CM) to about 6 fs for efficient difference frequency generation
(DFG). The resultant broadband DFG signal, centered at about 2 pm, is
compressed and focused into a gas-filled hollow-core fiber to extend the
spectrum into the visible range. This approach provides a near-three-oc-
tave, phase-stable continuum at the energy level of the order of 1 pJ.
Alternatively, spectrally broadened subpicosecond millijoule-scale pulses
directly from the amplifier circumvent the need for an additional OPA
stage and may result in a phase-stable supercontinuum at the level of
several hundred microjoules. (b) Broadband phase-stable continua gen-
erated in preliminary experiments. Red curve: Difference-frequency ra-
diation in a 500-pm-thick type-I BBO crystal optimized for 12%
conversion efficiency. Blue shaded area: Spectral broadening of a
parametrically amplified three-cycle DFG signal in a gas-filled hollow-
core fiber to a supercontinuum containing 330 pJ of energy. The de-
tected bandwidth of the spectrum in both cases is limited by the sensi-
tivity of the spectrometer in the IR tail. The dashed green curve shows the
measured spectral phase of the generated supercontinuum using the

FROG technique. The red curve in (b) is reproduced from [180].

at 550 nm, NIR centered at 1 pm, and MIR centered at
2 pm, by using chirped dichroic beam splitters [173,184,185].

Each of the three OPA channels can be used to generate
tunable multi-cycle pulses which will be described in
Section 3.D or to yield few-cycle pulses as will be shown in
Section 3.E. Their pump pulses are generated by a simple
frequency-converter module comprising two LBO crystals.
Our crystal of choice is LBO instead of BBO, owing to its
availability in large sizes and its small spatial and temporal
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Prototypical multi-octave 3FST field synthesizer (Section 3.E and Section 3.F). (a) Schematic architecture of a three-channel OPCPA system

seeded and pumped by subpicosecond ytterbium lasers. A part of its output is used for generating the multi-octave supercontinuum signal, which is split
into three channels, centered at 550 nm and 1 and 2 pm, respectively. The different channels are pumped by different (low-order) harmonics of the

multimillijoule-level, kilohertz Yb:YAG regenerative amplifier output. Each channel supports few-cycle pulses after compression. Alternatively, using a
similar concept, several-tens-of-femtoseconds multicycle pulses widely tunable from the UV to the IR spectral range can be produced. (b) By coherently
combining the three few-cycle channels amplified in (a), nonsinusoidal multi-octave light transients can be generated.

walk-off, in spite of its smaller effective nonlinear coefficient.
Second-harmonic generation (SHQG) in the first one yields twin
pulses of comparable energy at 515 nm and 1030 nm, which
are mixed in the second crystal to produce a third pump pulse
at 343 nm by sum-frequency generation (SFG). Moderate
SHG and SFG conversion efficiencies (of about 50% and
20%-30%, respectively) ensure that all beams exiting the
frequency converter unit have a good beam quality, which
is important for OPCPA pumping. The three beams are sub-
sequently separated by dichroic beam splitters and directed
into the three OPA channels described in the following
sections.

D. Power of 3FST: Tunability over Several Octaves

Time-resolved spectroscopy often requires tunable multicycle
femtosecond pulses. The three OPCPA channels depicted in
Fig. 10(a) can be designed to deliver wavelength-tunable fem-
tosecond pulses. Their seed can be generated as described in
the preceding section. We propose to produce the primary
pump pulses at 1030 nm with the Yb:YAG thin-disk regen-
erative amplifier recently demonstrated, yielding 30 m],
1.6 ps pulses at a 10 kHz repetition rate, i.e., an average power
level of 300 W [147]. The frequency converter described in the
previous section distributes this pump energy among the three
OPCPA channels. The super-continuum is divided into three
bands centered at carrier wavelengths of 550 nm and 1 and
2 pm. They are seeded into the VIS, NIR, and MIR arms

of the OPCPA system, each of which consists of two amplifier
stages, using thin BBO, LBO, and LiNbOj crystals, pumped
at 343, 515, and 1030 nm, respectively. For more details, see
Supplement 1.

Pulse duration control and wavelength tuning of the ampli-
fied pulses is accomplished by temporally stretching the seed
continua and controlling their delay with respect to the pump
pulses. In fact, the pump temporal window of 7, =1 ps
sgnay Of the bandwidth of the
(stretched) seed continuum, Av,.q, which is inversely propor-
tional to the duration 7.4 of the stretched seed: Avgg,, ~
AVgeed(Tpump/Toced) [see Fig. 11(a)]. Thanks to a near-linear
chirp carried by the stretched seed, the carrier frequency of
the amplified signal can be tuned by varying the delay of
the seed with respect to the pump pulse and by setting the
phase-matching angle of the amplifier crystal. Figure 11(b)
shows a series of amplified signal spectra from simulations
in the three channels pumped with pulses of a duration of
Tpump = 1.7 ps. The continua stretched to 7eq =30 ps
yield—after recompression—sub-40-fs pulses tunable over
several octaves from the VIS to the MIR spectral range.
Synchronized femtosecond pulses with adjustable pulse dura-
tion and tunable carrier frequency at such a variety of wave-
lengths and unprecedented average power levels may open new
prospects for sophisticated multidimensional spectroscopies
and pump-control-probe schemes.

slices out a fraction, Av,
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Fig. 11. Generation of widely tunable femtosecond pulses
(Section 3.D). (a) Scheme for generating spectrally and temporally tun-
able pulses at any wavelength. The seed pulses are stretched to a signifi-
cantly longer duration than that of the pump pulse. Amplification in a
simple OPCPA setup yields pulses that can be spectrally tuned by chang-
ing the temporal delay between pump and seed pulses. (b) Amplified
spectra of a widely tunable two-stage OPCPA system obtained from
simulations. Milljjoule-level, sub-40-fs pulses, tunable from 445 to
2750 nm, can be generated by using different harmonics of a 10 kHz
Yb:YAG regenerative amplifier (see Supplement 1).

E. Power of 3FST: Multiterawatt VIS, NIR, and MIR
Few-Cycle Waveforms

As an alternative to delivering tunable multicycle pulses, the
three OPCPA channels of our prototypical 3FST system
can be designed to generate few-cycle pulses at a single carrier
wavelength from each channel, by broadband amplification
and subsequent recompression of the continua seeded into
the amplifier chains. Typical application fields of few-cycle
pulses are attosecond science and extreme nonlinear optics,
benefiting from peak powers as high as possible. Few-cycle
pulses with multiterawatt peak powers are expected to allow
scaling of the flux and/or the photon energy of attosecond
pulses by increasing the beam size in high-harmonic generation
(HHG) from ionizing atoms [22] or exploiting relativistic
interactions with high-density plasmas at the surfaces of solids
[186-191]. Therefore, we perform the following model calcu-
lations for a prototypical multicolor, multiterawatt few-cycle
3FST system by assuming the availability of the most powerful
3FST driver currenty under development: a near-1-ps,

200 mJ, 5 kHz Yb:YAG thin-disk regenerative amplifier [158].
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In our numerical study, we distribute the pump energy
among the three OPA chains in favor of the NIR and MIR
channels. This strategy is motivated by numerous applications
benefiting from longer wavelengths [192-194]. Frequency
conversion to the low-order harmonics as described in
Section 3.C yields approximately 40 m] at 343 nm, 74 m]
at 515 nm, and 86 m]J at 1030 nm for pumping the VIS,
NIR, and MIR channels of the OPCPA system, respectively.
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Fig. 12. Multi-octave amplified spectra of the three-channel synthe-
sizer and corresponding waveforms (Section 3.E). (a) Spectra of the
three-channel OPCPA synthesizer obtained from simulations. The spec-
tra of the different stages in the different channels are normalized to their
energy and shown on a logarithmic scale: VIS, blue; NIR, red-orange; IR,
brown. For details of the simulations, see Supplement 1. (b) Fourier-
transform-limited electric field associated with the output spectrum of
each channel in (a); (c) amplified spectrum in a three-stage OPCPA
chain. The spectrum contains 1.8 m] and supports sub-5-fs pulses at
a 3 kHz repetition rate.
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The high intensity threshold for damage offered by the near- the 1.7 ps, 515 nm pump pulse drove the first stage, with the

1-ps pump pulses allows a high single-pass gain in very thin remaining energy and its fraction transmitted by the second
(few-millimeter) OPA crystals, yielding a broad amplification stage pumping the second and third stages, respectively.
bandwidth. The short length of the crystals is optimized for Figure 12(c) shows the spectrum of the amplified pulses
best gain saturation in each amplification stage. The energy supporting a transform-limited pulse duration of 4.3 fs
is then boosted by using several amplification stages without (FWHM). The preliminary compression of the amplified spec-
compromising the bandwidth. trum to sub-10-fs pulses, utilizing a (not-yet-optimized) set of

For the MIR channel using four LiNbOj crystals, our sim- chirped mirrors, reveals a well-behaved spectral phase of the
ulations predict an amplified pulse energy of 19.2 m], carried amplified signal, indicating its compressibility to the Fourier
at a center wavelength of 2 pm, with a bandwidth-limited limit. The energy of the amplified pulses was 1.8 m], with neg-
pulse duration of 12.3 fs (FWHM), corresponding to less than ligible ASE content. The amplified bandwidth supporting sub-
two cycles of the carrier wave. The pump-to-signal energy 5-fs pulses and the conversion efficiency in excess of 20%
conversion efficiency in this channel is 22%, limited by back- achieved already in preliminary experiments create confidence
conversion of the signal and idler into the pump via phase- in the predictions of our modeling,

matched SFG. In the NIR channel, 22.7 m] pulses with a
bandwidth-limited pulse duration of 4.8 fs can be expected
(see Fig. 12), corresponding to a conversion efficiency of

F. Power of 3FST: Synthesis of Multi-Octave,
Multiterawatt Light Transients

30%. Thanks to the noncollinear geometry, parasitic backcon- Waveform-controlled light transients with a bandwidth ap-
version is strongly reduced, giving rise to an excellent effi- proaching two octaves have been demonstrated at microjoule
ciency. Last but not least, the VIS channel may yield 7.1 m] energy and gigawatt peak power levels [173,184,195,196].
pulses with a bandwidth-limited duration of 5.1 fs (Fig. 12). They allow temporal confinement of optical radiation to less
For details of the simulations, see Supplement 1. than 1 femtosecond in subcycle waveforms [197,198]. With
In order to verify the credibility of this design study, we their power substantially enhanced, these extreme waveforms
constructed a three-stage OPCPA test, seeded by a continuum may open up a new chapter in nonlinear optics and attosecond
derived from a Ti:sapphire front end (Femtopower Compact science (thanks to, among other things, the feasibility of sup-
Pro Ti:sapphire multipass amplifier, Femtolasers GmbH) and pressing ionization up to unprecedented peak intensities and
pumped by an optically synchronized Yb:YAG thin-disk re- instantaneous ionization rates approaching optical frequencies,
generative amplifier [136]. The 3 pJ seed pulse covering the respectively). The prototypical three-color few-cycle OPCPA
spectral range of 500-1400 nm was generated in two stages system described in the previous section offers a conceptually
of spectral broadening in a 120-pm-inner-diameter, 15-cm- simple route to scaling multi-octave optical waveform synthesis
long HCEF filled with Kr atoms at a pressure of 5 bars and sub- to the multiterawatt regime.
sequently in a 2-mm-thick plate of YAG crystal using 30 pJ of To this end, the three channels delivering few-cycle pulses
the 1 mJ, 25 fs output pulses of the Ti:sapphire amplifier. The in the VIS, NIR, and MIR spectral ranges are recombined us-
three subsequent stages of OPCPA used 2 mm LBO, 2 mm ing a set of dichroic chirped mirrors to yield one beam in a

BBO, and 4 mm LBO as the nonlinear crystal, amplifying the scheme similar to that reported in [175,184]. Due to the dif-
spectral ranges of 800-1350, 670-1000, and 800-1350 nm, ficulties of dispersion management, the high demands on a
respectively. 1 m]J of a total energy of approximately 8 m] of chirped-mirror compressor, and the required coating for the

(a) (b) (c) (d) (e)

e
= 3 104t
& 1
2 o0 5 1o
2 -1 )
5 10°
© 2
<)
— 102
> 6 %
2 e
L 4 104
=
g .
10®
g 1 A . O
-10 0 10 -10 0 10 -10 0O 10 -10 0 10 0.5 1 1.5 2
time (fs) photon energy (keV)

Fig. 13. Calculated synthesized waveforms from the three-channel OPCPA system and high-harmonic generation using synthesized waveforms
(Section 3.E). (a) Fourier-transform-limited waveform; (b), (c) synthesized waveforms generated by changing the relative energy and time delay between
different arms; (d) optimized waveform for HHG in terms of the highest cutoff energy of the synthesizer; (e) simulated HHG spectrum in helium. The
red line represents the Gaussian-shaped pulse with 5 fs FWHM, whereas the blue line corresponds to the preoptimized waveform shown in (d).
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OPCPA crystals in serial pulse synthesis [195], a parallel-
synthesis [199] approach is chosen. Furthermore, fluctuations
and drifts in the relative timing of the recombined pulses need
to be suppressed to a tiny fraction of the half-field cycle for a
stable waveform resulting from the coherent superposition
[200]. This optical timing synchronization can be accom-
plished with the required sub-100-as precision with a balanced
optical cross correlator demonstrated recently [175,196]. The
feasibility of super-octave optical waveform synthesis was re-
cently demonstrated in the NIR-VIS-UV spectral range by
seeding a three-channel [184] and, more recently, four-channel
[197] synthesizer consisting of broadband chirped mirrors with
a continuum originating from a Ti:sapphire-laser-driven
hollow-fiber/chirped-mirror compressor. Implementation with
an OPA system is also being prepared [199,201,202].

Merely the adjustment of the relative timing of the three
pulses emerging from the three OPA channels can result in
a great variety of electric field forms on the time scale of the
optical cycle. In fact, Figs. 13(a)-13(d) depict a few represen-
tative waveforms that may be synthesized from bandwidth-
limited pulses emerging from the three channels described
in the preceding section by varying their relative timing upon
recombination. Further degrees of freedom for waveform
sculpting can be introduced by shaping the amplitude and
phase of the spectra of the individual channels, e.g., via an
acousto-optic pulse shaper [203] and/or a spatial light modu-
lator [204].

4. CONCLUSIONS AND OUTLOOK

Femtosecond technology emerged from nonlinear optical tech-
niques allowing both the production and the characterization
of femtosecond laser pulses. Its first generation (1FST) relied
on dye lasers and delivered femtosecond pulses with peak and
average powers up to the 100 MW and 100 mW ranges, re-
spectively, over a narrow spectral range largely confined to
600-900 nm. Broadband solid-state laser media with high sat-
uration fluence and CPA heralded the second generation of
femtosecond technology (2FST), allowing for a boost of the
peak and average powers of sub-100-fs pulses to the multitera-
watt or 10 W regime, respectively, but not both of them si-
multaneously. Powerful 2FST systems are able to produce
femtosecond pulses over an extended range of frequencies from
the far-IR to the extreme UV via coherent frequency conver-
sion based on ¥® and y® nonlinearities. However, these
secondary sources are limited to power levels that are several
orders of magnitude lower. The range of carrier wavelengths of
powerful primary 2FST sources is—similar to 1FST—rather
limited, currently spanning about 0.7-1.1 pm.

Based on OPCPA driven by terawatt-scale pulses from yt-
terbium lasers at kilowatt-scale average power (so far demon-
strated with water-cooled thin-disk and slab and cryogenically
cooled thick-disk technologies), third-generation technology
(3FST) allows boosting the peak and average powers of coher-
ent femtosecond light simultaneously to the multiterawatt and
hundreds of watts range, respectively. It is capable of doing so
over a wavelength range extended to more than two octaves,
spanning 0.45-2.5 pm with either
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(i) tunable, synchronized, multicycle, VIS, NIR, MIR tens of
femtoseconds duration pulses,
(i) synchronized, few-cycle VIS, NIR, MIR few-femtosecond-
duration pulses, or
(iii) subcycle to few-cycle light transients synthesized from all
spectral components,

available within the above multi-octave region, in all cases with
full control over the generated light waves. These operation
modes are being offered by a single basic system architecture
and basic instrumentation, providing an unprecedented versa-
tility and variety of methodologies for ultrafast spectroscopy
and nonlinear optics.

Driven by the primary 3FST sources outlined in Section 3,
secondary sources of femtosecond light are likely to outper-
form their predecessors based on 2FST in several respects.
Not only are 3FST-based secondary sources likely to exceed
the power of their 2FST-based predecessors by orders of mag-
nitude, but they may also dramatically extend their spectral
coverage. As an example, we have scrutinized the capability
of multiterawatt, multi-octave light transients to extend the
photon energy frontier of attosecond pulses to several kilo-
electron volts, to the boundary of the regime of hard x rays.
With the preoptimized waveform presented in Fig. 13(d), our
numerical simulations of HHG, based on the strong field
approximation [205] in helium [see caption of Fig. 13(e)
for details] show that synthesized multi-octave transients are
superior to few-cycle pulses in pushing the frontiers of
HHG into the regime of hard x rays. As a matter of fact,
our preoptimized subcycle transients substantially increase
the photon energy of the cutoff harmonics as compared to
those generated by a 5 fs Gaussian pulse of identical peak
power. Our preliminary study indicates that 3FST will be ben-
eficial for extending the frontiers of attosecond science into the
X-ray regime.

1FST provided real-time access to a wealth of microscopic
phenomena for the first time and created the technological ba-
sis for the birth of femtochemistry, allowing direct insight into
the making and breaking of chemical bonds. 2FST has also
created entirely new research fields and technologies, such
as laser-driven accelerators and attosecond science. 3FST holds
promise for consequences of comparable impact. One of them
may be the recording of movies of any microscopic motion
outside the atomic core via attosecond x-ray diffraction.
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We present experimental observations and corresponding numerical simulations illustrating the difference-
frequency generation of mid-infrared radiation using few-cycle near-infrared-to-visible pulses, which yields
conversion efficiencies above 12% in beta-barium borate crystal. Type I and type II phase-matching are shown
to yield qualitatively different intensity-scaling behavior, with the former showing higher overall efficiency, espe-
cially with the addition of a zero-order wave plate for modifying the polarization state of the pulse, and the latter
having a better stability of the spectrum versus input intensity. © 2013 Optical Society of America

OCIS codes: (190.7110) Ultrafast nonlinear optics; (190.4410) Nonlinear optics, parametric processes; (190.4223)

Nonlinear wave mixing.
http://dx.doi.org/10.1364/0L.38.004216

Sources of intense, broadband, coherent, and phase-
stabilized light in the mid-infrared (MIR) are seeing in-
creasing interest in the ultrafast community, especially
in the realm of attosecond physics [1,2]. Both technologi-
cally, where the demand for higher photon energies from
the high-harmonic-generation process makes longer
wavelength-driving pulses advantageous [3-5], and for
experiments where either the long wavelength is desir-
able for avoiding electronic resonances in a solid-state
system [6,7] or for matching the oscillations of the ap-
plied field to the dynamics being studied [8], there is a
great demand for few-cycle MIR light sources. This is
now being achieved with optical parametric amplifiers
(OPAs), either seeded via difference-frequency genera-
tion (DFG) directly in the MIR [9-14] or by utilizing the
long-wavelength idler pulse of a near-infrared (NIR) OPA
[15-19].

" DFG is a popular OPA seed source due to the combi-
nation of two properties: the ability to simultaneously
phase-match a large fractional bandwidth [20-22] and
the intrinsic stability of the carrier-envelope phase (CEP)
[17,23] when the signal is derived in a phase-preserving
process from the pump. Due to the usually low conver-
sion into the long wavelengths, parametric amplification
is used to boost the energy of the MIR pulse. However,
there are many experiments where it would be useful to
have the MIR pulse precisely synchronized with a NIR or
visible pulse, either to use as a pump or a probe. When
reaching the microjoule level through a multistage OPA,
there is a significant path length, several nonlinear proc-
esses and a high-power pump beam all adding complex-
ity and, typically, phase and amplitude noise to any
pump-probe experiment. For this reason, simple meth-
ods of reaching the MIR with high conversion
efficiency would be quite helpful. We show here that a
few-cycle visible-NIR pulse obtained from spectral
broadening of a commercial Ti:sapphire laser can be
used to efficiently obtain broadband pulses in the MIR.

0146-9592/13/204216-04$15.00/0

To summarize the experiment, the majority of the out-
put of a nine-pass Ti:sapphire amplifier (FemtoLasers;
~25 fs, 2.8 W at 3 kHz repetition rate) is focused into
a 1.1 m hollow-core fiber with 240 pm core diameter,
filled with neon gas at a pressure of 2 bar. A white-light
continuum emerges from the fiber, with a total power of
1.6 W, and a spectrum from 400 to 1000 nm [24]. This light
is compressed using a set of six chirped mirrors [25] and
a thin fused silica wedge pair. The compressed pulse
duration is below 4 fs, with a total power of 1.0 W in
the spectral range 480-1000 nm. The beam was loosely
focused by slightly increasing the distance between
the end of the fiber and a f = 1 m collimating spherical
mirror to produce a 0.4 mm FWHM focus ~2 m away. The
500 pm thick, antireflection-coated beta-barium borate
crystals (BBOs, Castech) were placed in the laser focus,
followed by a collimating mirror, and gold-coated mirrors
to either send the beam to a spectrometer (Ocean Optics)
or for power measurement. A 2 mm thick antireflection-
coated silicon wafer was placed in the beam in order to
block the residual short-wavelength light.

The highest conversion efficiency obtained was 12.4%,
using type I phase-matching and an additional wave plate
inserted in the beam path in order to control the spec-
trum of the light incident on each axis of the crystal.
By tuning the wave plate, a 42 pm quartz plate placed far
from the focus and at Brewster’s angle, such that the
short-wavelength components are predominantly on
the fast axis of the BBO, the efficiency of the DFG proc-
ess is improved. The spectrum obtained corresponding
to the highest DFG pulse energy (41 pJ), is shown in
Fig. 1(a) alongside the spectrum of the compressed white
light pulse after the chirped mirror compressor. Without
the wave plate, the efficiency reached 11% for type I and
4.4% for type II. Tighter focusing would result in a fila-
ment in air; performing experiments in vacuum with a
smaller focus could lead to yet higher conversion effi-
ciencies, since the damage threshold of the BBO was
not reached in the measurements.

© 2013 Optical Society of America
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Fig. 1. (a) Input pulse spectrum after chirped mirror compres-
sor and output spectrum of the DFG process showing highest
efficiency (see text). (b)—(d) Diagrams of the DFG interactions
tested. (b) Type I phase-matching with identical pulses sent to
the fast and slow axes of the crystal. (¢) Type I phase-matching
using a wave plate to send a greater proportion of short-
wavelength spectral components to the fast axis. (d) Type II
phase-matching with a single, short pulse propagating along
the fast axis of the crystal. In all cases, the MIR pulse is created
on the slow axis.

There are two ways to phase-match the single-pulse
DFG process in BBO crystal for broadband output: type
I (e-0 - 0)and type II (¢ - e = 0), illustrated in Fig. 1.
They exhibit qualitatively different behavior once the en-
ergy conversion reaches several percent. In type I DFG,
the blue spectral components in the pulse on the fast axis
transfer energy to the red components on the slow axis,
and, in the process generate a phase-stable idler wave,
the DFG output, with the phase-matching condition
k, - ks = k;, where k, is the wave vector of the blue
wave, k, is that of the red wave, and k; is that of the idler.
Type II DFG, on the other hand, is similar to optical rec-
tification in the terahertz spectral domain [26]: the non-
linear polarization takes the form of the intensity profile
of the pulse, with the alternative phase-matching condi-
tion n "™ = nP* i.e., the group velocity of the pump
pulse is equal to the phase velocity of the emitted wave.
DFG can also be phase-matched in the type lle-0 — e
configuration, but this is not employed here due to its
relatively narrow bandwidth.

At low intensities, the efficiency of DFG tends to be
linearly proportional to intensity. However, when the
conversion efficiency is high, this linearity is broken as
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Fig. 2. Power scaling behavior. (a) Simulated conversion effi-
ciency of light into phase-stable, difference-frequency radiation,
using 1D propagation in 500 pm thick BBO cut for type I
(@ = 21.4° ¢ = 90°, light polarization 30° from fast axis) and
type II (6 = 40°, ¢ = 0°). (b) Measured integrated spectral in-
tensity as a function of input power as adjusted with an iris,
measured with a beam much larger than the spectrometer en-
trance slit, indicating the on-axis scaling of the IR radiation.
(c) Measured scaling of overall conversion efficiency versus
input power.

the process saturates. Given a long phase-matched inter-
action length, saturation is reached when energy returns
from the MIR pulse to the input pulse through sum-
frequency generation faster than it is transferred to it
through DFG. Due to the extremely short pulses used
here, the effects of group velocity matching result in
rather different behavior of the two phase-matching
types at high conversion efficiencies. This can be seen
both in simulations and experiments in Fig. 2, where the
type I process exhibits a clear oscillatory behavior not
seen in the type II interaction. The reason for this is
straightforward: in type I, the group velocity walk-off
between the pulses is much less than in type II
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For example, let us consider the case where the MIR
wavelength is 2000 nm, with effective signal and pump
wavelengths of 800 and 580 nm. The group indices [27]
of DFG, signal and pump are 1.6750, 1.6845, and 1.6932,
respectively. This means that the propagation distance in
the crystal for a group delay shift of 10 fs between DFG
and signal is 315.5 pm, and, for the same shift between
signal and pump, the distance is 344.6 pm. In the case
of type II phase-matching, the DFG, signal, and pump
group indices are 1.6750, 1.6313, and 1.6549, respectively,
leading to much shorter distances to separate the DFG
from the signal (68.6 pm) and the signal from the pump
(127.0 pm). These relatively short length scales reduce
the efficiency of the type II process, but at the same time
ensure that back-conversion through sum-frequency gen-
eration is unlikely at realistic intensities.

Despite the effects of group velocity walk-off in the
crystals, the short pulses used in this experiment are
important for reaching high conversion efficiencies. Be-
cause the damage threshold intensity increases as the
pulse duration is decreased, the crystals can be exposed
to higher intensities than would be possible with longer
pulses [28], compensating for the walk-off effects. When
the desired output spectrum is very broadband, short
interaction lengths are required in any case.

Higher conversion rates also affect the spectrum
obtained through the DFG process. As illustrated in
Fig. 3, at the intensity is increased, the type I process ex-
hibits a shift of the peak wavelength of the spectrum, first
to longer and then to shorter wavelengths once the local
minimum in conversion is reached. The type II process
exhibits a more subtle change, gradually adding
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long-wavelength components at higher intensities, due
to the overall redshift of the input pulse as energy is
transferred from the short-wavelength side of the input
pulse spectrum to the long-wavelength side, shifting the
phase-matching to suit lower frequencies. These changes
are reproduced by numerical simulations (based on the
slowly evolving envelope approximation [29]) including
only second-order nonlinearities, indicating that third-
order effects are not yet playing a significant role in
the process.

The relative stability of the type II process as the input
pulse parameters are changed may make it more attrac-
tive in many applications, despite its lower conversion
efficiency. The fact that the emerging white light and
MIR pulses are orthogonally polarized is an advantage:
the residual pump light can be nondispersively sup-
pressed, via a Brewster’s angle reflection from a silicon
wafer, which we found reduces the residual white light
contamination level to a few percent, dominated mostly
by residual higher-order modes from the hollow-core
fiber.

In conclusion, using few-cycle pulses at high inten-
sities in BBO crystal is a promising method for producing
broadband MIR pulses for experiments in attosecond and
ultrafast science. Conversion efficiencies above 12% can
be obtained using type I phase-matching and employing a
thin wave plate for spectral polarization control. There
are significant differences in the saturation behaviors
of the type I and type II phase-matched interactions,
which may influence their relative suitability given a
specific experimental arrangement. Since only one input
pulse, of the type typically already being employed in
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Fig. 3. Difference frequency spectra: (a) and (b) measured spectra for type I (blue) and type II (red) phase-matching, respectively,
versus output MIR energy; (c) and (d) corresponding spectra from numerical simulations for type I and type II, respectively. The
calculated spectra extend slightly beyond the spectrometer range, but are truncated for comparison.



attosecond beam lines, is required, this technique can be
used to easily add an MIR pump or probe pulse to atto-
second experiments without the complexity of an addi-
tional parametric amplifier.

We gratefully acknowledge helpful discussions with
Ferenc Krausz and support from the Munich-Centre
for Advanced Photonics, and the German Federal Minis-
try of Education and Science (BMBP) via the NEXUS
project.
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Abstract: We present a short-pulse pumped optical parametric amplifier (OPA) with a broadband
spectrum from 670 nm to 1000 nm, supporting 5.7 fs pulses with > 32 % pump-to-signal

conversion efficiency resulting in pulse energies of 2.5 mJ.
OCIS codes: 190.4970, 140.7090, 140.3280.

1. Introduction

Optical parametric chirped pulse amplification (OPCPA) represents the most promising route towards high-energy
few-cycle pulses [1]. OPCPA allows ultra-broad-band amplification far above the multimillijoule level [2]
overcoming the limitation of conventional chirped pulse amplifiers [3]. However, to reach the few-cycle regime and
high pulse energies simultaneously, a modified implementation is required, where the pump pulse duration is
reduced to a few ps. Since the unsaturated parametric gain scales as the exponential of the square root of the pump
intensity, it is desirable to carry out the parametric amplification with pump intensities as high as permitted by the
onset of detrimental nonlinear optical phenomena such as self-focusing and self phase modulation [4]. With ps-scale
pumping the high gain allows for the use of very thin crystals that support a large bandwidth. Although the short-
pulse pumped OPCPA scheme supports high-power, few-cycle pulse generation, it requires laser sources specially
tailored for pumping OPCPA [5]. It has been shown that the residual pump beam after an OPCPA stage still
possesses a sufficiently good beam quality for being reused in a subsequent stage and consequently increasing the
pump to signal conversion efficiency while maintaining the broad bandwidth [6]. In this paper we present a
compact, 3-stage, multi-mJ OPCPA system at 3 kHz repetition rate based on a non-collinear phase matching
geometry (NOPA), where the residual pump beam of the 2™ stage is used to pump the further stage. The broadband
amplified spectrum supports 5.7 fs pulses. A pump-to-seed conversion efficiency of > 32 % was achieved in the last
two stages, which to our knowledge is the highest efficiency reported in a broadband optical parametric
amplification (OPA).

2. Experimental setup and results

The OPCPA experimental setup is schematically shown in Fig. 1. It consists of a Ti:Sapphire based oscillator and
amplifier followed by a broadband nonlinear seed generation scheme, a pump laser, a jitter compensation system,
three OPA stages and a chirped mirror compressor [7]. 5% of the 60 nm (FWHM) broad output spectrum of the
Ti:Sapphire amplifier centered at a wavelength of 790 nm containing 30 pJ pulse energy was focused into a 15 cm
long 120 um diameter hollow core fiber filled with 5 bar of Krypton where the pulse broadens its spectrum to cover
a spectral range from ~500 to ~1050 nm. The Ybh:YAG regenerative amplifier optically synchronized with the
OPCPA seed [8] delivers 20 mJ, 1.6 ps (FWHM) pulses at 3 kHz and its frequency doubled output is used for
pumping the OPA. However, owing to the long optical beam path difference between seed and pump pulses,
additional timing fluctuations occur due to air turbulences, mechanical vibrations of optical components,
temperature drifts and the finite stability of the frontend, which is needed to be compensated by an active
stabilization system. The timing jitter in our system is compensated to a level of 24 fs (RMS) by an active
stabilization system based on a spectrally resolved cross correlation between the stretched seed and the pump pulse
[9]. For frequency doubling of the pump laser, a 1 mm BBO crystal was used. 50 % SHG efficiency confirms the
excellent beam quality and clean output pulses of the regenerative amplifier. After the hollow core fiber the signal
pulses were stretched with 4 mm SF57 to nearly 1.1 ps to provide good temporal overlap between seed and pump
pulses in the OPA chain. The first OPA stage serves as a preamplifier for the low-energetic broadband seed pulse.
We used 1 mJ of the frequency doubled output of the disk amplifier for pumping and achieved in a 1.5 mm BBO
crystal (6 = 23.3°, a= 2.4°) an output pulse energy of 120 uJ and a 450 nm broad spectrum shown in Fig. 1. In the
following two stages we were aiming to reach the highest possible pump-to-signal conversion efficiency. Up to 7.3
mJ of energy at 515 nm were used to pump the 2" OPA stage (BBO, 2mm, 6 = 23.3°, o= 2.4°), resulting in a pump
intensity on the crystal of approximately 100 GW/cm? We obtained an amplified pulse with 1.77 mJ energy while
keeping the full spectral bandwidth as shown in Fig. 1. Subsequently the size of the remaining pump pulse was
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reduced and used to pump the 3" amplification stage. The pump intensity of approximately 60 GW/cm? on a 2 mm
BBO crystal (6 = 23.3°) amplified the pulse to the energy of 2.5 mJ (cf. Fig.1 for the spectrum). In the last two OPA
stages an optical-to-optical conversion efficiency of 33 % has been achieved, which to our knowledge is the highest
efficiency reported. No measurable superfluorescence background was observed, when blocking the signal beam in
front of the 2™ and 3" stages. To achieve stable output and low energy fluctuations the last two OPA stages were
run in saturation [10]. The careful optimization of the pump intensity on the crystal, temporal stretching ratio
between pump and seed and reusing the residual pump energy allowed reaching the high conversion efficiency. The
experimental results are fully consistent with the outcome from our “2D” in house-written code [11]. The 350 nm
broad OPA signal supports a time bandwidth limited pulse duration of 5.7 fs (FWHM). The preliminary
compression by using double angle chirped mirrors resulted in a pulse duration of 9.5 fs for the main part of the
pulse. Higher order dispersion and the satellite pulses can be compensated by using specially designed chirped
mirrors.
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Fig. 1: Schematic OPA layout (left). Input and amplified seed spectrum (right). Retrieved FROG trace of the compressed pulse and retrieved
structure of the pulse in the time domain (inset). OPA, optical parametric amplification; BS, beam splitter; HCF, hollow core fiber; SHG, second
harmonic generation; sync, synchronization setup.

3. Conclusion and Outlook

In the course of the development of new few-cycle laser sources for attosecond experiments [12], we have
demonstrated a highly efficient compact OPCPA system delivering broadband pulses with more than 2 mJ pulse
energy supporting two-cycle pulse durations at 3 kHz repetition rate. Good stability and high efficiency of the
system indicate that the OPA system runs in the saturated regime. The extraction efficiency is expected to be further
increased by using a thicker crystal in the last stage without reducing the amplification bandwidth.

4. References

[1] A. Dubietis, G. Jonusauskas, and A. Piskarskas, “Powerful femtosecond pulse generation by chirped and stretched pulse parametric
amplification in BBO crystal,” Opt. Comm. 88, 437 (1992).

[2] D. Herrmann, L. Veisz, R. Tautz, F. Tavella, K. Schmid, V. Pervak, and F. Krausz, “Generation of sub-three-cycle, 16 TW light pulses by
using noncollinear optical parametric chirped-pulse amplification,” Opt. Lett. 34, 2459 (2009).

[3] D. Strickland, and G. Mourou, “Compression of amplified chirped optical pulses,” Opt. Commun. 56, 219-221 (1985).

[4] D. Brida, C. Manzoni, G. Cirmi, M. Marangoni, S.Bonora, P. Villoresi, S.De Silvestri, and G. Cerullo, “Few-optical-cycle pulses tunable from
the visible to the mid-infrared by optical parametric amplifiers,” J. Opt. 12, 013001 (2010).

[5] T. Metzger, A. Schwarz, C. Y. Teisset, D. Sutter, A. Killi, R. Kienberger, and F. Krausz, “High-repetition-rate picosecond pump laser based
on a Yb:YAG disk amplifier for optical parametric amplification,” Opt. Lett. 34, 2123-2125 (2009).

[6] M. Schultze, T. Binhammer, G. Palmer, M. Emons, T. Lang, and U. Morgner, “Multi-pJ, CEP-stabilized, two-cycle pulses from an OPCPA
system with up to 500 kHz repetition rate,” Opt. Express 18, 27291-27297(2010).

[7]1 R. Szipocs, K. Ferencz, C. Spielmann, and F. Krausz, “Chirped multilayer coatings for broadband dispersion control in femtosecond lasers,”
Opt. Lett. 19, 201-203 (1994).

[8] C. Y. Teisset, N. Ishii, T. Fuji, T. Metzger, S. Kohler, A. Baltuska, and Ferenc Krausz, “All-Optical Pump-Seed Synchronization for Few-
Cycle OPCPA,” in Conference on Lasers and Electro-Optics/Quantum Electronics and Laser Science and Photonic Applications Systems
Technologies, Technical Digest (CD) (Optical Society of America, 2005), paper CMB3.

[9] A. Schwarz, M. Ueffing, Y. Deng, X. Gu, H. Fattahi, T. Metzger, M. Ossiander, R. Kienberger, and F. Krausz, “Active stabilization for
optically synchronized OPCPA,” submitted for publication (2011).

[10] M. J. Guardalben, J. Keegan, L. J. Waxer, V. Bagnoud, I. A. Begishev, J. Puth, and J. D. Zuegel, “Design of a highly stable, high-
conversion-efficiency, optical parametric chirped-pulse amplification system with good beam quality,” Opt. Express 11, 2511-2524 (2003).

[11] C. Skrobol, I. Ahmad, S. Klingebiel, C. Wandt, S. A. Trushin, Zs. Major, F. Krausz, and S. Karsch, “ Broadband Amplification by
Picosecond OPCPA in DKDP Pumped at 515 nm ,” submitted for publication (2011).

[12] F. Krausz and M. Ivanov, “Attosecond Physics,” Rev. Mod. Phys. 81, 163 (2009).



212

E.5 Pump-seed synchronization for MHz repetition
rate, high-power optical parametric chirped pulse
amplification

This paper was published in Optics Express and is made available as an
electronic reprint with the permission of OSA. The paper can be found at the
following URL on the OSA website: http://www.opticsinfobase.org/oe/
abstract.cfm?uri=oe-20-9-9833. Systematic or multiple reproduction or
distribution to multiple locations via electronic or other means is prohibited
and is subject to penalties under law.


http://www.opticsinfobase.org/oe/abstract.cfm?uri=oe-20-9-9833
http://www.opticsinfobase.org/oe/abstract.cfm?uri=oe-20-9-9833

Pump-seed synchronization for MHz repetition
rate, high-power optical parametric chirped
pulse amplification

Hanieh Fattahi,l’z’* Catherine Yuriko Teisset,2 Oleg Pronin,l Atsushi Sugita,1
Roswitha Graf,l’2 Vladimir Pervak,” Xun Gu,1 Thomas Metzger,l’2 Zsuzsanna Major,l’2
Ferenc Krausz,"” and Alexander Apolonski'”

'Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

Ludwig-Maximilians-Universitiit Miinchen (LMU), Am Coulombwall 1, 85748 Garching, Germany
‘hanieh.fattahi@mpq.mpg.de

Abstract: We report on an active synchronization between two independent
mode-locked lasers using a combined electronic-optical feedback. With this
scheme, seed pulses at MHz repetition rate were amplified in a non-
collinear optical parametric chirped pulse amplifier (OPCPA). The
amplifier was seeded with stretched 1.5 nJ pulses from a femtosecond
Ti:Sapphire oscillator, while pumped with the 1 ps, 2.9 pJ frequency-
doubled output of an Yb:YAG thin-disk oscillator. The residual timing jitter
between the two oscillators was suppressed to 120 fs (RMS), allowing for
an efficient and broadband amplification at 11.5 MHz to a pulse energy of
700 nJ and an average power of 8 W. First compression experiment with
240 nJ amplified pulse energy resulted in a pulse duration of ~10 fs.

©2012 Optical Society of America

OCIS codes: (140.7090) Ultrafast lasers; (190.4410) Parametric processes; (320.7110) Ultrafast
nonlinear optics; (190.4970) Parametric oscillators and amplifiers.
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1. Introduction

Ultrashort laser pulses with high average power at high repetition rates are highly demanded
in many ultrafast experiments in order to decrease the measurement time and to increase the
signal-to-noise ratio [1, 2]. Considering the scalability limitations of the Ti:Sapphire (Ti:Sa)
technology in terms of pulse energy and repetition rate [3], optical parametric chirped pulse
amplification (OPCPA) is a powerful alternative method for creating broadband few-cycle
pulses [4]. The latest development of thin-disk oscillators resulted in 30 pJ, sub-ps, MW peak
power pulses at MHz repetition rates [5] making them suitable for pumping OPCPAs. Short-
pulse-pumped OPCPA allows the use of thinner amplifier crystals resulting in a large
amplification bandwidth, while keeping the same gain level due to the higher possible pump
intensity. 3 uJ pulses at 143 kHz have been demonstrated by using an optically synchronized
regenerative amplifier and a Ti:Sa oscillator (two-laser approach) [6]. At a higher repetition
rate of 1 MHz, sub-10 fs pulses with 420 nJ pulse energy and 0.4 W of average power have
been shown [7]. In this one-laser approach a supercontinuum generated in bulk material
provides the OPCPA seed. However, this scheme has the following drawbacks: i) the
continuum is always centered at the wavelength of the pump laser and cannot be shifted to
other spectral ranges and ii) it does not provide carrier-envelope-phase (CEP) stabilization.
Therefore combining a Ti:Sa seed oscillator and an electronically synchronized pump
oscillator would permit the generation of CEP-stabilized, few-cycle pulses at high repetition
rates. Moreover, electronic synchronization between two independent mode-locked lasers is a
universal approach and can be implemented for lasers operating in substantially different
spectral ranges.

To maintain stable operation of the parametric amplifier and to avoid fluctuations of the
amplified spectrum, pulse energy and pulse duration, the maximum timing jitter between the
pump and seed sources needs to be less than 10% of the pump-pulse duration [8], imposing
strict constraints on the pump-seed synchronization when picoseconds-scale pump pulses are
used. In order to achieve this goal, several synchronization schemes have been reported. In
passive synchronization [9-11], the OPCPA pump sources such as regenerative amplifiers or
fiber lasers are seeded with the OPCPA seed oscillator. Synchronization can be achieved also
by quasi-synchronously pumping of the seed oscillator [12]. Although in the above mentioned
cases the pump and seed pulses are intrinsically synchronized, further synchronization of the
seed and pump pulse trains at the OPCPA stage is required due to additional jitter introduced
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by air turbulences, mechanical vibrations of optical components, temperature drifts and the
finite stability of the frontend. In an active synchronization scheme, an electronic feedback
loop controls the cavity length of one of the oscillators in order to control the timing jitter at
the OPCPA stage. The feedback signal can be measured by electronic or optical detection. For
the case of electronic detection the electronic phase measurement is done by comparing the
repetition rates of two lasers, while the optical method uses a nonlinear interaction to measure
directly the timing offset. Designing a control loop based on both electronic and an optical
detection would allow the combination of the large dynamic range of electronic phase-locked
loops (PLLs) with the timing precision of the optical detection. Using this principle, a jitter as
low as 80 as has already been demonstrated for low-energy Ti:Sa and Cr:Forsterite oscillators
[13]. Obviously such timing precision would be unnecessary for parametric amplifiers driven
by 1-ps pump pulses. So far, active synchronization of lasers is mostly realized for mode-
locked oscillators, with a typical output power of a few hundred milliwatt, which are
intrinsically very stable. In this work, we developed a synchronization scheme combining an
electronic loop based on a PLL and an optical control loop using balanced cross-correlation as
the optical nonlinear interaction to synchronize a narrowband thin-disk oscillator with an
average output power of tens of watts and a low-power Ti:Sa oscillator with 300 nm
bandwidth. To our best knowledge, this is the first successful attempt of such type.

2. Mode-locked thin-disk oscillator

The pump source is based on an Yb:YAG thin-disk and long-cavity oscillator. The resonator,

shown in Fig. 1, contains the Yb:YAG thin-disk (7%-doped, 200 um-thick) used as a turning

mirror. The thin-disk laser module from Dausinger & Giesen GmbH is pumped by fiber-

coupled diodes at 940 nm wavelength. The pump spot diameter on the disk is 2.8 mm.
HRHRB\—DSESAM JCI

HR
e
HR

HR

HR

DOC

Fig. 1. Schematic of the Yb:YAG oscillator. HR, high reflector; DM, dispersive mirror; OC,
output coupler; BP, Brewster plate; SESAM, Semiconductor Saturable Absorber Mirror.

A 1 mm thick fused silica Brewster plate is inserted to enforce linear polarisation. The
oscillator is operating with a 12% output coupler. Passive mode-locking of the oscillator is
achieved by using a commercially available Semiconductor Saturable Absorber Mirror
(SESAM, BATOP, SAM-1040-1-500fs) as an end mirror of the cavity. The SESAM with a
modulation depth of 0.5% is impinged by pulses with a peak intensity exceeding 4 GW/cm®.
With a pump power of 260 W, 70 W of average power is obtained resulting in an optical-to-
optical efficiency of 27%. In contrast to [14], the laser operates in air and delivers up to 6 pJ
pulse energy at 11.5 MHz repetition rate with near-diffraction limited beam quality of M? <
1.1 (Fig. 2). Stable single-pulse operation was obtained with —18000 fs* of negative group
delay dispersion (GDD) per round-trip. The dispersion was introduced by two highly
dispersive mirrors [15] with —4500 fs> GDD per bounce. At 60 W output power, the oscillator
exhibits a pulse duration of 1 ps and a bandwidth of 1.4 nm (FWHM) at a center wavelength
of 1030 nm (Fig. 2). The RF-spectrum indicates strong sideband suppression above 60 dB
(Fig. 2) around the repetition rate frequency.
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Fig. 2. The autocorrelation trace (left), optical spectrum (middle), the RF spectrum (right) and
the beam profile (inset) of the Yb:YAG thin-disk oscillator.

3. Synchronization scheme

In order to synchronize the two independent lasers, we use an electronic synchronization with
a feedback loop to correct the timing jitter. To increase the precision of the measured error
signal, we developed a scheme combining an electronic and an optical control loop (Fig. 3)
similar to that presented in [13].

Elec. Loop /||Opt. Loop [i|Monitoring OPCPA
[VovAGL—. S
Ti:Sa :
I_F"lel \ Y
Phase
Comparator Ié:G
Feedback Y Iﬁ
signal < Analysis

Fig. 3. Block diagram of the system; CM, chirped mirror.

In the system, the 7 fs Ti:Sa oscillator with 69 MHz repetition rate [16] is locked to the
11.5 MHz Yb:YAG laser. One of the folding mirrors in the Ti:Sa oscillator is mounted on a
piezoelectric transducer (PZT). This configuration was chosen to avoid Q-switching
instabilities in the Yb:YAG laser arising from sudden changes in the cavity. The PZT
(PiezoJena P 25/10) has a response time of ms and a travel range of 50 um. The locking
proceeds in two steps. First, the electronic phase loop locks the pulse trains of the two
oscillators. This is done by comparing the phase of the 36" harmonic of the repetition rate of
the Yb:YAG and the 6™ harmonic of the repetition rate of Ti:Sa oscillator at 414 MHz. The
loop employs two standard 1-GHz-bandwidth photodiodes to detect the two pulse trains. After
electronic locking, the sum frequency signal (SFG) of the optical loop can already be
observed and traced (Fig. 4) although unstable at this point due to the high remaining timing
jitter. In the second step, a balanced cross-correlator provides the feedback signal for the
optical loop. As shown in Fig. 3, a fraction of the two laser pulses is directed onto two
identical 2-mm thick BBO crystals for SFG. In one of the SFG setups, a 2 ps delay between
the Ti:Sa and Yb:YAG pulses is introduced in order to determine the direction of the temporal
offset. To produce the optical feedback signal, the two signals are recorded by two
photodiodes and subtracted. When the temporal overlap between the two pulses at the
position of the BBO crystals drifts, an asymmetric error signal is generated to readjust the
position of the PZT (Fig. 5). This optical error signal adds a further correction to the
electronic loop.
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To investigate the locking performance of the synchronization, we set up a monitoring
stage and measured the cross-correlation between the pulses of the lasers (Fig. 4). The timing
jitter between the two lasers can be estimated from the width of the cross-correlation trace and
the pulse durations of the two lasers. The monitoring stage (Fig. 3) consists of a 1-mm-thick
BBO crystal and a photomultiplier for detecting the SFG. Assuming that the temporal shape
of both laser pulses and the probability distribution of the timing jitter have a Gaussian
distribution, the cross-correlation function is given by:

_ [ 2 2
T = Trisa t Typyac 17 ey

where 7, is the full width at half maximum (FWHM) of the timing jitter and 7, is the

FWHM of the cross-correlation. 7, and 7,,,,. are the pulse durations (FWHM) of the

Ti:Sa and Yb:YAG oscillators, respectively. Due to the beam path in air and the transmission
optics, the duration of the Ti:Sa pulses at the monitoring stage is elongated to 150 fs. From
Eq. (1), the FWHM of the timing jitter between the two mode-locked oscillators can be
estimated to an RMS value of 120 fs. For further characterization of the timing jitter, the
pulse-to-pulse fluctuations of the SFG signal were analyzed at a delay of approximately half
of the pump pulse duration. In this configuration, the timing jitter At is directly proportional to
the measured intensity fluctuations Al (Fig. 6) and the RMS timing jitter cj can be retrieved
from the RMS intensity fluctuations and the calibrated slope of the correlation curve. The
coupling of intensity noise into timing noise has been thoroughly investigated in the case of
passively mode-locked lasers [17]. To suppress the discrete nature of the pulse train at 11.5
MHz, a photomultiplier with a bandwidth below 500 kHz is used to measure the SFG. Figure
7 shows the recorded signal over 2 s. By calculating the Allan variance [17] of the recorded
intensity noise, the frequency distribution of the timing jitter and thereby the time scale on
which the timing jitter mostly occurs can be identified. From these data, the timing jitter is
quantified in the range between 2 ps and 1 s as shown in Fig. 6. It can be seen that the main
contribution of the timing jitter is located near 100 ps. The relaxation oscillation frequencies
of the Ti:Sa and Yb:YAG lasers are estimated to be 140 kHz and 6.5 kHz, respectively [18].
The second value is very close to the highest component of the timing jitter located around 5
kHz. Therefore, it is most likely that the relaxation oscillations of the Yb:YAG are the main
jitter source in our system.
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Fig. 4. The cross-correlation trace at the monitoring stage with only the electronic loop (left)
and after activating the optical loop (right).
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Fig. 6. Schematic representation of the timing jitter. Solid blue line, Yb:YAG pulse. Red and
purple filled areas: SFG signal for different relative timing (left). The Allan variance of the
measured timing jitter (right).
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Fig. 7. The measured SFG at the monitoring stage: at the peak of the SFG signal (left), at the
half of the SFG peak (right).

The quality of synchronization would certainly benefit from an optimization of the
SESAM parameters and the cavity design to improve the stability performances of the
oscillator. Another improvement of the timing jitter could be obtained by using a faster PZT
thus increasing the feedback bandwidth of the active control loop. The residual jitter after the
electronic and optical control loops is still within approximately 10% of the pump pulse
width. These results allow for stable parametric amplification of the Ti:Sa seed pulses by
using the frequency-doubled output of the Yb:YAG oscillator as a pump.

4. MHz OPCPA

The amplifier system consists of a single-stage non-collinear OPCPA and a chirped mirror
compressor. To pump the parametric amplifier, the Yb:YAG pulses are frequency doubled in
a 4 mm critically-phase-matched type-I LBO crystal, generating 43.5 W of 515 nm radiation
with excellent beam quality. This corresponds to an optical efficiency of 65%. Due to strong
saturation in the frequency conversion process, the pulse-to-pulse energy fluctuations at 515
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nm are similar to that of the fundamental. The seed energy in front of the OPCPA crystal
amounts to 1.4 nJ. The pump is focused to a beam diameter of 200 pum, slightly larger than the
seed. Pump and seed are crossed at an internal angle o = 2.5° inside a 4-mm BBO crystal cut
at © = 24° for type-I phase-matching. In this geometric configuration, the interaction length is
longer than the crystal, ensuring good conversion efficiency and uniform amplification.
Pumping the crystal with 34 W of average power and an intensity of 18 GW/cm’ results in 5.6
W of amplified output power and a pump-to-signal conversion efficiency of 17% (Fig. 8). To
improve the temporal overlap between pump and seed pulses, 16 mm uncoated fused silica
was used to stretch the seed pulses to 500 fs resulting in 8 W of the amplified average power.
This corresponds to a pulse energy of 700 nJ and a conversion efficiency of 24%. In this case,
the amplified spectral bandwidth narrows, as shown in Fig. 8 but still supports a sub-7-fs
Fourier-transform-limited pulse duration.
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Fig. 8. Left: The seed spectrum (gray) and the amplified spectra at 490 nJ (black) and 700 nJ
(red). Insert: retrieved FROG trace for 240 nJ. Right: FROG retrieval in the time domain.
Insert: the transformed-limited pulse.

The superfluorescence background could not be measured with the power meter available
to us. The superfluorescence ring was only visible by using a CCD camera and by removing
the neutral density filter in front of it. The superfluorescence-to-signal ratio could be
estimated to be on the order of 0.1%. On a time scale of 10 ms, the fluctuations of the
amplified pulse train were similar to the fluctuations of the pump pulses. The preliminary
compression was carried out by using a double-angle chirped-mirror compressor [19]. Since
the only mirrors available to us had a relatively low GDD (=30 fs® per bounce), we minimised
the introduced dispersion to the seed in order to reduce the amount of necessary bounces in
the compressor. For this purpose the seed pulse duration was again decreased, by removing
the stretcher and by using a thinner crystal in the OPCPA stage. Amplifying the seed in a 3
mm BBO crystal, we obtained 240 nJ pulse energy and a compressed pulse duration of 9.8 fs.
The FROG trace (Fig. 8) shows satellite pulses which are caused by uncompensated higher-
order dispersion. The quality of the compression can be improved further by using specially
designed chirped mirrors.

5. Conclusion

In conclusion, we have realised a synchronization scheme with < 120 fs (RMS) timing jitter
suitable for OPCPA systems pumped by a 1-ps laser source. Using this approach the 300 nm
broadband spectrum of a Ti:Sa oscillator was amplified in a 4 mm BBO crystal to 700 nJ and
8 W of average power at 11.5 MHz repetition rate. 10 fs, 240 nJ pulses were realized with a 3
mm BBO crystal. Among others, this approach promises to reach CEP-stable pJ-level pulses
at MHz repetition rate in the mid-infrared region [20], representing an attractive source e.g.
for gas spectroscopy and gas analysis [21]. On the other hand, recent progress in generating
even shorter pulses with high-power Yb-based oscillators [22] requires further improvement
of the two-laser synchronization approach when short-pulse-pumped OPCPA is considered.
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Appendix F

Data archiving

The original data and the analysis programs developed for data evaluation
or theoretical studies in this thesis are stored on the Data Archive Computer
(DAC) of the Division for Attosecond Physics at Max Planck Institute of
Quantum Optics. The raw data and all Matlab codes used for obtaining the
figures are stored in separate folders for each chapter.

In the following, a complete list of the folders containing figures, mea-

surement and/or simulation data is given.

data archive

Introduction folder
Fig.0.1 Pdf file | - Fig01
Fig.0.2 Pdf file | simulated data Fig02
Chapter 1

Fig.1.1 Pdf file | simulated data Figl.1
Fig.1.2 Pdf file | - Figl.2
Fig.1.3 Pdf file | simulated data Figl.3
Fig.1.4 Pdf file | simulated data Figl.4
Fig.1.5 Pdf file | simulated data Figl.5
Fig.1.6 Pdf file | simulated data Figl.6
Fig.1.7 Pdf file | simulated data Figl.7
Fig.1.8 Pdf file | simulated data Figl.8
Fig.1.9 Pdf file | simulated data Figl.9
Fig.1.10 Pdf file | simulated data Figl.10
Fig.1.11 Pdf file | simulated data Figl.11
Fig.1.12 Pdf file | simulated data Figl.12
Fig.1.13 Pdf file | simulated data Figl.13
Fig.1.14 Pdf file | simulated data Figl.14
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F. Data archiving

Fig.1.15 Pdf file | simulated data | - Figl.15
Fig.1.16 Pdf file | simulated data | measured data | Figl.16
Fig.1.17 Pdf file | simulated data | - Figl.17
Fig.1.18 Pdf file | simulated data | measured data | Figl.18
Fig.1.19 Pdf file | simulated data | - Figl.19
Fig.1.20 Pdf file | simulated data | - Figl.20
Fig.1.21 Pdf file | simulated data | - Figl.21
Chapter 2 folder
Fig.2.1 Pdf file | - - Fig2.1
Fig.2.2 Pdf file | - measured data | Fig2.2
Fig.2.3 Pdf file | - measured data | Fig2.3
Fig.2.4 Pdf file | - measured data | Fig2.4
Fig.2.5 Pdf file | - measured data | Fig2.5
Fig.2.6 Pdf file | - measured data | Fig2.6
Fig.2.7 Pdf file | - - Fig2.7
Fig.2.8 Pdf file | simulated data | - Fig2.8
Fig.2.9 Pdf file | - measured data | Fig2.9
Fig.2.10 Pdf file | - measured data | Fig2.10
Fig.2.11 Pdf file | - measured data | Fig2.11
Fig.2.12 Pdf file | simulated data | - Fig2.12
Fig.2.13 Pdf file | simulated data | - Fig2.13
Fig.2.14 Pdf file | simulated data | measured data | Fig2.14
Fig.2.15 Pdf file | simulated data | measured data | Fig2.15
Fig.2.16 Pdf file | simulated data | - Fig2.16
Fig.2.17 Pdf file | - measured data | Fig2.17
Chapter 3 folder
Fig.3.1 Pdf file | simulated data | - Fig3.1
Fig.3.2 Pdf file | simulated data | - Fig3.2
Fig.3.3 Pdf file | simulated data | measured data | Fig3.3
Fig.3.4 Pdf file | simulated data | measured data | Fig3.4
Fig.3.5 Pdf file | simulated data | measured data | Fig3.5
Fig.3.6 Pdf file | simulated data | - Fig3.6
Fig.3.7 Pdf file | - measured data | Fig3.7
Chapter 4 folder
Fig.4.1 Pdf file | simulated data | - Figd.1
Fig.4.2 Pdf file | - measured data | Fig4.2
Fig.4.3 Pdf file | - measured data | Fig4.3
Fig.4.4 Pdf file | - measured data | Figd.4
Fig.4.5 Pdf file | - measured data | Fig4.5
Fig.4.6 Pdf file | simulated data | - Figd.6
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Fig.4.7 Pdf file | simulated data | - Figd.7
Fig.4.8 Pdf file | - measured data | Fig4.8
Fig.4.9 Pdf file | simulated data | - Fig4.9
Fig.4.10 Pdf file | simulated data | - Fig4.10
Fig.4.11 Pdf file | - measured data | Figd.11
Fig.4.12 Pdf file | - measured data | Fig4.12
Fig.4.13 Pdf file | - measured data | Fig4.13
Fig.4.14 Pdf file | - measured data | Fig4.14
Chapter 5 folder
Fig.5.1 Pdf file | - - Fig5.1
Fig.5.2 Pdf file | - measured data | Figh.2
Fig.5.3 Pdf file | - - Figh.3
Fig.5.4 Pdf file | simulated data | - Figh.4
Fig.5.5 Pdf file | simulated data | - Figh.5
Fig.5.6 Pdf file | simulated data | - Figh.6
Fig.5.7 Pdf file | simulated data | - Figh.7
Fig.5.8 Pdf file | simulated data | - Figh.8
Fig.5.9 Pdf file | simulated data | - Figh.9
Fig.5.10 Pdf file | simulated data | - Fig5.10
Fig.5.11 Pdf file | simulated data | - Figh.11
Appendix folder
Fig.A.1 Pdf file | simulated data | measured data | FigA.l
Fig.D.1 Pdf file | - measured data | FigD.1
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