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Abstract

High energy, few-cycle, mid-IR radiation sources featuring high pulse rep-
etition rates are of tremendous interest for a variety of strong-field physics
and attoscience applications. Such systems could be used in combina-
tion with the high harmonic generation process as novel, tabletop, high flux
X-ray radiation sources providing photon energies up to the keV level. Addi-
tionally, strong-field ionization experiments of atom and molecules
could help unravel the underlying physics of photo-chemical reactions and
molecular transformations.

Nevertheless, implementing such sources remains challenging due to the
absence of suitable mid-IR laser gain materials. One approach to over-
come current limitations is optical parametric chirped pulse amplification
(OPCPA). While this method is already commonly used in the visible and
near-IR spectral range, just few demonstrations emitting mid-IR, high en-
ergy, few-cycle pulses meeting the stringent requirements set by strong-
field physics experiments have been demonstrated. In this thesis is present
our effort to push the performance of current high power, mid-IR OPCPA
systems to overcome existing limitations and to match and even exceed
the performance of similar visible and near-IR radiation sources.

We report on the design and implementation of a high efficiency, frequency
up-conversion extension of the one-of-a-kind, high power, few-cycle, mid-
IR OPCPA system located in the AUO group at the Institute of Photonic Sci-
ences in Barcelona. The unique multi-color source provides optically syn-
chronized, high energy, femtosecond outputs at wavelength ranging from
the deep-UV up to the mid-IR regime and a high pulse repetition rate be-
yond 100 kHz. The short output pulse durations in combination with the
all-optical synchronization scheme makes the source a unique tool to drive
highly nonlinear and strong-field pump-probe experiments in the tunnel or
multi-photon ionization regime.

In the second part, is reported the fundamental redesign and rebuild of
the original high power, mid-IR source yielding the first implementation of
a GW-level peak-power, mid-IR OPCPA system featuring simultaneously
pulse repetition rates beyond 100 kHz. The upscaling of the pulse energy
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by a factor of 6 while maintaining the pulse repetition rate yields a mid-IR
output average power of 19 W. In order to enable such high mid-IR average
power, we performed an in-depth study of common, nonlinear mid-IR crys-
tals in respect to their thermal, via residual absorption induced parametric
amplification limitations.

In the third part, is presented one of the first realizations of few-cycle, mid-
IR pulse self-compression via filamentary propagation in the anomalous
dispersion regime in a bulk medium. The spectro-temporal behavior of the
self-compressed pulses is studied as a function of the driving mid-IR pulse
parameters resulting in temporal pulse shortening down to sub-3 optical
cycles. We prove the suitability of this technique as compact and stable
post-compression method featuring CEP-stable, few-cycle pulse genera-
tion in the mid-IR spectral range.
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Resumen

Las fuentes de radiación que producen pulsos ultra-rápidos de alta energía
con longitudes de ondas en el infrarrojo medio, son de inmensa importan-
cia por sus múltiples aplicaciones en la física de altos campos y attose-
gundos. Estos sistemas pueden ser utilizados para la generación de rayos
X de alto flujo mediante el proceso de altos armónicos, alcanzando en-
ergías de fotón del orden de miles de electrónvoltios. Por otro lado, los
experimentos de ionización de altos campos de átomos y moléculas po-
drían ser de gran ayuda para investigar las procesos físicos de reacciones
foto-químicas y transformaciones moleculares.

Sin embargo, el desarrollo de estas fuentes presenta grandes dificultades
a cause de la falta de materiales láser que emitan ondas en el infrarrojo
medio. Una solución para superar estos obstáculos son los sistemas con
una arquitectura de optical parametric chirped pulse amplificación (OPCPA).
Mientras este método es muy común en sistemas que emiten radiación vis-
ible o en el infrarrojo cercano, muy pocos sistemas se han demostrado que
generen radiación ultra-corta en el infrarrojo medio. En esta tesis presen-
tamos una nueva fuente de radiación de infrarrojo medio, que sobrepasa
las limitaciones actuales y proporciona unos parámetros de radiación sim-
ilares a fuentes parecidas que emiten en el visible e infrarrojo cercano.

En el primer parte de la tesis presentamos el diseño y la implementación
de una extensión del sistema previo situado en el grupo de investigación
AUO del Institute of Photonic Sciences (ICFO) en Barcelona. Esta exten-
sión del sistema permite la generación de múltiples colores de radiación
desde el ultravioleta hasta el infrarrojo medio. Todos los pulsos generados
son de una duración temporal ultra-corta, de alta energía y sincronizados
pasivamente entre ellos, con una frecuencia de repetición de pulsos de
100 kHz. La corta duración de los pulsos en combinación con el sistema
de sincronización temporal son las propiedades claves para facilitar ex-
perimentos únicos de pump-probe en el régimen de ionización altamente
no-lineal y de altos campos.

En la segunda parte de la tesis presentamos un rediseño y reconstrucción
fundamental del sistema original con el propósito de sobrepasar los límites
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existentes e implementar el primer sistema OPCPA capaz de producir pul-
sos ópticos en el infrarrojo medio con potencias pico del orden de los GW
y frecuencias de repeticiones de 160 kHz. El nuevo sistema es capaz de
incrementar la energía de los pulsos por 6, resultando en una potencia me-
dia de 19 W. Para permitir este incremento importante, diversos cambios
fueron implementados en la fuente de radiación y llevamos a cabo un es-
tudio meticuloso de múltiples cristales de amplificación para investigar su
compatibilidad con los altos gradientes de temperatura asociados a estos
procesos no-lineales de alta potencia.

En la tercera parte de la tesis presentamos una de las primeras demostra-
ciones de auto-compresión temporal de pulsos ultra-cortos en el infrarrojo
medio. Este proceso esta implementado haciendo uso de la propagación
filamentaria en la región espectral de dispersión anormal en medios sóli-
dos. Investigamos la evolución de la auto-compresión del pulso electro-
magnético en función de los parámetros iniciales. Demostramos la utilidad
de este método como técnica compacta y estable de auto-compresión tem-
poral, obteniendo pulsos ultra-cortos con una duración temporal de unos
pocos ciclos ópticos.
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Chapter 1

Introduction

Since the first demonstration of the light amplification by stimulated emis-
sion of radiation (laser) in 1960 [1], laser devices have become an indis-
pensable tool for a variety of scientific and industrial applications. The abil-
ity to create coherent, spectrally broadband electromagnetic radiation, al-
lows the generation of high intensity, ultrashort light pulses, with sufficient
electric field strength to drive and investigate a multitude of nonlinear light-
matter interaction processes.

A drawback of laser amplification is the restriction of the output pulse cen-
ter frequencies by the laser gain material specific emission spectra. There-
fore, laser sources are often used in combination with optical parametric
frequency mixing stages based on second order nonlinearities in order to
substantially expand the accessible output pulse frequency range. Nowa-
days coherent radiation sources emitting in the visible to near-IR spectral
range can produce a variety of output characteristics. In contrast, the devel-
opment of coherent, mid-IR (3-8 µm wavelength) radiation sources remains
challenging, especially when high energy, few-cycle pulses at high repeti-
tion rates far beyond 1 kHz are required. The most common approach for
the generation of high energy, few-cycle, mid-IR radiation are cascaded
frequency down-conversion schemes driven by titanium doped sapphire
(Ti:sapphire) based amplified laser systems. However, these sources are
typically restricted to pulse repetition rates in the 1 kHz regime, especially
when microjoule pulse energy levels in the mid-IR are desired. The rela-
tively low repetition rates make these systems suboptimal for investigations
of processes with small light-matter interaction cross-sections.

This thesis aims to address the existing source limitations by redesigning
and developing a novel, mid-IR radiation source which emits high energy,
few-cycle pulses at high repetition rates of 160 kHz. Hereby we use op-
tical parametric chirped pulse amplification (OPCPA) as the amplification
method [2, 3]. The OPCPA technique relies on optical parametric am-
plification (OPA) of the temporally stretched seed pulses by high energy,
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transform-limited, narrow-band pump pulses in the near-IR. After amplifi-
cation the amplified seed is recompressed close to the transform-limited
pulse duration. The advantages of the OPCPA method compared to com-
mon laser amplification are manifold. The temporal stretching of the seed
pulses during the OPA process reduces the involved pulse peak power and
therefore allows the amplification to much higher pulse energies until the
damage threshold of the gain material is reached. Furthermore the spec-
tral gain bandwidth is only dictated by the phase-matching conditions (see
section 2.1.3) and can therefore easily be tuned by a change of orienta-
tion or temperature of the nonlinear amplification crystal. Additionally, the
quasi-instantaneous nature of the OPA process ensures that almost no en-
ergy is absorbed in the gain material. As a result, average power limitations
and the related requirements for heat management are transferred from the
nonlinear amplification crystal to the used pump laser system.

In addition the OPCPA concept also exhibits requirements on the interact-
ing pulses. For instance, a temporal synchronization with a low timing jitter
between the seed and pump pulses and a good beam pointing stability is
needed in order to ensure good spatio-temporal overlap between the in-
teracting waves. Additionally the seed and pump pulses require a specific
direction of linear polarization in order to contribute to the parametric am-
plification process. Also the duration of the temporally stretched, spectrally
broadband seed pulses has to be roughly matched to the transform-limited,
narrow-band pump pulses in order to achieve reasonable conversion effi-
ciencies.

Nowadays the OPCPA technique is a commonly used optical amplification
method for the generation of high energy, few-cycle pulses in the visible
and near-IR frequency range, enabling output pulse energies up to the
ten to hundred joule level [4, 5], peak powers in the petawatt range [5],
pulse durations down to sub-2 optical cycles [6] and output average powers
around 20 watts [6,7]. In contrast, only very few OPCPA systems allowing
few-cycle, high energy pulse generation in the mid-IR spectral region have
been demonstrated so far (see section 1.3).
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CHAPTER 1. INTRODUCTION

1.1 Motivation for high peak-power, mid-IR radiation
sources

Coherent radiation sources emitting in the mid-IR spectral region (3-8 µm
wavelength) are of high interest for multiple spectroscopic applications,
since numerous rotational and vibrational molecular resonances occur in
this spectral range [8, 9]. Possible application are for example environ-
mental trace gas detection [8] and medical diagnostics [9]. Most of these
applications are based on linear absorption and can therefore be driven by
sources operating in the continuous wave or nanosecond regime.

In contrast, high peak-power radiation sources emitting ultrafast pulses in
the mid-IR spectral region enable various nonlinear optical spectroscopy
methods such as vibrational sum frequency generation spectroscopy [10],
two-dimensional infrared (2D IR) spectroscopy [11] and three-dimensional
infrared (3D IR) spectroscopy [12]. Also the feasibility of nonlinear, 2D IR
microscopy was recently demonstrated [13]. These techniques are of high
scientific interest, since they can provide important information regarding
the chemical structure and chemical dynamics of molecules in the con-
densed phase [11, 12, 14]. Nowadays most of these investigation meth-
ods are driven by Ti:sapphire based, amplified laser systems with pulse
repetition rates around 1 kHz. Mid-IR OPCPA sources providing similar
pulse energies but much higher repetition rates would enable a substan-
tial reduction of the required measurement time and would increase the
possible, spectroscopic signal-to-noise ratio. Bradley et al. could recently
demonstrate the first implementation of 2D IR spectroscopy driven by a
high repetition rate, mid-IR OPCPA system [15].

Another application of high peak-power, mid-IR radiation sources is as a
driver for strong-field physics or attoscience experiments. In case a fo-
cused, high peak-power laser pulse reaches an electric field strength on
a gas target of the magnitude close to the Coulomb binding energy Ebind,
one valence electron can be ejected from the ionized parent molecule. This
strong-field ionization process can be achieved either by multi-photon ion-
ization, where N photons are absorbed by the molecule (with N ·Ephoton >
Ebind) or by tunnel-ionization, where the Coulomb potential is sufficiently
tilted to allow tunneling of the valence electron outside the Coulomb bar-
rier. An estimation of which ionization process is predominant, is given by
the Keldysh parameter γ [16]:

γ =

√
Ebind
2 · UP

∝ 1

λ
√
I
, (1.1)
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1.1. Motivation for high peak-power, mid-IR radiation sources

where UP is the so-called ponderomotive energy and I the pulse peak in-
tensity. For γ > 1 multi-photon ionization takes place, while for γ � 1
tunnel-ionization occurs. In contrast to near-IR driving lasers at 800 nm
wavelength, strong-field ionization driven by long, mid-IR wavelengths al-
lows unequivocal ionization in the deep tunneling regime while maintain-
ing a low ionization fraction of the target gas. This unique characteristic
has enabled various strong-field ionization experiments which resulted in
the discovery of new features in the low kinetic-energy spectrum of the
ejected electrons. Examples are the so-called low-energy structures [17],
the very low-energy structures [18], and the zero-energy structures [19,20],
which discoveries yielded a better physical understanding of the strong-
field photo-ionization process.

Long driving wavelength are furthermore important for strong-field ioniza-
tion processes which are governed by electron recollision dynamics. These
processes can be described by a three-step-model [21, 22], where: (i)
the electron liberated during ionization is accelerated in the driving laser
field, (ii) the electron is redirected toward the parent ion due to the sign
change of the oscillating optical electric field, and (iii) the returning electron
can be recombined with or scattered from the parent ion. Hereby scales
the ponderomotive energy UP , which the electron gains during its trajec-
tory quadratic with the driving wavelength (UP ∝ λ2 [22]). In the case of
high harmonic generation (HHG), where the returning electron is recom-
bined with the parent ion, a higher ponderomotive energy leads to the gen-
eration of high energy X-ray radiation and potentially shorter attosecond
pulses [23]. Popmintchev et al. could for example demonstrate the gener-
ation of X-ray radiation with photon energies beyond the keV level using a
mid-IR driving laser at 3.9 µm center wavelength [24].

Similarly, long driving wavelength are also of high importance when the re-
turning electrons elastically scatter off the parent ion. It has been shown
that the rescattered, high kinetic energy electrons contain structural infor-
mation of the molecule they were deflected from. This fact is used in the
so-called laser-induced electron diffraction (LIED) method, where the full
kinematic information of the rescattered electrons is detected and used
as in situ probe for molecular structure information. This technique has
recently been successfully used to image the structure of diatomic [25]
molecules. Furthermore, LIED in combination with the mid-IR OPCPA sys-
tem presented in this thesis recently enabled imaging of the structure of
polyatomic molecules [26] and even the structural change of bond-breaking
dynamics of acetylene [27]. Further information on the strong-field experi-
ments realized with our OPCPA source is given in appendix A.
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CHAPTER 1. INTRODUCTION

1.2 Desired source characteristics to drive strong-
field processes

The output pulses of a coherent, pulsed radiation source have to be able
to reach electric field strength on the order of the molecule binding energy
to drive strong-field ionization. In the case of gaseous media typically peak
intensities in the 1013 to 1014 GW/cm2 range are demanded for strong-
field experiments. As a consequence, an ideal, mid-IR radiation source
requires high pulse energies of at least µJ level, short pulse durations be-
low 100 fs and a good beam focusing ability in order to reach the required
peak intensities. For example, a mid-IR pulse with 10 µJ energy, 50 fs du-
ration focused to a waist of 15 µm would reach peak intensities of multiple
1013 GW/cm2. Some applications such as HHG require satisfying strin-
gent phase-matching conditions between the responses of an ensemble of
atoms, in order to be driven efficiently [28]. In this case it can be benefi-
cial to use longer focusing geometries, requiring driving lasers with higher
pulse energies.

A drawback of strong-field ionization driven by mid-IR radiation compared
to near-IR is the dramatically reduced interaction cross section of recolli-
sion processes, such as HHG or LIED [29–31]. For instance, in the case
of HHG the calculated single atom harmonic yield scales for longer driving
wavelength λ roughly with λ−(5 to 6) [29, 30] or even with around λ−8 [31].
As a consequence, the next generation of strong-field physics experiments
demand mid-IR systems capable of providing intensities sufficiently high to
drive strong-field processes, but with pulse repetition rates far beyond the
common 1 kHz of amplified Ti:sapphire laser systems. A detailed analysis
of the advantages of our mid-IR OPCPA system operating at 160 kHz with
respect to for example data acquisition time and signal-to-noise ratios of
strong-field experiments is discussed by Wolter et al. [32].

In the case when the driving pulse duration gets in the few optical cycle
range, the pulse-to-pulse stability and control of the carrier-to-envelope
phase (CEP) gets highly attractive for strong-field experiments. Note that
one optical cycle at 3 µm center wavelength corresponds to 10 fs duration.
In the few-cycle regime the CEP value influences strongly the shape and
height of the maximal electric field amplitude and has therefore a huge in-
fluence for many strong-field processes. For example CEP-stable, sub-2
cycle pulses allow the generation of isolated attosecond pulses via HHG,
where a controlled shift of the CEP value leads to a changing HHG cut-off
frequency [33, 34]. Furthermore the CEP value of few-cycle, CEP-stable
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1.2. Desired source characteristics to drive strong-field processes

pulses influences the direction of direct electron emission from strong-field
photo-ionized atoms and molecules, which can be used as direct CEP-
phase measurement tool using the so-called Stereo-ATI spectrometer [35].
Further information about generation schemes of CEP-stable pulses can
are discussed in section 2.1.4.

The ideal mid-IR radiation source for strong-field experiments should ex-
hibit a high peak-power, CEP-stable, mid-IR output in synchronization with
further femtosecond outputs at multiple other wavelengths to allow a multi-
tude of time resolved strong-field photo-ionization studies. The high photon
energy of UV pulses could be used for instance to trigger dynamic photo-
chemical reactions such as photo-isomerization [36] or photo-dissociation
[37]. After the initialization of such process, the mid-IR pulses could be
employed in a pump-probe setup to image the dynamic structural change
via the LIED or via the Fourier analysis-based 1-dimensional LIED method
(FT-LIED) [38]. Additionally, a femtosecond, near-IR pulse could be used
to prepare the orientation state of the investigated molecule beforehand
via molecular alignment to enable a better control of the strong-field photo-
ionization process [39].

All these multi-color pump-probe schemes require pulse durations in the
sub-100 fs range in order to allow sufficient temporal pump-probe reso-
lution for most of the photo-chemical processes. Furthermore the output
pulses should be all-optically synchronized to ensure a negligible time jit-
ter. Further applications would be enabled by a superposition of various,
CEP-stable pulses at different frequencies such as for instance the con-
trolled synthesis of few-cycle, optical waveforms [40]. Furthermore super-
imposed, CEP-stable pulses can be used for the precise control of the
recollision electron trajectories, tailoring for instance the LIED or HHG pro-
cess [41].

The mid-IR OPCPA system presented in this thesis addresses all of the
above mentioned requirements, specifically the generation of mid-IR pulses
featuring (i) high peak power, (ii) few-cycle duration, (iii) CEP-stability and
(iv) high pulse repetition rates. Furthermore all-optically synchronized, high
energy, femtosecond output pulses from the UV to near-IR range are pro-
vided.
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CHAPTER 1. INTRODUCTION

1.3 State-of-the-art of few-cycle, high energy, mid-
IR radiation sources

Despite the growing interest of the strong-field physics community for high
energy, mid-IR radiation sources providing coherent light with femtosecond
pulse durations, the development of these sources remains challenging
and only a handful of systems have been reported worldwide that fulfill the
requirements set by strong-field physics experiments. In figure 1.1 is given
an overview, to the best of my knowledge, of all the reported broadband
mid-IR sources supporting sub-10 optical cycle pulse durations and suffi-
cient pulse energies to drive strong-field ionization processes. The detailed
information about the mentioned systems is provided in table C.1 in the ap-
pendix C. The mid-IR systems can be roughly divided in Ti:sapphire laser
driven OPA/DFG schemes, mid-IR OPCPA architectures emitting radiation
between 3 µm and 5 µm wavelengths and novel OPA/OPCPA approaches
exploiting pump lasers at 2 µm wavelength and emitting wavelengths above
5 µm wavelengths (blue).

The traditional approach for high energy, mid-IR pulse generation is cas-
caded parametric frequency down-conversion via OPA and DFG processes
driven by amplified Ti:Sapphire laser systems [42–44] or by DFG mixing
between the outputs of two temporally synchronized, amplified near-IR
lasers [45] (red dots in figure 1.1). The typically low conversion efficien-
cies of these approaches limit the pulse repetition rate to the kHz regime,
in the case when µJ-level pulse energies are required. Schultz et al. could
for example demonstrate the generation of 160 µJ energy pulses at 3.6 µm
wavelength and 1 kHz repetition rate [45]. In contrast, by moving to higher
repetition rates of 250 kHz, Reed et al. could only generate 60 nJ pulse en-
ergies at 4 µm wavelength, which would be insufficient to drive strong-field
ionization experiments [46].

Another way to generate few-cycle, high energy radiation in the mid-IR
spectral range, is based on OPCPA architectures. This approach, which
was strongly developed for the mid-IR spectral range in the last decade,
combines the chirped pulse amplification (CPA) scheme with amplification
via the OPA process. As result, the systems can be pumped by high power,
picosecond-duration pump lasers and high energy conversion efficiencies
from the pump laser to the mid-IR output pulses of over ten percent can be
reached. The few, currently reported, mid-IR OPCPA systems (red dots in
figure 1.1) can be divided according to their repetition rates. On one side
there are two, low repetition rate systems at around 10 to 20 Hz, reaching
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1.3. State-of-the-art of few-cycle, high energy, mid-IR radiation sources

Figure 1.1: Overview of currently existing few-cycle, high energy mid-IR
radiation sources suitable for strong-field experiments. Considered are
only systems, which support sub-10 optical cycle pulse durations, above
10 µJ pulse energies and center wavelengths beyond 3 µm. Shown are
the system parameters of pulse repetition rate, pulse energy, average
power (top graph) and pulse duration (bottom graph). Each system is
identified by the reference (numbers in square brackets). Detailed infor-
mation about all systems is given in table C.1 in the appendix C.
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CHAPTER 1. INTRODUCTION

pulse energies in the mJ range. Mitrofanov et al. demonstrated 30 mJ, 80
fs pulses at 20 Hz [47,48] and Zhao et al. presented 13 mJ, 130 fs pulse at
10 Hz repetition rate [49]. On the other side, much higher repetition rates in
the 50 kHz to beyond 100 kHz regime are achieved by four sources which
support pulse energies in the tens to hundred µJ-range. Mayer et al. re-
ported the generation of 22 µJ energy, 44 fs duration pulses at a 50 kHz
repetition rate [50], Thiré et al. reported the generation of 40 µJ energy, 38
fs duration pulses at a 100 kHz repetition rate [51] and Rigaud et al. demon-
strated 10 µJ energy, 72 fs duration pulses at 125 kHz repetition rates [52].
In contrast, the high power OPCPA system, reported in this thesis operates
at higher pulse repetition rate of 160 kHz, providing pulse energies of 20
µJ (see chapter 2). Figure 1.1 also includes the two main OPCPA system
improvements, highlighted in the course of this thesis, which are the further
pulse shortening down to 3 optical cycle duration via filamentation in solid
media (see chapter 4) and the energy up-scaling to 118 µJ pulse energies
(see chapter 3) while maintaining the 160 kHz repetition rate. The latter
energy up-scaling yields an output average power of 19 W, which is around
5 times higher than the closest competing systems shown in figure 1.1.

The high pulse repetition rate of our OPCPA system is favorable if not cru-
cial for the experimental investigation of physical processes with low inter-
action cross-sections. To put the system pulse repetition rate into context
for strong-field ionization experiments, note that to achieve similar statis-
tical quality of a 12 h measurement driven at 160 kHz, one would need
1.5 days of data acquisition at 50 kHz and close to 3 months with a 1 kHz
repetition rate system. At 10 Hz pulse repetition rate, the same measure-
ment would require multiple years, making the mentioned low repetition
rate, mJ energy-level OPCPA systems unsuited for the investigation of low
cross-section processes.

Aside from high repetition rates, also high output pulse energies and short
output pulses durations are desired in order to enable the investigation
of a wider range of highly nonlinear physical processes. The demanded
up-scaling of the output pulse energy while providing high pulse repetition
rates is challenging due to the higher average powers (product of pulse
energy and repetition rate) in the system, which yield an increased heat
load on all the optical elements. High beam average power can be an
issue for OPA based systems, despite the fact that OPA processes are
commonly claimed to be average power independent due to the parametric
nature of the energy transfer. Rothhardt et al. have for example shown, that
residual absorption in BBO crystals can strongly influence the parametric
amplification process [53]. In particular in the course of this thesis, the
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beam average power influence on the OPA performance of common, mid-
IR amplification, nonlinear crystals had to be investigated (see section 3.2
and publication in [54]) in order to enable the high power OPCPA upgrade
to the 19 W level, presented in chapter 3.

For completeness, it should be mentioned, that apart from the four high-
lighted mid-IR OPCPA systems, also two other research groups are more
recently developing mid-IR OPCPA systems [55,56]. These very recent de-
velopments are not included in figure 1.1, since up to now only preliminary
results were presented and neither of these systems could demonstrate
yet the pulse compression of their stretched, mid-IR output pulses, making
a comparison with the established mid-IR OPCPA systems complicated.

Note that all the above mentioned mid-IR OPCPA systems apply 1 µm
wavelength, picosecond-duration pump lasers to drive the OPA process.
The applied nonlinear amplification crystals are oxide-based nonlinear crys-
tals, such as potassium titanyl arsenate (KTA) in [47, 48] or periodically
poled lithium niobate (PPLN) in [49–52], restricting the accessible mid-
IR output wavelength to below 5 µm wavelength due to the limited opti-
cal transmission window of these materials. A very novel class of mid-IR
OPCPA systems, which was just reported in 2016, focuses on the gener-
ation of even longer mid-IR wavelength of above 5 µm (blue dots in figure
1.1). Sanchez et al. could demonstrate 180 fs, 200 µJ pulses at 100 Hz
repetition rate [57], Malevich et al. showed 40 µJ energy, 100 fs pulses at
1 kHz repetition rate [58, 59] and Grafenstein et al. reported 240 µJ en-
ergy, 166 fs pulses at 1 kHz repetition rate [60]. These output parameters
at mid-IR wavelength around 5 µm were enabled by recent advances in
holmium-doped fluoride and garnet based, picosecond pump lasers which
emit at 2 µm wavelength [61–63] in combination with non-oxide nonlin-
ear crystals such as CSP and ZGP (for non-oxide crystal review see [64]).
This long wavelength OPCPA development branch is extremely young and
it can be assumed, that multiple years are required, until their performance
reaches the more established oxide crystal based OPCPA systems with
output wavelength in the 3 to 5 µm range.

1.4 Thesis outline

This thesis focuses on the development and further improvement of a unique
high power, mid-IR OPCPA system operating at a high repetition rate of
160 kHz. Hereby we address the different limitations, which previous high
energy, few-cycle, mid-IR systems showed. The demonstrated OPCPA
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CHAPTER 1. INTRODUCTION

system is specifically designed for applications in the field of strong-field
physics and attoscience.

In chapter 2 we introduce the basic concepts, which govern the nonlinear
process of parametric amplification and influence the general performance
of OPCPA systems. Afterwards, the existing high power, mid-IR OPCPA
system is described, whose design and construction process were already
started years before my PhD work and ended in the second year of my
PhD studies. The second half of chapter 2 highlights the design and ex-
perimental realization of a multi-color, high power extension of the mid-IR
OPCPA emitting simultaneously high energy, femtosecond pulses in the ul-
traviolet, visible, near-IR and mid-IR spectral ranges. The spectral variety
of the output pulses is outstanding for ultrashort, high power OPCPA sys-
tems and enables a multitude of high energy, pump-probe experiments at
high repetition rates.

Chapter 3 is dedicated to the power upscaling of the mid-IR OPCPA sys-
tem to GW-level peak-powers while the high pulse repetition rate of 160
kHz is preserved. This improvement is achieved by multiple changes in the
OPCPA design, resulting in high energy conversion efficiencies from the
pump pulses to the mid-IR output pulses. In the first part of the chapter, we
discuss the theoretical constrains which govern the energy conversion ef-
ficiency of OPA processes. Afterwards we study various nonlinear crystals
regarding the occurrence of thermally-induced processes which limit the
OPA upscaling due to residual absorption of the interacting, high average-
power beams in the amplification crystal. In the second part of the chapter
we describe the design and output performance of the high peak-power
OPCPA system.

In chapter 4 we demonstrate one of the first realizations of a novel ap-
proach for the mid-IR, few-cycle pulse generation. Hereby, the output
pulses of the mid-IR OPCPA system are post-compressed down to sub-
3 optical cycles via self-compression during filament propagation in the
anomalous dispersion regime of a bulk material. In the chapter, we first in-
troduce the previously existing pulse compression techniques and describe
the theoretical background of the demonstrated, mid-IR compression sche-
me. Afterwards, the experimental implementation of the few-cycle, mid-
IR self-compression method is presented and the spectro-temporal output
pulse dynamics are investigated in dependence of multiple input parame-
ters.

Finally in chapter 5 the presented thesis is summarized, and a conclusion
and future outlook is given. A brief overview of the multiple strong-field ex-

11



1.4. Thesis outline

periments which were enabled by the demonstrated mid-IR OPCPA system
is afterwards discussed in the attachment A.
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Chapter 2

High power, UV to mid-IR
OPCPA

The direct generation of coherent, high energy, mid-IR radiation is chal-
lenging due to the absence of suitable laser gain materials in the mid-IR
spectral region. One alternative approach is optical parametric amplifica-
tion (OPA) of mid-IR seed pulses via the optical parametric chirped pulse
amplification (OPCPA) technique.
In this chapter the building blocks and characteristics of a unique, high
power, mid-IR OPCPA system are presented. The system combines few-
cycle, CEP-stable, high energy pulses with high repetition rates of 160 kHz,
which are far above the typical 1 kHz of common amplified Ti:sapphire
systems. The state-of-the-art radiation source is built at the Attosecond
and Ultrafast Optics (AUO) research group at the Institute of Photonic Sci-
ences (ICFO) in Barcelona, Spain and undergoes constantly further devel-
opments in order to upscale the output parameters. The system perfor-
mance before the start of my PhD is documented in [65–68]. The further
developments during my PhD time which where realized by myself together
with my colleagues Michaël Hemmer and Alexandre Thai are published
in [69] and [70]. One of the main source improvements during my PhD is
the design and construction of a high efficiency, frequency up-conversion
chain (published in [71]), which allows the simultaneous generation of mul-
tiple outputs spanning from the ultraviolet to the mid-IR spectral range. All
output pulses obtain femtosecond durations and peak-powers in the MW
regime, enabling time-resolved, pump-probe experiments in the strong-
field ionization regime.

In the following, the theoretical basics of the OPA process and general de-
sign considerations of OPCPA systems will be elaborated in section 2.1.
Afterwards, in section 2.2 the building blocks of the high power, mid-IR
OPCPA will be described. This system is the basis for the development
of a high power, femtosecond, multi-color module. The motivation, design

13
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constrains and output characteristics of this multi-color extension of the
mid-IR OPCPA system are presented in section 2.3. And finally, possibili-
ties for the further scaling of the multi-color system output parameters are
discussed in section 2.4.

2.1 Background of OPA process and OPCPA design

In the following section we will introduce the basic theoretical concepts of
nonlinear optics and second order nonlinearities in particular with the focus
on optical parametric amplification (OPA). It will be focused on the main
physical relationships, which are fundamental for the understanding of the
working principles of broadband OPCPA systems and which were used
for the design of the high power, multi-color OPCPA systems presented
in section 2.2, 2.3 and chapter 3. The interested reader can find more
detailed descriptions on the underlying physics in textbooks such as [72,73]
or reviews such as [74,75].

2.1.1 Nonlinear light-matter interaction

During the propagation of light through a medium, the light-matter interac-
tion can be described in the classical electromagnetic picture by an induced
macroscopic polarization ~P in the material. The polarisation is dependent
on the strength of the applied electric field ~E and can be expressed as a
Taylor expansion in ~E under the assumption of an instantaneous response
to [73]:

~P = ε0 ·
(
χ(1) ~E + χ(2) ~E2 + χ(3) ~E3 + ...

)
, (2.1)

where ε0 is the permittivity of free space and χ(n) is the electric suscepti-
bility, which describes the polarization response of the material. The first
term of the equation represents the linear propagation of light through the
material and describes for example the influence of dispersion on the prop-
agation of ultrashort pulses through a transparent medium. Due to the
frequency dependency of the linear electric susceptibility χ(1)(ω), which is
related to the linear refractive index n0(ω) by n0(ω) = 1 + 1

2Re[χ
(1)(ω)], the

phase velocity vPh = c0
n0(ω) and the wave vector k = ω·n0(ω)

c0
are frequency

dependent. The influence of this linear dispersion on ultrashort pulse prop-
agation is described in detail in section 4.2.1 and is exploited in the scope
of this thesis for the design of the temporal stretcher and compressor de-
vices of the OPCPA system (see section 2.1.5).
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CHAPTER 2. HIGH POWER, UV TO MID-IR OPCPA

At high electric field strength such as for example in the case when using
ultrashort, high energy laser pulses, the higher order terms in equation 2.1
are no longer negligible and can lead to the generation of new frequen-
cies. Apart from the possible generation of perturbative harmonics of the
fundamental electric field, also different seeded light waves can nonlinearly
interact in the material and emit waves at new frequencies. The most im-
portant second-order nonlinear processes in the scope of this thesis are
optical parametric amplification, second-harmonic generation (SHG), dif-
ference frequency generation (DFG) and sum-frequency generation (SFG).
All these three-wave-interaction processes have to fulfill the photon energy
conservation and the momentum conservation:

~ωp = ~ωs + ~ωi, (2.2)

~~kp = ~~ks + ~~ki, (2.3)

where the different waves are called idler (i), signal (s) and pump (p) wave,
implying that ωi < ωs < ωp. The energy diagrams of the SHG, OPA, DFG
and SFG processes are pictured in figure 2.1.

Figure 2.1: Photon energy scheme for various second-order, nonlinear,
three-wave mixing processes based on excitation of virtual energy levels
(black, dotted lines) in the material. In optical parametric amplification
(OPA) and difference frequency generation (DFG) a seeded idler wave
is amplified via the annihilation of a pump photon (p). Simultaneously
a signal photon (s) at ωs = ωp − ωi is generated. In sum-frequency
generation (SFG) one seeded idler (i) and signal photon are annihilated
and a pump photon at ωp = ωs + ωi is generated. The nonlinear, three-
wave mixing processes have to fulfill energy conservation, momentum
conservation and the Manley-Rowe relation.
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On the other side, the third-order χ(3) nonlinearities are especially impor-
tant in centrosymmetric materials, since in this case the χ(2) influence van-
ishes to zero. Important third-order nonlinear effects are for example beam
self-focusing and self-phase modulation, which are crucial for filamentation
propagation and temporal self-compression, highlighted in chapter 4.

2.1.2 Coupled wave equation of OPA process

Optical parametric amplification (OPA) is a second-order nonlinear, three-
wave mixing process, where a seeded wave (in our OPAs at ωi, with ωi <
ωs < ωp) is amplified by the reduction of a strong pump wave at wp. At
the same time, a third wave at ωs = ωp − ωi is generated (see scheme in
figure 2.1). The nonlinear interaction between the three waves in an OPA
process, which propagate collinearly along the z-axis, can be described by
a system of coupled wave equations which are projected along the z-axis
(see derivation in [76]):

dAi
dz

= −i
ωideff
n(ωi)c0

A∗sApe
−i∆kz, (2.4)

dAs
dz

= −i
ωsdeff
n(ωs)c0

A∗iApe
−i∆kz, (2.5)

dAp
dz

= −i
ωpdeff
n(ωp)c0

AiAse
i∆kz. (2.6)

These equations consider the interacting waves as linearly polarized, plane
waves under the assumption of the slowly varying envelop approximation
|d2An

dz2
| � kn|dAn

dz |. The parameter ∆k = kp − ki − ks expresses the wave-
vector mismatch or phase-mismatch of the OPA process. deff is the effec-
tive nonlinear optical coefficient, which is calculated from the second-order
susceptibility χ(2) in dependence of the propagation directions and polar-
izations of the three coupled waves. Note that the intensity of each wave
can be calculated from the electric field by:

I(z) = 2ε0c0n0(ω)|A(z)|2. (2.7)

The evolution of the coupled waves along propagation has to be calculated
numerically. In the special case of a neglectable pump depletion (Ap '
const.) and assuming no initial signal As(0) = 0, an analytical solution for
the evolution of the idler and signal intensities can be found:

Ii(z) = Ii(0)

[
1 +

Γ2

g2
sinh2(g · z)

]
, (2.8)
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Is(z) = Ii(0)
ωs
ωi

Γ2

g2
sinh2(g · z), (2.9)

where the parameter Γ and the gain parameter g are defined as:

Γ =

√
2ωiωsd2

eff

ninsnpε0c3
0

· Ip, (2.10)

g =

√
Γ2 −

(
∆k

2

)2

. (2.11)

By analyzing equation 2.11 it can be seen, that the gain parameter g is
strongly dependent on the phase-mismatch ∆k and the parameter Γ, which
is a function of the pump intensity Ip and the effective nonlinear coefficient
deff . The parametric gain of the seeded idler wave can be expressed as:

G =
Ii(z)

Ii(0)
= 1 +

Γ2

g2
sinh2(g · z). (2.12)

In case of perfect phase-matching ∆k = 0, the expression for the paramet-
ric gain G of the seeded idler wave simplifies to G = 1 + sinh2(Γz) and
under the additional assumption that Γz � 1, G can be expressed by:

G ≈ 1

4
· exp (2Γz) ∝ exp

(
2deff

√
Ip · z

)
. (2.13)

From equation 2.13 it can be seen, that the amplification of the idler wave
in an OPA scales roughly exponentially with the effective nonlinear optical
coefficient deff , the crystal length z and the square root of the pump wave
intensity. These dependencies have various important implications on the
design of an OPA stage:

• It is desirable to choose a nonlinear medium, which features a high ef-
fective nonlinear coefficient deff . In the opposite case, an OPA stage
using for example a nonlinear crystal with half the deff compared to
a reference OPA stage, requires twice the crystal length (possibly re-
ducing the amplification bandwidth, see section 2.1.3) or four time the
pump intensity (potentially reaching the material damage threshold)
in order to obtain a similar amplification gain.

• The exponential scaling of the parametric gain with the square root of
the pump intensity implies a strong requirement on the shot-to-shot
output energy stability of the pump laser. This condition is relaxed
in the case of amplification in the strong pump depletion or pump
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reconversion regime. Additionally, this exponential scaling implies,
that pulsed laser systems, supporting high energy, ultrashort pulses
in the femtosecond to nanosecond regime, are perfectly suited as
high gain OPA pump sources, since the pulse peak intensity I of a
laser pulse scales linear with the pulse energy E and inverse with the
pulse duration τ (I ∝ E/τ ).

Figure 2.2: Simulated evolution of the intensities (top, normalized
to initial pump intensities Ip(0)) and phases (bottom) for idler, signal
and pump wave in an OPA process with perfect phase-matching and
monochromatic waves. The simulation is performed by the split-step
method of the coupled wave equation. The evolution of the seeded idler
wave can be divided in exponential growth (z < 0.8 mm), linear growth
with strong pump depletion (0.8 mm < z <1 mm) and energy reconver-
sion regime (1 mm < z < 2 mm). Also shown are the parametric idler
gain Gi(z) in the case of no pump depletion (orange, dotted) and the
maximal possible signal and idler intensities (black, dotted) according to
the Manley-Rowe relations. The initial simulation parameters are cho-
sen similar to the OPCPA presented in section 2.2: λp = 1064 nm, λi =
3100 nm, deff = 14.8 pm/V, Ip(0) = 1014 W/m2, I(0)s = 0, Ii(0) = 2·109

W/m2.

Phase relation in OPA process

The phases of the three coupled waves play a crucial role for the evolution
and energy flow during a second-order nonlinear process. In the case of
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an OPA process, an OPA phase can be defined as ϕOPA = ϕp − ϕs − ϕi.
Assuming perfect phase-matching, the energy flow from the pump wave
to the signal and idler waves is maximal at ϕOPA = +π/2. In contrast,
in the case of ϕOPA = −π/2, the energy is transferred from the signal
and idler waves to the pump wave, resulting in an effective SFG process.
This dependency of the energy flow direction of the OPA phase is shown
experimentally for example in case of a degenerate OPA (ωp = 2ωi = 2ωs)
in [77].

In an OPA process, where the initial signal wave is set to zero, the phase
evolution can be derived from the coupled wave equation to [78]:

ϕi(z) = ϕi(0)− ∆kz

2
+

∆kγ2
i

2

∫
dz

f + γ2
i

, (2.14)

ϕs(z) = ϕp(0)− ϕi(0)− ∆kz

2
− π

2
, (2.15)

ϕp(z) = ϕp(0)− ∆k

2

∫
f dz

1− f
, (2.16)

with the parameters of the fractional pump depletion f = 1−Ip(z)/Ip(0) and
the input intensity ratio of the idler and pump waves γ2

i = [ωpIi(0)]/[ωiIp(0)].
Figure 2.2 shows the intensity and phase evolution of the three waves,
obtained by numerical simulations of the couples wave equation under the
assumption of perfect phase-matching and no initial signal wave. It can
be seen that the OPA phase of the signal wave automatically self-adjust to
ϕs = −π/4 and ϕOPA = +π/2, allowing the energy flow from the pump to
signal and idler. At z = 1 mm, where the pump intensity converges toward
zero, the pump phase changes to ϕp = −3π/4, resulting in a OPA phase
of ϕOPA = −π/2, which reverses the energy flow. As a result, in the range
from z = 1 mm to 2 mm SFG between the signal and idler wave of the OPA
takes place and the energy is transferred to the pump wave.

The phase relationships during an OPA process (equation 2.14 to 2.16)
have various important implications:

• The phase of the amplified idler wave is independent from the initial
phase of the pump wave. As a result, the optical quality of the ampli-
fied idler can be maintained, even if the applied pump beam obtains
spatial aberrations or if the pump pulses have a spatial or temporal
varying phase.

• In the case of perfect phase-matching (∆k = 0), the idler phase
doesn’t evolve during amplification. Considering a phase-mismatch
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(∆k 6= 0), the seeded idler phase is shifted by a constant value, in
case of monochromatic waves and constant input intensities (Ip(0) =
const., Ii(0) = const.).

• The phase of the generated signal wave just depends on the ini-
tial pump and idler phases as well as on the phase-mismatch ∆kz.
As a result it can be shown, that the signal phase is a constant, in
case the idler and pump wave originate from the same laser oscilla-
tor [75]. This behaviour is also valid for DFG processes and enables
the generation of broadband, mid-IR pulses with a passively stabi-
lized carrier-envelop phase (CEP), which are used for example as
seed pulse for the high power OPCPA system presented in section
2.2. A detailed discussion about CEP-stable, mid-IR pulse genera-
tion is given in section 2.1.4.

• From equation 2.15 one can also derive the chromatic phase disper-
sion of the generated signal as a function of the seeded idler dis-
persion, in the case of spectrally broadband pulses. In the discus-
sions above we considered the three coupled waves as monochro-
matic, continuous waves (cw). In contrast in the case of spectral
broadband pulses, the phases become frequency dependent ϕn(z) =
ϕn(z, ωn) and their frequency dependent behaviour can be described
by a Taylor expansion. In OPA stages used in OPCPA systems, the
seeded idler pulse is normally linearly chirped wherefore the idler
phase varies very strongly with the frequency. On the other side the
pump pulses are typically transform-limited, spectrally narrow-band
pulses with a relative constant phase. As a result, by using the sig-
nal phase relationship (equation 2.15) and the energy conservation
(equation 2.2) it can be shown, that the high-order phase dispersions
with odd orders are directly transferred from the idler to the signal
wave and the even high-order phase dispersions are inverted. This
means for the specific case of second-order (GDD) and third-order
dispersion (TOD):

GDDs = −GDDi, (2.17)

TODs = +TODi. (2.18)

Similar to the phase relation in OPA processes, a phase relation for second-
harmonic generation (SHG) processes (ωSHG = 2ω0) can be derived for the
case of perfect phase-matching [74]:

ϕSHG = 2 · ϕ0 −
π

2
. (2.19)
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In the case of broadband, chirped seed pulses, the second-order and third-
order dispersion of the generated SHG beam is then given by:

GDDSHG =
2

22
GDD0 =

1

2
GDD0, (2.20)

TODSHG =
2

23
TOD0 =

1

4
TOD0. (2.21)

The relations given in equations 2.17 to 2.21 are important for the temporal
compressor design of the near-IR outputs of the multi-color OPCPA system
presented in section 2.3.

Manley-Rowe relations

Another interesting set of relationships, which can be derived from the cou-
pled wave equations (equation 2.4 to 2.6), are the Manley-Rowe relations
(first discribed in [79]; detailed derivation in section 2.5 of [73]):

d

dz

(
Ii(z)

ωi

)
=

d

dz

(
Is(z)

ωs

)
= − d

dz

(
Ip(z)

ωp

)
. (2.22)

This equation describes the coupling between the evolutions of the inten-
sities In of the three interacting waves. By expressing the beam intensities
as a function of the flux of photons N crossing a surface S per unit time ∆t:

In(z) =
Nn(z) · ~ωn

S∆t
c0 (2.23)

the Manley-Rowe relations can be written as [75]:

dNi(z)

dz
=

dNs(z)

dz
= −dNp(z)

dz
. (2.24)

The main implications of the equation 2.24 are:

• For each pump photon Np, which is generated or annihilated, always
a signal photon Ns as well as an idler photon Ni has to be anni-
hilated or generated, respectively. A simple picture of this relation
based on photon absorption and emission from virtual energy levels
is illustrated in figure 2.1. In the case of the OPA process, equation
2.24 implies, that for each annihilated pump photon, not only one idler
photon is generated to amplify the total idler beam, but also the same
amount of signal photons are generated.
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• Since the photon energy for each wave Eph = ~ωn depends on the re-
spective radial frequency ωn, the energies transferred from the pump
to the idler and signal waves are given by the respective ratios of
ωi/ωp and ωs/ωp.

The validity of the Manley-Rowe relation can also be seen in figure 2.2
(top). In this case the initial pump intensity is normalized to one and the
numerical calculation of an OPA process with monochromatic beams and
perfect phase-matching reveals, that at the point of total pump depletion
(z = 1 mm), the ratio of ωs/ωp of the initial pump intensity is transferred to
the signal beam and a ratio of ωi/ωp is transferred to the idler beam (black
dotted lines). In consequence, the maximal pump-to-idler energy conver-
sion efficiency, which could be obtained in our OPCPA (λp = 1064 nm, λi =
3100 nm; see section 2.2) would be ωi/ωp = 34%. In reality further param-
eters, such as for instance broadband phase-matching, spatio-temporal
overlap or spatio-temporal walk-off would have to be considered, to prop-
erly describe the real amplification process. A detailed description, how to
optimize the overall conversion efficiency of an OPA stage can be found in
section 3.1.

2.1.3 Phase-matching and amplification bandwidth

In the above theoretical discussions, we considered mostly monochromatic
waves under perfect phase-matching. In the case of three spectrally broad-
band, coupled waves and temporal pulse durations in the femtosecond
to picosecond range, it gets more challenging to sustain perfect phase-
matching for all interacting wavelengths. When perfect phase-matching
cannot be achieved (∆k(ω) 6= 0), the phase-mismatch accumulates over
the crystal length z and leads to a reduction of the efficiency of the non-
linear process as can be seen from equation 2.4 to 2.6. For example, the
influence of phase-mismatch on the conversion efficiency η in a SHG pro-
cess, can be described in the case of no pump depletion and for neglected
group velocity mismatch by [72]:

η = ηmax
sin2

(
∆kz

2

)
∆kz

2

. (2.25)

The behaviour of equation 2.25 is shown in figure 2.3, illustrating the im-
portance for a small accumulated phase-mismatch over the spectral range
of the interacting waves to achieve efficient broadband nonlinear frequency
mixing. It can be seen, that the SHG conversion efficiency drops at ∆kz =
π to 40% and at ∆kz = 2π to zero.
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Figure 2.3: Factor by which the conversion efficiency ηmax of a nonlin-
ear three-wave mixing process is multiplied as function of accumulated
phase-mismatch ∆kz over the crystal length z (see equation 2.25). At
∆kz = π the conversion efficiency is reduced to 0.4 of its original value
and at ∆kz = 2π the phase-mismatch leads to a vanishing of the conver-
sion efficiency.

In isotropic, homogeneous, normally dispersive media the refractive index
n0 increases with higher frequencies, leading to n0(ωp) > n0(ωs) > n0(ωi)
for second-order nonlinear interaction. As result, no phase-matching ∆k =
kp−ks−ki = 0 with k = ωn0

c0
is possible in isotropic materials. Two possible

ways to achieve phase-matching are angular phase-matching in birefrin-
gent crystals and quasi phase-matching.

Angular phase-matching in birefringent crystals

In a birefringent crystal the refractive index depends on the polarisation
and the propagation direction of the light wave. In the case of uniaxial
birefringent materials one direction, the so-called optical axis governs the
anisotropy of the refractive index and all directions perpendicular to the
optical axis are optically equivalent. Light polarized perpendicular to the
optical axis experiences the ordinary refractive index no and light which is
polarized along the optical axis is governed by the extraordinary refractive
index ne. If the light is not exactly polarized along or perpendicular to the
optical axis, the resultant refractive index can be calculated dependent on
the phase-matching angle θ by [76]:

1

ne(θ)
=

cos2 θ

(no)2
+

sin2 θ

(ne)2
, (2.26)

where θ is measured between the wavevector k of the respective wave
and the optical axis (see figure 2.4 (a)). Uniaxial crystals can be divided
in positive uniaxial crystals with ne > no and negative uniaxial crystals
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with ne < no. Phase matching in birefringent crystals can be achieved
by the proper choice of phase-matching angle as well as polarization and
propagation direction for each of the three coupled waves. This kind of
phase-matching is called critical or angular phase-matching. In the case,
the signal and idler waves have the same polarization and they are perpen-
dicular polarized to the pump wave, the so-called type I phase-matching
takes place. On the other side, in type II phase-matching the pump obtains
the same polarization direction as the signal or the idler wave.

Figure 2.4: (a): Scheme of ordinary and extraordinary direction in
birefringent crystals. (b): K-vector scheme of type I, angular phase-
matching in a negative, uniaxial crystal. In this case, signal and idler are
ordinary beams and the pump is an extraordinary beam, which refractive
index is dependent on the phase-matching angle θ. The phase-matching
angle θ is chosen to achieve phase-matching (ke(ωp) = ko(ωs)+ko(ωs)).

A negative uniaxial crystal which is very important in the course of the the-
sis, is beta barium borate (BBO). We use BBO in type I phase-matching
for the high conversion efficiency generation of femtosecond pulses in the
ultraviolet to near-IR spectral range, presented in section 2.3. A k-vector
illustration of the type I, angular phase-matching for negative uniaxial crys-
tals such as BBO is shown in figure 2.4 (b).

Quasi phase-matching

Another approach to achieve phase-matching is quasi phase-matching
(QPM), where the nonlinear material properties are spatially periodically
modulated. In the most common form, the sign of the χ2 coefficient is re-
versed periodically each time the accumulated phase-mismatch ∆kz reach-
es π, also known as the coherence length lc = π/∆k where the conversion
efficiency drops to 0.4 (see figure 2.3). The periodical reversal of the sign of
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the nonlinear susceptibility compensates for the non-zero wavevector mis-
match and allows the monotonic energy flow from the pump to signal and
idler waves [80]. In figure 2.5 are compared for example the intensity evo-
lutions of an OPA process in case of perfect phase-matching (green line),
quasi phase-matching (blue line) and non-phase-matching (orange line). It
can be seen, that the conversion efficiency for perfect phase-matching is
higher than for QPM and it can be shown, that first-order QPM leads to a
reduction of the effective nonlinear coefficient of π/2 compared to perfect
phase-matching [80].

Figure 2.5: Simulated gain evolution of seeded idler beam in an OPA
process as function of propagation length z. In the case of perfect
phase-matching (green) the gain increases exponential with the crystal
length, while in the non-phase-matched case (orange) the gain oscillates
with a period of ∆kz = 2π. Quasi phase-matching is obtained (blue)
by inverting the sign of the deff after each coherent length lc = π/∆k
(black dotted line), resulting in an continuous gain increase. The phase-
matched as well as the non-phase-matched cases are calculated by the
analytical description of equation 2.12. In order to obtain the gain under
QPM, the coupled wave equation is solved numerically by a split-step,
Runge-Kutta simulation.

In the case of QPM, the phase-matching equation is extended by a grating
wave-vector Kg = 2π/Λ with the modulation period or poling period Λ =
2π/∆k to [80]:

∆kQPM = kp − ks − ki −Kg. (2.27)

Despite the reduced deff , QPM shows various important advantages com-
pared to angular phase-matching in birefringent crystals:

• In QPM processes phase-matching can be achieved for a huge vari-
ety of polarization directions of the three coupled waves, even in the
case when all waves are polarized parallel to each other, which is
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not possible in angular phase-matching. In this way, the wave polar-
izations and crystal orientation can be chosen such that the maximal
effective nonlinear coefficient deff is obtained.

• Phase-matching can even be achieved in isotropic materials, such as
GaAs. In this case QPM is obtained due to the periodic inversion of
the crystallographic orientation, which is called orientation patterned
and is achieved during the epitaxial growth of the crystal. More infor-
mation about orientation-patterned GaAs can be found in [81].

• In QPM interactions it is normally possible to propagate the interact-
ing waves collinear along a crystal axis, aligning the direction of the
energy flow (Pointing-vector) along the propagation direction [80]. As
result, no spatial walk-off takes place.

Widely used QPM crystals for mid-IR parametric amplification are period-
ically poled lithium niobate (PPLN) and periodically poled lithium tantalate
(PPLT). Both are ferroelectric materials, where the QPM is fulfilled by the
periodic inversion of the material polarization. The material polarization is
periodically oriented via the application of static electric fields in the kilo-
volt regime. The most important QPM crystal in the course of this thesis is
PPLN, as it is used as main OPA crystal in the high power, mid-IR OPCPA
system presented in section 2.2 and 3. PPLN is a very attractive OPA crys-
tal, since it obtains one of the highest deff compared to other available
nonlinear crystals for mid-IR amplification pumped at 1064 nm wavelength.
An overview of the most common, mid-IR OPA crystals is given in section
3.2.1. There it can be seen, that PPLN obtains for example a four times
higher deff of 14.8 pm/V compared to the angular phase-matched lithium
niobate with -4.0 pm/V. This increase using the same nonlinear crystal, is
achieved due to the freedom of polarization directions and crystal orien-
tation in QPM interactions, which allows exploiting the highest χ2 tensor
direction.

Phase-matching bandwidth of broadband nonlinear interactions

In the case of second-order nonlinear interactions of spectrally broadband,
ultrashort pulses, the phase-matching condition has to be satisfied over a
wide spectral range. The required spectral broadband description of the
phase-mismatch ∆k = kp − ks − ks can be obtained by a Taylor series
around the phase-matched central angular frequency ω0. For simplification
we assume a monochromatic pump wave (ωp = const.), which is the case
for example in OPA stages of OPCPA systems. As a result a small change
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∆ω of the signal frequency introduces the opposite change of the idler
frequency ∆ω = ∆ωs = −∆ωi due to the energy conservation ωp = ωs +
ωs. The Taylor series of the phase-mismatch around the phase matched
central frequency ω0 can than be written as:

∆k(ω0 + ∆ω) =∆k0 −

(
∂ks
∂ω

∣∣∣∣
ωs,0

− ∂ki
∂ω

∣∣∣∣
ωi,0

)
∆ω

− 1

2

(
∂2ks
∂ω2

∣∣∣∣
ωs,0

− ∂2ki
∂ω2

∣∣∣∣
ωi,0

)
∆ω2 + ...

(2.28)

with ∆k0 = kp,0 − ks,0 − ki,0. Note that the first derivation of the k-vectors
describes the respective inverse group velocities vn = (∂kn/∂ω|ωn,o)−1

and the second derivation represents the group velocity dispersions gn =
∂2kn/∂ω

2|ωn,o of each wave.

In order to achieve broadband phase-matching, ∆k0 and all derivatives of
∆k have to be zero. The first derivative is equal to zero in the case of
group velocity matching between the signal and idler wave (vi = vs). This
is the case in for example narrowband, degenerative (ωi = ωs), type I inter-
actions. In non-degenerative processes ωi 6= ωs, group velocity matching
can be achieved by the use of non-collinear beam geometries. In figure
2.6 is given the k-vector scheme in a non-collinear geometry, where α is
the angle between the pump and signal k-vector and β the angle between
the pump and idler k-vector. The phase-matching condition parallel and
perpendicular to the pump wave-vector can than be written as [82]:

∆k‖ = kp − ks cosα− ki cosβ, (2.29)

∆k⊥ = ks sinα− ki sinβ. (2.30)

The group velocity matching in the non-collinear geometry can be achieved
at vs = vi cos(α+β) [82]. Operation at degeneracy or in non-collinear beam
geometries can typically yield very large phase-matched spectral band-
width due to the vanishing first-order variation of ∆k with ω. In broadband
interactions where the pump wave can not be simplified as monochromatic
wave, the group velocities of all three waves have to be similar (vp ≈ vs ≈
vi) in order to achieve broadband phase-matching.

Group velocity matching is also important for the temporal walk-off be-
tween frequency-mixed, pulsed waves. Especially in nonlinear processes
between ultrafast pulses with sub-100 fs duration, a group velocity mis-
match can easily cause a temporal pulse walk-off longer than the pulse
durations. In this case the nonlinear interaction is substantially weakened
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Figure 2.6: K-vector scheme of pump, signal and idler waves in a non-
collinear, three-wave interaction geometry. Normally the non-collinear
angle α between the pump and signal k-vector and the phase-matching
angle θ are used to distinctly describe the geometry.

or interrupted, limiting the overall conversion efficiency. For example, us-
ing collinear, type I SHG in a BBO crystal of a Ti:sapphire laser output at
800 nm wavelength, would cause a temporal walk-off of around 190 fs per
1 mm crystal lengths. As result, the SHG driving pulse would require a
pulse duration of at least 200 fs, or a shorter nonlinear crystal would have
to be used, in order to ensure efficient frequency conversion over the full
crystal length. A detailed discussion about temporal walk-off effects in fem-
tosecond, nonlinear interactions can be found in [75]. In OPCPA systems
the effect of temporal walk-off can be normally neglected, since pulse dura-
tions in the picosecond regime are used, which is far above typical walk-off
times in the case of millimeter thick OPA crystals.

An important parameter for the description of the amplification bandwidth of
a broadband three-wave mixing process, is the so-called parametric band-
width. The parametric bandwidth is defined as the condition under which
the accumulated phase-mismatch of a nonlinear process |∆k · lc| is not
greater than π. By combining this condition, with the Taylor series expres-
sion of the phase-mismatch ∆k given in equation 2.28, an analytical ex-
press for the parametric bandwidth can be obtained. A generalized form
of the parametric bandwidth ∆λ in wavelength, which is derived from the
solution for ∆ω, is given by [82]:

∆λ =


λ2

c
· |usi|
lc

if
1

usi
6= 0

0.8λ2

c

√
1

lc|gsi|
if

1

usi
= 0

(2.31)
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using the parameters usi, gsi and β:

1

usi
=

1

vi cos(α+ β)
− 1

vs
, (2.32)

gsi =

[
1

2πv2
s

tan(α+ β) tanβ

(
λs
ns

+
λi cos(α+ β)

ni

)
− (gs + gi)

]
, (2.33)

β = arcsin

(
ns
ni

λi
λs

sinα

)
. (2.34)

In the case of a collimated beam geometry, α and β are set to zero. In-
terestingly in case of no group velocity matching (1/usi 6= 0), the paramet-
ric bandwidth scales inverse to the crystal length ∆λ ∝ 1/lc, while under
group velocity matching (1/usi = 0), ∆λ scales inverse with the square
root of the crystal length ∆λ ∝

√
1/lc. The equations 2.31 to 2.34 are used

in the course of this thesis to estimate the suitable crystal length for the
performed nonlinear, broadband interactions. This is especially important
for the design of the multiple broadband OPA and SHG stages used in the
OPCPA systems which are presented in chapter 2 and 3.

2.1.4 CEP-stable, mid-IR seed generation schemes

One important parameter for pulsed laser systems achieving output pulse
durations in the range of few optical cycles is the carrier-to-envelop phase
(CEP), which describes the phase of the carrier wave with respect to the
pulse envelope (see figure 2.7 (a)). At these short pulse durations, a dif-
ferent CEP influences strongly the maximal electric field strength, there-
fore having a huge influence on optical processes which dependent non-
linearly on the instantaneous electric field. The stabilization and control
of the pulse-to-pulse (or shot-to-shot) CEP value is crucial for example in
the field of attoscience allowing among others the generation of isolated
attosecond pulses via high harmonic generation [33, 34]. Another appli-
cation is the controlled synthesis of few-cycle, optical waveforms via the
superposition of multiple, CEP-stable electric field [40].

The CEP of the output pulses of mode-locked oscillators, which are used
for the seed generation in every ultrafast laser source, typically changes
shot-to-shot by a phase slippage dependent on the offset between group
velocity and phase velocity in the cavity [83]. One possibility of CEP stabi-
lization is active stabilization, where the pulse propagation inside the cavity
is influenced by for example the insertion of a prism [84] or via a change of
the Kerr effect due to a pump power change of the oscillator [85]. The CEP
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Figure 2.7: Concept of the carrier-envelop phase (CEP) of a laser pulse
(a), which is the phase between the carrier wave (orange) and the elec-
tric field envelope (blue, dotted). Shown are examples of a sine wave
(ϕCEP = π/2) and a cosine wave (ϕCEP = 0). The CEP can be
passively stabilized via interpulse DFG between two, frequency-shifted
pulses originating from the same oscillator (b) or by intrapulse DFG be-
tween the different frequency components of one driving electric field
(c). Figure is inspired by [74].

can also be passively stabilized, with the advantage that in this all-optical
technique no additional, electronic feedback-loop is required, contrary to
the case of active CEP stabilization.

Passive CEP stabilization schemes are based on DFG processes between
pulses originating from the same oscillator. The phase relations between
the three interacting waves in a DFG process are the same, as in the case
of OPA (see equations 2.14 to 2.16). These relations are valid in case of
monochromatic, three-wave interactions, but they can also be applied for
the CEP relations in case of pulsed, interacting laser pulses. Assuming a
DFG stage, where pump and signal pulses are seeded, the CEP ϕi of the
generated idler wave is [74]:

ϕi = ϕp − ϕs −
π

2
. (2.35)

One experimental realization of passive CEP stabilization is intrapulse DFG,
where just one seed pulse acts as pump as well as signal wave (see figure
2.7 (c)). The CEP of the generated idler pulse ϕi = −π/2 is then constant
and independent of the seeded CEP value. Intrapulse DFG is a commonly
used technique in for example ultrafast, THz spectroscopy, for the genera-
tion of near single-cycle, CEP-stable pulses in the THz spectral range [86].
The drawback of intrapulse DFG is the typically very low conversion effi-
ciencies of below 1%.
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Passive CEP stabilization can also be achieved in interpulse DFG between
two frequency-shifted pulses, which originate from the same oscillator and
which are temporal synchronized by a delay line (see figure 2.7 (b)). In
the case of a common mode-locked oscillator, the output pulses obtain
a different CEP ϕosc value for each laser shot. To achieve passive CEP
stabilization, the output pulse is split and one part is spectrally broadened
and frequency shifted via supercontinuum generation (SCG) in for example
optical fibers or by filamentation in solid media. A detailed description of the
mechanisms and applications of SCG are discussed in chapter 4. During
the spectral broadening the original CEP of the driving pulse is shifted by a
constant nonlinear phase ϕSC = ϕosc + csc. Additionally the non-shifted as
well as the frequency shifted pulses perceive constant phase shifts (c1, c2)
due to the different optical path lengths and by propagation through optical
elements. As consequence the CEP of the non-shifted (ϕnonSC) and of the
frequency shifted pulse ϕSC can be written as:

ϕnonSC = ϕosc + c1, (2.36)

ϕSC = ϕosc + csc + c2. (2.37)

In the case of a DFG process between these two pulses, the phase of the
generated, third wave is than:

ϕDFG = ϕnonSC − ϕSC −
π

2
= c1 − csc − c2 −

π

2
= constant. (2.38)

The resulting CEP ϕDFG is constant and independent from the CEP of the
original cavity oscillator ϕosc. Note that the preservation of CEP stability
during SCG is crucial for the passive CEP stabilization scheme based on
interpulse DFG. In fact, the nonlinear phase offset ϕSC acquired during
the spectral broadening is strongly coupled to the driving energy, since the
broadening mechanism is based on nonlinear processes. The introduced
CEP jitter related to the intensity-to-phase coupling during SCG in a third
order nonlinear medium was measured for example by Baltuška et al. for
spectral broadening in bulk materials [87]. As a consequence, a high output
energy stability of the seeding mode-locked oscillator is required, in order
to obtain high passive CEP-stability from the interpulse DFG scheme.

The mid-IR OPCPA system presented in the course of this thesis (see
section 2.2 and section 3.3) uses the passive interpulse CEP stabiliza-
tion scheme in order to obtain broadband, CEP-stable seed pulses in the
mid-IR regime. Additionally we can obtain a mid-IR spectral bandwidth,
supporting sub-3 optical cycle pulse durations, due to the fact, that both in-
terpulse DFG inputs are ultrabroadband, ultrafast pulses. In our case, the
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mode-locked oscillator as well as the required supercontinuum generation
is based on optical fiber technology, therefore providing perfect short- and
long-term energy and spectral stability. A detailed description of the CEP-
stable, mid-IR seed generating front-end is given in section 2.2.2. Fur-
ther information for the interested reader about passive CEP stabilization
schemes and their application in ultrafast optics can be found in [74,83,88].

Once the CEP-stable, mid-IR seed pulse is generated, the CEP-stability
is maintained during amplification via the OPA process, which can also be
seen in the OPA phase relation (equation 2.14): ϕi(z) = ϕi(0) − ∆kz

2 +
∆kγ2i

2

∫
dz

f+γ2i
. The CEP of the seeded idler is preserved, but shifted by a

constant phase offset. Note that in case of operation close to pump deple-
tion and assuming a high pump shot-to-shot intensity fluctuation, the added
phase offset fluctuates, introducing a CEP phase jitter. In our OPCPA sys-
tem this CEP jitter is minimized, by using a high-stability pump laser (see
section 2.2.3).

The CEP stability can be measured by interferometric methods, such as
for example f-to-2f or f-to-3f interferometers [83]. These techniques can
typically only measure the CEP shot-to-shot stability, which is linked to the
relative CEP change. In order to obtain information about the absolute CEP
value, techniques like for example electro-optical sampling [89] or strong-
field ionization in a Stereo-ATI [35] have to be used.

2.1.5 Design of stretcher and compressor arrangement

A combination of a temporal pulse stretcher and compressor device is
used in OPCPA architectures to stretch the seed pulses in time, avoid-
ing material damage during amplification, and to re-compress the high en-
ergy pulses at the output of the laser. To be able to design an appropiate
stretcher/compressor combination, the dispersion introduced by each opti-
cal element in the system has to be taken into account. One possibility to
analyse the introduced dispersion of a sequence of optical elements is to
calculate the optical beam path b through the system as function of the an-
gular frequency ω. The optical path length is than related to the frequency
dependent phase delay φ through [72]:

φ(ω) =
ω · n(ω)

c
· b(ω), (2.39)

where c is the speed of light in vacuum and n(ω) the material refractive in-
dex. In the analytic approach to obtain the introduced dispersion, the phase
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delay φ(ω) is achieved for a specific compound of optical elements using
geometric considerations and then the analytic expression of the second
order dispersion GDD = ∂2φ

∂ω2 and third order dispersion TOD = ∂3φ
∂ω3 is cal-

culated. A comprehensive overview of analytic expressions for the most
common compression schemes can be found in [72]. In contrast, in the
numerical approach the specific optical path length is obtained for each
frequency by for example the use of a so-called ray-tracing program, and
the GDD and TOD is afterward obtained by numerically calculating the sec-
ond and third order derivatives of the phase delay.

The applicable stretcher/compressor scheme for a specific OPCPA design
has to take also the used amplification scheme into account. For example,
all of the few other reported mid-IR OPCPA sources [47, 49–52] (see sec-
tion 1.3) use a stretched near-IR signal beam as seed, but finally compress
and extract the idler beam at the end of the system, which is generated dur-
ing the parametric amplification process. In this case, one would have to
consider the phase transfer relation between the signal and idler waves in
the OPA process (see equations 2.14 and 2.15) in order to design a suited
compressor scheme. In contrast, in our system we already seed with CEP-
stable, mid-IR pulses; these idler pulses are then amplified in a sequence
of OPAs and finally compressed at the output of the OPCPA system. In
this case, the stretcher/compressor scheme can be uniquely focused on
the dispersion of the idler wave.

Up-to-date a variety of dispersive optical elements are reported, which
can be used for temporal pulse stretching and compression. Aside from
bulk compressors, which exploit the dispersion introduced by propagation
through bulk material, a number of dispersion delay line schemes exploit
additionally angular dispersion. Examples are grating compressors [90],
prism pairs [91], grating compressors in combination with an imaging sys-
tem (also called Martinez compressor) [92] or grism pairs (combination
of grating and prism) [93]. Alternative approaches such as chirped mir-
rors [94] or chirped volume Bragg gratings [95] are based on the Bragg re-
flection condition and are designed in a manner that different frequencies
of an incident pulse are reflected in varying depth of the optical element.
Other elements, so-called pulse shapers allow the modulation of spectral
amplitude and phase of the transmitted electric field, which also permits the
compensation of high dispersion orders. Common pulse shapers use opti-
cal Fourier transformation grating-setups in combination with a pulse shap-
ing mask placed in the Fourier plane [96], which is typically a liquid crystal
spatial light modulator or an acousto-optic modulator. A different approach
is the acousto-optic programmable dispersive filter (AOPDF) [97], which
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permits the programmable high-order dispersion control using a relatively
simple transmission configuration.

In the OPCPA design, which is presented in this section, as well as in
the fundamentally rebuild power-upgrade presented in chapter 3, we ap-
ply a combination of bulk material and Martinez-type grating arrangement
as stretcher/compressor combination. Below, we first state the analytic
expressions for the dispersion of grating and bulk compressors and after-
wards determine the appropriate combination of bulk material and specific
grating for our OPCPA system. The analytical expressions of the added
dispersion after propagation though bulk material is given by [98] to:

GDDmaterial =
λ3

2πc2
L

(
d2n

dλ2

)
, (2.40)

TODmaterial = − λ4

4π2c3
L

[
3

d2n

dλ2
+ λ

d3n

dλ3

]
, (2.41)

where L is the material length and n the linear refractive index. It is known,
that due to the particular wavelength dependent behavior of the linear re-
fractive index, solid dielectric media exhibit negative GVD in the mid-IR
spectral range, while semiconductor exhibit positive GVD (see also figure
4.1). In contrast, the TOD of dielectrics as well as of semiconductors is
positive over the full spectral range. The analytic expressions for the dis-
persion introduced by a grating pair in a Treacy configuration (first order
diffraction, single pass; see figure 2.8 (a)) is given by [99]:

GDDgrating = − λ3G

2πc2d2 cos3 θdif
, (2.42)

TODgrating =
3λ4G

4π2c3d2 cos3 θdif

[
1 +

λ sin θdif
d cos2 θdif

]
, (2.43)

FODgrating =− 3λ5G

8π3c4d2 cos3 θdif

[
4 +

8λ sin θdif
d cos2 θdif

+
λ2

d2
(1 + 6 tan2 θdif + 5 tan4 θdif )

]
,

(2.44)

where d is the grating line separation, G the spacing between the grat-
ings parallel to their normal and θdif is the frequency dependent diffraction
angle, which is related to the input angle θin by the grating equation (as-
suming first diffraction order): d · (sin(θdif ) + sin(θin)) = λ. When analyzing
the analytic expressions, it can be seen that the GVD of a Treacy grating
compressor is always negative while the TOD is positive.
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Figure 2.8: Layout and working principle of Treacy (a) and Martinez (b,c)
grating compressor. The illustrated Treacy compressor applies trans-
mission gratings for a better visibility of the grating pair parameters. The
Martinez grating is shown in the zero dispersion configuration (b) and the
configuration for inverted dispersion (c). In latter case, the first grating
is imaged (Gr1’) behind the second grating Gr2, resulting in a negative
effective grating separation G, yielding positive GDD and negative TOD.

When the grating pair is used in a so-called Martinez-configuration, where
an imaging telescope is placed between both gratings [92], the sign of dis-
persion can be inverted and the introduced dispersion can even be mag-
nified, in case the imaging system consist of two focusing elements with
different focal lengths. In figure 2.8 (b, c) is shown the working scheme
of a Martinez grating compressor. We assume that both lenses have the
same focal length and that both gratings are equally spaced to the closest
lens. The first grating Gr1 is imaged by the two-lens imaging system on
Gr1’. The location of Gr1’ relative to the second grating Gr2 determines
the effective grating separation G and therefore the introduced dispersion.
In the case, when Gr1’ is exactly imaged onto Gr2 (figure 2.8 (b)) no addi-
tional dispersion apart from the lens material dispersion is introduced. In
the case, when Gr1 is placed closer to the lens L1 (figure 2.8 (c)), Gr1’
is projected behind Gr2 and the effective grating distance G is negative.
This results in a sign inversion of the introduced GDD and TOD, since the
grating distance G scales linear in equation 2.42 and 2.43.

In table 2.1 is given an overview of the dispersion signs introduced by prop-
agation through bulk media or grating compressors. It can be seen, that a
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GDD TOD

Dielectric bulk material, mid-IR range - +
Semiconductor, mid-IR range + +
Treacy grating pair - +
Martinez compressor + -

Table 2.1: Introduced sign of the second and third order dispersion for
various dispersive optical elements. It can be seen, that a combination
of dielectric bulk material and a Martinez grating compressor could be
used as stretcher/compressor scheme in the mid-IR spectral range.

combination of Martinez compressor and dielectric bulk media can be cho-
sen to compensate second and third order dispersion. We preferred the
use of bulk dielectrics in comparison to Treacy grating pairs, due to their
easier alignment and typically lower transmission losses.

In order to determine an optimal stretcher/compressor combination, the ra-
tio TOD/GDD is compared for various optical elements. Since the GDD and
TOD of bulk and grating compressors scales linear respective to the mate-
rial length or grating separation, the TOD/GDD coefficient of stretcher and
compressor should match in order to allow proper dispersion compensa-
tion. In figure 2.9 are shown the TOD/GVD coefficients for various dielectric
materials and grating compressors featuring different line spacings d and
diffraction angles θdif . The diffraction angles are given relative to the Lit-
trow angle θLitt, which is defined as configuration where θin = θdif = θLitt.
Typically it is desirable to use gratings under Littrow angle, since common
commercial gratings are designed to maximize their reflection efficiency for
this configuration. Additionally the line spacing should lie in the range of the
diffracted wavelength to permit optimal diffraction efficiencies. In figure 2.9
can be seen, that a combination of material dispersion in sapphire and a
Martinez-type grating compressor with a line separation of 5 µm (equivalent
to line density of 200 lines/mm) is perfectly suited as stretcher/compressor
scheme. The tunability of the TOD/GDD ratio by the grating incidence
angle allows also the compression fine adjustment for compensating the
additional dispersion introduced by the nonlinear OPA phase (last term in
equation 2.14) and the delay phase due to linear propagation through other
optical elements of the system, such as lenses or nonlinear crystals.

In general one has also to take into account, that the analytic dispersion
equations just give a rough estimate, since they assume infinitely small
beam sizes and an aberration free imaging system. When applying beams
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Figure 2.9: Calculated TOD/GDD ratio of various bulk materials at a
center wavelength of 3.05 µm using the respectrive Sellmeier equations
[100–102] (dotted lines). Also shown is the behaviour of the TOD/GDD
ratio for Martinez-type grating compressors with different line spacings
d as function of the beam incidence angle θin minus the Littrow angle
θLitt.

with broadband spectra and large beam sizes on the imaging system, chro-
matic and spherical aberrations will occur. One way to estimate the effect
of aberrations is by using ray-tracing programs, which allow to numerically
calculate the accumulated dispersion due to propagation thought a spe-
cific set of optical elements. For the accurate modelling of the Martinez
compressor, we used the ray-tracing software Optica3 (from Wolfram Re-
search Inc.). In order to reduce the simulated aberrations, the lenses in
the original scheme (see figure 2.8 (b)) are substituted by spherical re-
flective optics (f = 200 mm) to reduce chromatic aberrations. Further a
mirror is placed in the Fourier plane in order to fold the Martinez setup
and to reduce the footprint. Figure 2.10 shows the ray-tracing simulation of
the final Martinez-type grating configuration used in the presented mid-IR
OPCPA system. This ray-tracing simulations using our mid-IR pulse prop-
erties showed minimal aberrations and yield GVD and TOD values close to
the result from the analytic equations.

In conclusion, in the OPCPA design, which is presented in the following
section 2.2, as well as in the fundamentally rebuilt power-upgrade pre-
sented in chapter 3, we use a combination of sapphire bulk material and a
folded Martinez-type grating arrangement with a grating line density of 200
lines/mm as stretcher/compressor combination. On one side the arrange-
ment is relatively simple and easy to align compared to more elaborated
schemes including for example grism pairs or multi-prism pair combina-
tions and allows on the other side the full compensation of second and
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Figure 2.10: Ray-tracing simulation performed with Optica3 software of
folded, all-reflective Martinez-type grating compressor. The final com-
pressor version used in our mid-IR OPCPA system applies spherical
mirrors (f=200 mm) instead of lenses to avoid chromatic aberrations.
Further the setup is folded by placing a mirror in the Fourier plane in
order to facilitate the alignment and to reduce the compressor size.

third order dispersion.
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2.2 Mid-IR OPCPA

This section describes the general design and building blocks of the high
power, mid-IR OPCPA source. First, in section 2.2.1 a short overview about
the OPCPA layout and the main design considerations are given and in the
following sections the individual OPCPA parts are discussed in detail. The
final output parameters of the system are then described in section 2.2.6.

2.2.1 General layout

Figure 2.11: Layout of high power, mid-IR OPCPA system. The mid-IR
seed is generated via difference frequency generation (DFG) between
the two outputs of a fiber laser and afterwards amplified in a chain of
four OPA stages.

Figure 2.11 shows the OPCPA scheme, highlighting the individual building
blocks. The main advantages of the chosen system design is summarized
below:

• Fiber laser based, mid-IR front end. The mid-IR seed pulses of
the OPCPA system are generated via difference frequency mixing
between both output arms of a two-color, Er:fiber laser system. The
use of a fiber laser in the OPCPA front-end ensures excellent long-
term stability of the spectrum, pulse energy as well as beam pointing
of the generated mid-IR seed pulses. The DFG process between
the two femtosecond output arms of the fiber laser, permits spec-
tral bandwidth of the mid-IR seed pulse supporting transform-limited
pulse durations of sub-3 optical cycles. Since both DFG input beams
originate from the same fiber oscillator, the carrier-envelope phase
(CEP) of the mid-IR seed pulse is passively stabilized (see section
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2.1.4) and the absolute CEP value can be tuned, by a change of the
relative time delay between the two DFG input pulses.

• Industrial-grade, high power pump laser. As pump laser a state-
of-the-art, high power, picosecond pump laser is used, providing a
total pulse energy of 1 mJ at 160 kHz and excellent beam qualities of
M2 of 1.15. The industrial-grade of the pump laser ensures long-term
reliability of the beam pointing and output energy, which is crucial for
long-term operation of the OPCPA system, since the OPA process is
highly dependent on the pump peak intensity and on the temporal-
spatial overlap of pump and idler pulses (see equation 2.13).

• Amplification in OPA chain. The mid-IR seed pulses are ampli-
fied via optical parametric amplification (OPA). The advantages com-
pared to common laser amplification, which is based on stimulated
emission, are many-fold, such as for instance an absence of energy
storage in the gain media and a tuneable amplification bandwidth de-
pending on the phase-matching conditions (see section 2.1.3). In our
case, a chain of four consecutive OPA stages ensures a high total en-
ergy gain of 66 dB (∼4 million), while maintaining a mid-IR spectral
bandwidth, supporting few-cycle pulse durations of 5 optical cycles.

• Stretcher/compressor combination. The mid-IR seed pulses are
stretched by propagation through solid bulk material and after ampli-
fication temporally recompressed by a Martinez-type grating device.
This carefully chosen stretcher/compressor combination (see section
2.1.5) is simple to align and ensures the temporal compression of the
mid-IR pulses close to the transform-limited few-cycle pulse duration
of around 5 optical cycles.

2.2.2 Front-end for mid-IR seed generation

The mid-IR front-end which generates the seed pulses of the OPCPA sys-
tem consists of a commercial fiber-based laser providing femtosecond pul-
ses with center wavelengths at 1075 and 1560 nm and a difference fre-
quency generation (DFG) stage between those pulses. The schematic
setup is pictured in figure 2.12. As fiber laser we use the Femtofiber Sci-
entific (FFS) laser system from Toptica Photonics AG which consists of an
Erbium (Er) doped fiber oscillator and subsequent fiber amplifiers operat-
ing at 100-MHz repetition rate. After the oscillator, the beam at a center
wavelength of 1560 nm is split into two arms. One is further amplified
and provides after compression in a prism assembly an output energy of
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Figure 2.12: Setup of OPCPA front-end for mid-IR seed generation,
consisting of a two-color output fiber laser and a difference frequency
generation (DFG) stage based on a MgO:PPLN crystal. The mid-IR out-
put is passively CEP-stabilized, since both inputs origin from the same
oscillator (see section 2.1.4). HNLF: highly nonlinear fiber; osc.: oscilla-
tor; amp.: amplifier.

2.5 nJ at 1560 nm wavelength and a pulse duration of 79 fs. The second
arm is also amplified, temporally compressed and then fed into a nonlin-
ear fiber to undergo supercontinuum generation. The obtained spectrally
broadened pulses are compressed in another prism assembly and after
spectral filtering exhibit a center wavelength of 1075 nm and an energy of
100 pJ at a pulse duration of 35 fs. The amplitude and phase of the electric
fields of both fiber laser outputs are characterized by a SHG-FROG device
(see appendix B) and the results are shown in figure 2.13. Since all beams
and optical components inside the fiber system are, except for the prism
compressors, completely fiber coupled, the system provides a stable and
hands-off operation and was continuously operating over the course of the
presented thesis without a significant drop of output energy or change of
beam pointing.

The mid-IR pulses, which are used as seed for the OPCPA system, are
generated via difference frequency generation (DFG) of both fiber laser
outputs in a 5% magnesium oxide doped periodically poled lithium nio-
bate (MgO:PPLN) crystal. The MgO:PPLN is poled in a fan-out geometry,
permitting a wide tunability of the DFG center wavelengths. Figure 2.14 il-
lustrates the spectral output performance of the DFG stage. In the ideal
case of perfect phase-matching and transform-limited input pulses, the
DFG spectrum would span a 1/e2 bandwidth of 1300 nm wavelength (grey
area) from 2900 to 4200 nm. The real DFG setup provides less spectral
bandwidth mainly due to residual chirp of the fiber output pulses and due to
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Figure 2.13: Spectro-temporal characterization of the two output beams
of the FFS Toptica fiber laser. (Left side): Retrieved spectral intensity
(blue line) and amplitude (orange dotted line) from the output beams at
1075 nm (a) and at 1560 nm (c) center wavelength obtained by a SHG-
FROG device (see appendix B). Grey shaded areas show the measured
spectrum obtained by a FTIR spectrometer. (Right side): Retrieved tem-
poral intensity (blue line) and phase (orange dotted line) revealing a
pulse duration of 35 fs for the output at 1075 nm (b) and a pulse du-
ration of 79 fs at a pulse duration for the output at 1560 nm wavelengths
(d).

phase-matching considerations of the 1 mm long DFG crystal. The orange
and blue lines in figure 2.14 show two tuning possibilities of the DFG out-
put spectrum, obtained by fine adjustment of the temporal overlap and the
applied quasi-phase matching period of the fan-out MgO:PPLN crystal. By
optimization for maximal DFG pulse energy of 11 pJ (blue line) a spectral
bandwidth of 600 nm supporting a transform-limited pulse duration of ∼41
fs is obtained. The DFG output 1/e2 bandwidth can be further increased
to 850 nm (orange line) at the expense of a reduced pulse energy of 3.5
pJ. This broader output DFG spectrum supports a transform-limited pulse
duration of 30 fs, which corresponds to sub-3 optical cycles at the center
wavelengths of 3150 nm. For seeding the following OPA chain (see section
2.2.5) the DFG settings with high output energies is used (blue line).

Note, that the generated mid-IR pulses feature passive CEP stability, due
to the fact that both DFG input pulses originate from the same fiber oscilla-
tor (for theoretical background see section 2.1.4). The absolute CEP value
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Figure 2.14: DFG output characteristics. Grey shaded area shows
the calculated DFG spectrum, assuming perfect phase-matching and
transform-limited input pulses. The real DFG output is spectrally nar-
rower, due to phase-matching considerations, achieving output pulse
energies of up to 11 pJ (blue line) and a 1/e2 spectral bandwidth of up to
850 nm (orange line), which yields a transform-limited pulse duration of
30 fs (2.8 optical cycles). The DFG spectrum can be tuned by changing
the used phase matching period of the fan-out MgO:PPLN crystal and
by changing the temporal delay between both input pulses.

can be changed by adjusting the temporal delay between the two DFG in-
put beams over the range of the length of an optical cycle. Since both DFG
input pulses exhibit multi-cycle pulse durations, this delay change hardly
influences the overall DFG output energy. In our setup the temporal de-
lay between the DFG input pulses is controlled by a change of the beam
propagation path of one input beam via a piezoelectric actuator delay line.

2.2.3 Pump laser system

The pump energy for the optical parametric amplifiers is provided by a com-
mercial Hyper-Rapid laser in combination with a Hyper-Rapid Booster Am-
plifier produced by Coherent Inc. The laser is a diode-pumped solid-state
laser (DPSSL) based on laser amplification in neodymium-doped yttrium
orthovanadate (Nd:YVO4) and uses a semiconductor saturable absorber
modelocked, master oscillator power amplifier (MOPA) architecture. The
system provides an overall pulse energy of around 1 mJ divided in three
individual lines of 105 µJ, 260 µJ and 690 µJ energy at a pulse repetition
rate of 160 kHz. The output pulses at the center wavelength of 1064 nm
feature a transform-limited duration of around 9.5 ps.

Since the OPA process is strongly dependent on the peak intensity of the
pump beam (see equation 2.13), an excellent short- and long-term energy
stability of the pump laser is crucial for stable operation of the OPCPA sys-
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Figure 2.15: Output energy stability and spatial profile of Hyper-Rapid
laser system used as pump source for the OPA chain. (a): With a
photodiode measured shot-to-shot energy stability of output line1 ob-
taining 0.34% energy fluctuations over the course of 1 h. (b): With a
pyro-electric power meter (time average of 1 s) measured long-term en-
ergy stability of output line1 obtaining 0.14% energy fluctuations over
the course of 12.5 h. (c): Spatial profile of the three collimated output
beams indicating the respective pulse energies.

tem. The shot-to-shot energy stability of the first pump output is measured
with a photodiode revealing a stability of 0.34% fluctuations over the course
of 1 hour (see figure 2.15 (a)). In figure 2.15 (b) is illustrated the long-term
stability measurement featuring a slow reacting pyro-electric powermeter
(1 s averaging) over the span of 12.5 hours obtaining 0.14% energy fluctu-
ations. Note that the energy stabilities of the second and third outputs are
similar as from the first pump output. In figure 2.15 (c) is shown the mea-
sured spatial profiles in the far-field of all output beams. The beam quality
factor of all beams is given by the manufacturer to a M2 value of around
1.15.

2.2.4 Temporal synchronization of pump and seed laser

The optical parametric amplification process is instantaneous and strongly
dependent on the spatio-temporal overlap of the seed and pump pulses.
Therefore, in order to achieve good shot-to-shot reproducibility of the am-
plified output pulses, the temporal overlap of the seed and pump pulses
has to show a small temporal jitter compared to the pulse lengths. In con-
trary, a varying temporal overlap would strongly influence the shot-to-shot
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amplification gain. Moreover the output spectrum would change from pulse
to pulse due to the fact that the seed wavelengths are linearly dispersed in
time and therefore at different delays, different parts of the seed spectrum
would experience the maximum gain.

Figure 2.16: Setup of temporal synchronization of pump and seed
laser oscillators (a). The oscillator repetition rates (PD1, PD2) are elec-
tronically phase-locked by adjusting the cavity length of the seed fiber
laser (PM). Long-term stabilization is performed by a secondary, optical
feedback-loop which adjusts the phase-offset of the electronic phase-
lock loop to a fixed center wavelength of the SHG of the signal obtained
after the second OPA stage. The calibration curve (b) of this secondary
feedback-loop shows a linear behavior between the SHG center wave-
lengths and the pump-to-seed time delay around the position of the max-
imal output power with a linear slope of 9 nm/ps over a delay range of 2
ps.

In our case, where the seed laser and pump laser are derived from sep-
arated oscillators, a harmonic of their repetition rates f1, f2 have to be
synchronized. Otherwise, the repetition rate offset f0 = f1 − f2 6= 0 would
cause both laser pulses to continuously separate in time. The synchro-
nization of two mode-locked oscillators is typically achieved, by locking the
cavity round trip length L and therefore the repetition rate f = c0/L of the
slave oscillator to the repetition rate of the master oscillator. This synchro-
nization can be implemented for example by a electronic phase-lock loop
(PLL) [103].

In figure 2.16 (a) is shown the synchronization concept implemented in our
OPCPA system. The repetition rates of the oscillators of the pump and
seed laser are detected with two photodiodes (PD1, PD2). Afterwards the
electric signal of the pump repetition rate of 50 MHz is frequency doubled
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by a combination of a commercial electronic band-pass amplifier and band-
pass filters in order to match the seed laser repetition rate of 100 MHz. A
commercial, electronic PLL unit (FFS-SYNC-PPL from Toptica Photonics
AG) is used to lock both repetition rate signals to a constant phase offset
adjusting the cavity length of the fiber laser by translating a cavity mirror,
mounted on a piezoelectric crystal (PM). In phase-locked operation, the
PLL unit shows a synchronization jitter of around 350 fs rms, which is just
a few percent of the durations of the stretched seed pulses or the pump
pulses in the OPA stages.

Additionally to this primary synchronisation loop, a home-built, secondary
optical feedback-loop is used to ensure a long-term stabilized phase-offset
between the two locked cavity repetition rates. A common scheme of such
optical feedback loop applies a parametric cross-correlation setup, gener-
ating for example a SFG signal between the two pulse trains and monitoring
the signal strength of the SFG signal over time. A change of the SFG signal
strength indicates a change of the repetition rate phase offset between the
seeded pulse trains and can be used as feedback signal to the primary PLL
unit. More elaborated schemes use even two balanced parametric cross-
correlators [83]. In contrast, our approach uses an already existing OPA
stage of the OPCPA system (see figure 2.16 (a)) to obtain the feedback
signal and therefore avoids complex, additional cross-correlation setups.

After the second OPA stage, the generated signal wave at a center wave-
lengths around 1.6 µm is separated by a dichroic optic, frequency doubled
in a BBO crystal and the resulting spectrum is monitored with a standard
Silicon-based spectrometer. The center frequency is calculated and can
be used as feedback signal for the temporal overlap of mid-IR seed and
pump pulses. A change of the temporal overlap between the seed and
pump pulses would result in a changing center frequency of the generated
SHG of the signal, due to the fact that the mid-IR seed frequency is linearly
dispersed in time. In figure 2.16 (b) is pictured the calibration curve of the
feedback-signal. Around the temporal delay with the best pump-to-seed
overlap yielding maximal amplification (blue line), the center wavelength of
the SHG of the signal wave (orange line) exhibits a linear behaviour, al-
lowing the use as feedback signal. Figure 2.17 shows the performance of
the secondary feedback-loop in open-loop (left side) and closed-loop (right
side) operation. Pictured are the temporal evolution over the course of 30
minutes of the pump-to-seed delay which is calculated using the calibration
curve from figure 2.16 (blue line) as well as the amplified output energy af-
ter the second OPA stage. In the open-loop case strong power drops occur
within the time frame of minutes introduced by an oscillating synchroniza-
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Figure 2.17: Performance of secondary, optical feedback-loop with a
20 Hz feedback rate for the temporal synchronization between pump
and seed laser. The blue line indicates the temporal jitter and the or-
ange line shows the resulting behavior of the output power measured
after the second OPA stage (orange line). In the open-loop case (left
graph) strong power drops occur within the time frame of minutes intro-
duced by an oscillating synchronization jitter with a peak-to-peak height
of 0.5 ps within minutes and slow jitter drift within 30 minutes. By closing
the feedback-loop (right graph) the synchronization jitter is reduced to a
standard deviation of 23 fs resulting in a power-stability better than 0.6%
rms.

tion jitter with a peak-to-peak height of 0.5 ps within minutes and slow jitter
drift within 30 minutes. The jitter standard deviation is around 540 fs yield-
ing a fluctuation of the second OPA stage output power of 19% rms. By
closing the secondary feedback-loop the synchronization jitter is reduced
to a standard deviation of 23 fs resulting in a power-stability better than
0.6% rms.

2.2.5 Pulse stretcher and OPA chain

For an effective parametric amplification of the initially sub-100 fs, mid-IR
seed pulses by the ps long pump pulses, their temporal durations have to
converge to similar pulse lengths. According to the theoretical consider-
ations discussed in section 3.1.1, the temporal idler-to-pump ratio should
be around 0.4 to permit a good energy conversion efficiency while allowing
broadband spectral amplification. The mid-IR seed pulse is stretched by
propagation through a 50 mm long sapphire rod, which adds -29,200 fs2

GDD at a center wavelength of 3.05 µm and stretches the DFG seed pulse
from initial sub-100 fs to around 3.5 ps pulse duration, resulting in a idler-to-
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pump duration ratio of 0.37. The amplification of the stretched, mid-IR seed
pulses is performed in an OPA chain consisting of four consecutive ampli-
fication stages using collinear beam geometry. All OPA stages are based
on amplification in MgO:PPLN crystals, due to their high damage thresh-
old, good mid-IR transparency, broad phase-matching bandwidth and very
high nonlinear coupling coefficient deff (see table 3.1). A detailed discus-
sion about available parametric amplification crystals for mid-IR radiation
can be found in section 3.2. In each stage, the pump and seed diameters
are adjusted to provide optimum energy transfer from the pump to the mid-
IR idler wave and after each stage the residual pump and generated signal
beams are filtered out using specially designed dichroic filters.

Figure 2.18: (a): Wavelength dispersion (purple line) of the quasi
phase-matched (QPM) period for a MgO:PPLN crystal assuming a pump
wavelength at 1064 nm. The calculation is performed using equation
2.27 in combination with the Sellmeier equation of MgO:PPLN [104].
The orange area indicates the wavelength range supported by the DFG
stage and the black dotted line shows the QPM period, where the OPA1
to OPA3 are driven. (b): Normalized, amplified output spectra after the
OPA1, OPA2 and OPA3 stages.

The first three OPA stages use commercial available, fan-out MgO:PPLN
crystals (HCP photonics corp.) featuring a crystal aperture of 2 mm and a
quasi-phase-matching periods (QPM) of 21 to 35 µm. The corresponding
phase-matching curve is illustrated in figure 2.18 (a) and shows the tun-
ability of the phase-matching idler wavelength (purple line) from 2 µm to
over 5 µm assuming a pump wavelength of 1.064 µm. For the use of the
presented OPA chain, the amplified center bandwidth is set to ∼3.1 µm
wavelength obtained at a QPM period of 31.2 µm (black dotted line). In the
first stage 22 µJ of pump energy are focused to a peak intensity of ∼25
GW/cm2, amplifying the mid-IR pulse energy from 10 pJ to 60 nJ, featuring
a gain of ∼6000. Additional stretching is performed between the first and
second OPA stages by propagation of the mid-IR pulses through a 20 mm
long sapphire rod to optimize the energy extraction efficiency in the second
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OPA. The second and third OPA stage, which are operated close to the sat-
uration regime, use pump peak intensities around 20 GW/cm2 and achieve
mid-IR output energies of 2.5 µJ and 12.5 µJ, obtaining gains of ∼40 and 5
respectively. In figure 2.18 (b) is shown the spectra of the amplified output
pulses after the respective OPA stages. It can be seen, that the spectral
bandwidth is slightly broadened in each consecutive OPA stage due to the
saturated amplification regime in which the OPA2 and OPA3 stages are
driven.

For pumping the fourth OPA stage, 620 µJ of pump pulse energy is avail-
able. In order to keep the intensity below the material damage threshold
and below the onset of a beam distortion process particular for MgO:PPLN
crystals, which is in detail discussed in section 3.2.3, the pump beam waist
would have to be considerably bigger than in the previous OPA stages. In
order to avoid diffraction from the edges of the amplification crystal, the
commercially available, 2 mm aperture MgO:PPLN crystals used in the for-
mer OPAs, cannot be used. Instead, large aperture (5×5 mm2) MgO:PPLN
crystals with a fixed quasi-phase matching period of 31.2 µm obtained from
a collaboration with professor Hideki Ishizuki and professor Takunori Taira
from the Laser Research Center for Molecular Science in Okazaki (Japan)
are used [105,106].

In order to improve the overall amplified spectral width and shape in the
fourth OPA two identical, 2 mm long, large aperture crystals are used in
series under different incidence angles. By tilting the crystals, the original
quasi phase-matching period pporig. can be increased to an effective quasi
phase-matching period ppeff due to Snell′s law to:

ppeff = pporig. · cos

(
arcsin(sin

(
α

nLN

)
)

)−1

, (2.45)

where α is the beam incidence angle and nLN the material refractive in-
dex. The tuning behaviour of the phase-matched spectrum as a function of
the incidence angle of the co-propagating pump and mid-IR beam on the
MgO:PPLN crystal surface is picture in figure 2.19 (a). The amplified cen-
ter wavelength can be tuned from 3.25 µm at an incidence angle of 2◦to 2.9
µm at an incidence angle of 25◦. By using two crystals with different effec-
tive periods at incidence angles of 0◦ and 20◦ in series, the amplification of
super-Gaussian spectral shape with a 1/e2 spectral width of 500 nm can be
achieved (see figure 2.19 (b)). The mid-IR output pulses obtain energies of
40 µJ and the spectrum supports a transform-limited pulse duration of 51
fs, which are 5 optical cycles at the center wavelength of 3.05 µm.
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Figure 2.19: (a): Background subtracted, amplified spectra out of the
fourth OPA stage using different incidence angles of the collinear prop-
agated pump and idler beams onto the 5×5 mm2 aperture MgO:PPLN
crystals. The respective incidence angles are given for each spectrum
in the respective color code. (b): The fourth OPA takes advantage of the
spectrally tuneable gain bandwidth by using two identical MgO:PPLN
crystals in series under beam incidence angles of 2◦ and 20◦. This com-
bination yields a 500 nm spanning (1/e2 width) super-Gaussian shaped
spectrum with pulse energies of 40 µJ.

2.2.6 Pulse compression and mid-IR output performance

After the parametric amplification in the OPA chain, the high energy mid-
IR pulses are compressed by propagation through a folded, all-reflective
Martinez-type grating compressor. The choice of the compressor device is
guided by former considerations about suited stretcher/compressor combi-
nations for mid-IR pulses presented in section 2.1.5. In table 2.2 is given
the overview of the total dispersion, which is acquired during propagation
through the mid-IR OPCPA system. It can be seen, that the Martinez com-
pressor is able to compensate the former introduced dispersion, when ap-
plying an effective grating separation G of -10.7 mm, a grating line density
of 200 lines/mm and an input angle θin of 16.04◦. For this calculation we
neglect the nonlinear OPA phase (see last term in equation 2.14), which
can be compensated in the real OPCPA, by fine adjusting the grating sep-
aration and grating incidence angle.

The overall transmission efficiency of the compressor is ∼50%, yielding
a total mid-IR output pulse energy of 20 µJ at the pulse repetition rate
of 160 kHz which corresponds to a mid-IR average power of 3.2 W. The
compressed pulse duration of the mid-IR output is measured with a SHG
FROG-device (see appendix B) to 55 fs which are 5.4 optical cycles at the
center wavelength of 3.05 µm, which is close to the transform-limit of 51
fs. Figure 2.20 shows the retrieved spectral intensity and amplitude (a) and
temporal intensity and amplitude of the mid-IR output pulses. The output
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Element Element length or GDD in fs2 TOD in fs3 FOD in fs4

grating separation

negative GDD
Bulk stretcher 50+20 mm, Al2O3 -40,850 +239,050 -1,828,450
OPA crystals 12 mm, MgO:PPLN -6,330 +42,010 -309,030
Lenses 24 mm, CaF2 -2,270 +15,010 -100,610
Dichroic filters 17 mm, CaF2 -1,920 +10,630 -71,270
positive GDD
Martinez -10.7 mm, θin=16.04◦ +51,370 -306,700 +2,631,690
compressor

Total dispersion 0 0 +322,330

Table 2.2: Overview of acquired dispersion of the cascaded amplified
idler beam throughout the mid-IR OPCPA system at a center wavelength
of 3.05 µm. The dispersion introduced by propagation though material is
calculated using equations 2.40, 2.41 and applying the Sellmeier equa-
tions of Al2O3 [102], MgO:LN [107] and CaF2 [101]. The introduced
dispersion by the Martinez-type grating-compressor is estimated by ap-
plying equations 2.42, 2.43, 2.44 and under the use of d = 200 lines/mm,
the grating distance G and the incident angles θin given in the table.

power stability is measured with a fast photodiode to be below 1% fluctu-
ations over the course of 12.5 h (see figure 2.20 (c)). The spatial beam
profile of the collimated output beam is shown in the inset of figure 2.20
and is measured with a microbolometer camera (WinCamD from DataRay
Inc.).

For completeness it should be mentioned, that the expected, passive CEP-
stability of the mid-IR OPCPA output pulses (details see section 2.1.4) was
experimentally proven by my colleagues Alexandre Thai and Michaël Hem-
mer. Using a f-to-2f interferometer, they could measure a CEP stability of
less than 250 mrad fluctuations over the course of 11 minutes. A detailed
description of the CEP measurement can be found in [68].
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Figure 2.20: Output parameters of mid-IR OPCPA system. (a): From
FROG algorithm retrieved spectral intensity (blue line) and spectral
phase (orange dotted line) in comparison with the measured spectral in-
tensity (grey area). (b): Retrieved temporal intensity and instantaneous
frequency, obtaining a pulse duration of 55 fs. (c): The output power
stability is measured with a photo diode over the course of 12.5 h to a
stability of less than 1% rms fluctuations. The inset shows the spatial
output beam profile, which is measured with a microbolometer camera.
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2.3 UV to near-IR multi-color upgrade

This section describes the general design and building blocks of the ultravi-
olet (UV) to mid-IR upgrade of the high power, mid-IR OPCPA source. First,
in section 2.3.1 a short overview about the layout of the multi-color upgrade
is given and in the following sections the individual building blocks are dis-
cussed in detail. The final output parameters of the multi-color OPCPA
upgrade are then described in section 2.3.5.

2.3.1 General layout

Figure 2.21: Layout of the multi-color OPCPA upgrade. A combina-
tion of the in section 2.2 described mid-IR OPCPA (top, transparent)
with a signal wave compressor setup (top, right) and a high conversion-
efficiency, frequency up-conversion chain (bottom) enables the genera-
tion of high peak power pulses from the ultraviolet to the mid-IR spectral
range at 160 kHz repetition rate.

Figure 2.21 shows the general layout of the multi-color upgrade of the mid-
IR OPCPA system presented in section 2.2. A high peak power, near-IR
output at 1600 nm center wavelength is derived by extracting and tempo-
rally compressing the signal wave from the mid-IR OPCPA system. The

53



2.3. UV to near-IR multi-color upgrade

further outputs in the ultraviolet and visible spectral range are achieved via
cascaded parametric harmonic generation in nonlinear optical crystals; an
approach, which is commonly used in combination with Ti:sapphire based
laser systems. In our case, this cascaded frequency up-conversion chain
is driven by the recycled pump and signal beam after the third OPA stage of
the mid-IR OPCPA system and provides high energy, femtosecond pulses
at 270 nm, 400 nm and 800 nm wavelengths at a 160 kHz repetition rate.
The combination of the mid-IR OPCPA with the multi-color upgrade enables
the generation of all-optically synchronized, high peak-power, femtosecond
pulses ranging from the ultraviolet to the mid-IR spectral range.

In our case, the design of the frequency up-conversion chain is governed
by the specific output parameters which are required to enable multi-color,
pump-probe experiments in the strong-field regime (see more details in
section 1.2). Below are explained the main design considerations which
influenced the setup of the multi-color OPCPA upgrade:

• Optical synchronization. In order to allow reliable pump-probe ex-
periments, the temporal jitter between the involved pulses has to be
considerably smaller than the pulse durations, which is especially de-
manding in case of femtosecond pulses. When the pump and probe
pulses are derived from independent oscillators, an active synchro-
nization of the cavity repetition rates is required (see also section
2.2.4), which limits the minimal temporal jitter typically to a few tens
of femtoseconds of even to below one femtosecond in dependence
of the applied active synchronization scheme [108, 109]. However
active synchronization scheme are always linked to an increase com-
plexity of the radiation source. A more elegant approach, allowing a
much smaller temporal pulse jitter, is optical synchronization, where
all involved pulses are derived from the same laser system and the
pulse repetition rates are therefore passively synchronized. In this
case temporal pulse delay jitters are mostly defined by small changes
of the beam path lengths by for example pointing instabilities or air-
flow induced refractive index changes of free space beam paths. In
our multi-color upgrade all wavelengths are derived from the mid-IR
OPCPA system and are therefore passively synchronized to each
other, which allows minimal temporal pulse jitter. Another advan-
tage of this layout scheme is the use of the excellent laser output
parameters from the pump laser and mid-IR OPCPA system for driv-
ing the generation of the multi-color outputs, especially considering
the power-stability, beam profiles and high repetition rate of the driv-
ing system.
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• Conversion efficiency versus spectral bandwidth. In order to en-
able multi-color experiments in the strong-field ionization regime, the
different outputs of the frequency up-conversion chain have to reach
peak intensities in the 1013 to 1014 W/cm2 regime. This requires good
beam focusing ability and a sufficiently high output peak power - de-
fined as the quotient of pulse energy divided by pulse duration - in the
tens to hundreds of MW regime. One possibility to increase the out-
put pulse energy, which is linked to the energy conversion efficiency
during the cascaded parametric harmonic generation, is the increase
of the applied nonlinear crystal lengths (see equation 2.13). However,
simultaneously the amplification bandwidth of the nonlinear process
will decrease for longer nonlinear crystals (see equation 2.31), pos-
sibly leading to a increase of the transform-limited pulse duration,
which scales inversely proportional with the output peak power. In
the design of the frequency up-conversion chain presented here, the
crystal lengths are chosen to obtain maximal conversion efficiencies,
while supporting pulse durations between 50 and 100 fs. This tem-
poral range is set to be close to the mid-IR output pulse duration of
55 fs, enabling a temporal resolution of pump-probe experiments in
the sub-150 fs range. Additionally, the chosen crystal lengths in the
multi-color OPCPA upgrade allow the operation of the SHG and SFG
stages at high conversion efficiencies and the use of the non-collinear
OPA stage close to pump depletion, yielding high energy-stabilities of
the multi-color output pulses inherited from the industrial grade pump
laser.

2.3.2 Near-IR output at 1.6 µm wavelength

The near-IR output of the OPCPA system is obtained at the end of the mid-
IR OPA chain as a by-product of the three-wave-mixing parametric process.
After the fourth OPA stage, the signal, idler and pump waves of the OPA
process are separated via dichroic optics. The extracted signal beam con-
tains 22 µJ pulse energy at a center wavelength of 1620 nm and a 1/e2

bandwidth of 100 nm. The spectrum is shown as grey shaded area in fig-
ure 2.22 (b). Since the amplified idler and signal pulse energy in the OPA4
stage are linked due to the Manley-Rowe relation (see equation 2.22), one
would expect a higher signal pulse energy Esig of:

Esig =
ωsig
ωidl

(
Eidl,out − Eidl,in

)
= 2.0 · (40µJ − 12.5µJ) = 55µJ, (2.46)
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where Eidl,in and Eidl,out are the input and output pulse energies of the
idler pulse in the fourth OPA stage, given in section 2.2.5. The discrepancy
between obtained and expected signal pulse energies is caused by the
used custom-made dichroic optics, which are designed to maximize the
transmission efficiency at the main OPCPA output in the mid-IR range and
which are not perfectly optimized for the signal wavelength range.

The signal beam is temporally compressed in a folded, silicon-based prism
compressor. The compressor design was chosen under considerations of
the expected dispersion of the signal wave. After the fourth OPA stage of
the OPCPA setup, the mid-IR beam is expected to exhibit a GDD of around
-51,000 fs2 and a TOD of around +300,000 fs3 (see table 2.2). Due to the
phase relation of the OPA process and assuming transform-limited pump
pulses with no dispersion, the signal wave should therefore obtain similar
GDD and TOD values as the mid-IR beam, but with an inverted sign of
the GDD (see equations 2.17 and 2.18). The required compressor device
has therefore to be able to add a negative GDD and a negative TOD to
temporally compress the near-IR signal output. Compressors purely rely-
ing on bulk propagation or gratings do not fulfill this requirement (see table
2.1). Instead we used a prism compressor based on silicon prisms. The
introduced dispersion of such devices can also be estimated analytically
(see section 2.5.5 in [72]), but we used the ray-tracing program Optica3
(Wolfram Research, Inc.) to simulate the full compression device. Figure
2.22 (a) shows the obtained ray-tracing simulation of the prism compres-
sor. Using two silicon-prisms (apex angle 32◦) under a beam incidence
angle close to Brewster angle and with a prism separation of 25 cm from
tip to tip, an introduced double-pass dispersion of around -50,000 fs2 GDD
and -470,000 fs3 TOD is calculated, indicating an overcompensation of the
third order dispersion.

The experimental realization of the prism device compresses the near-IR
pulses to a temporal duration of 96 fs. The spectral and temporal behaviour
of the compressed near-IR pulses are measured with a SHG-FROG (see
appendix B) and the retrieved spectro-temporal properties are shown in
figure 2.22 (b,c). The retrieved spectral phase (orange dotted line in figure
2.22 b) clearly shows the expected, residual third order dispersion, which
explains the difference between the measured pulse duration of 96 fs and
the transform-limited duration of 72 fs. The compressor has a transmission
efficiency of around 70%, resulting in output pulse energies of 15 µJ, which
yields a peak power of 156 MW.

The obtained pulse duration of the near-IR output is sufficiently short for
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Figure 2.22: (a): Layout of silicon-prism compressor used for tempo-
ral compression of the near-IR OPCPA output. (b): Retrieved spectral
intensity (blue) and spectral phase (orange, dotted) of the near-IR out-
put obtained by a SHG-FROG device in comparison with the measured
spectrum (grey area). The 1/e2 bandwidth is around 100 nm and the
spectrum supports a transform-limited pulse duration of 72 fs. (c): Re-
trieved temporal intensity (blue) and instantaneous frequency (orange,
dotted) of the near-IR output, yielding a pulse duration of 96 fs.

its purpose in pump-probe experiments with sub-150 fs resolution or as
molecular alignment beam in strong-field experiments on gas targets (see
section 1.2). In case, a better pulse compression would be required, the
third order dispersion could possibly be compensated by the use of grism
compressors or by a combination between prism and grating compres-
sor, possibly yielding higher total transmission losses as the compression
scheme presented here.

2.3.3 High energy, few-cycle pulses at 800 nm

Figure 2.23 illustrates the detailed setup for generation of the high energy,
femtosecond pulses at a center wavelength of around 800 nm. After the
third OPA stage of the high power OPCPA (see section 2.2), the temporally
stretched signal wave at 1620 nm wavelengths as well as the residual pump
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wave at 1064 nm wavelength are extracted via dichroic optics. Both beams
are frequency doubled in high efficiency SHG stages and afterwards the
frequency-doubled signal wave is amplified in a non-collinear OPA stage
pumped by the frequency doubled pump wave.

Figure 2.23: Generation scheme of femtosecond, high energy pulses
at 810 nm wavelength, which is part of the multi-color OPCPA upgrade.
Shown are the obtained pulse energies and energy conversion efficien-
cies of each second harmonic generation (SHG) or non-collinear optical
parametric amplification (NOPA) stage.

The used nonlinear crystals as well as their phase-matching conditions
and crystal length are chosen in order to allow maximal energy conversion
efficiencies, while permitting a phase-matching bandwidth of the 800 nm
beam supporting sub-50 fs pulse durations.

In table 2.3 is given an overview of the amplification crystals used in our
setup, including information about the phase-matching (PM) parameters
such as phase-matching angle and non-collinear angle as well as spe-
cific crystal properties such as the crystal length and the resulting phase-
matching bandwidth. In figure 2.24 (a, b, c) are illustrated the phase-
matching behaviours for each crystal configuration as a function of the
phase-matching angle. In both SHG stages we use beta barium borate
(BBO) crystals in collinear beam geometry and type 1 phase-matching con-
figuration, using crystal lengths of 2 mm and 5 mm for frequency doubling
of the beams at 1620 nm and 1064 nm wavelengths respectively. In the
consecutive amplification stage, a 5 mm long BBO crystal is used in a non-
collinear beam geometry with an angle of 2.45◦ in order to achieve a broad
phase-matching bandwidth via group-velocity matching for the amplifica-
tion of the 800 nm pulses. Figure 2.24 (c) shows, how the phase-matching
behaviour evolves in case of a distinct non-collinear angle.
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crystal Interaction deff crystal non-coll. PM PM
(wavelength in nm) (pm/V) length angle angle bandwidth

BBO 1620 (o) + 1620 (o) 1.94 2 mm 0◦ 19.8◦ 176 nm
= 810 (e) at 810 nm

BBO 1064 (o) + 1064 (o) 2.01 5 mm 0◦ 22.9◦ 8.8 nm
= 532 (e) at 1064 nm

BBO 1550 (o) + 810 (o) 2.08 5 mm 2.45◦ 23.9◦ 250 nm
= 532 (e) at 810 nm

Table 2.3: List of nonlinear crystals applied in frequency up-conversion
chain to generate high energy, femtosecond pulses at 800 nm. Given
are the phase-matching (PM) parameters like deff , non-collinear (non-
coll.) angle and phase-matching angle. The resultant phase-matching
bandwidth is calculated for the given crystal length, using equation 2.31
and Sellmeier equation [110].

In the two SHG stages as well as in the NOPA stage we use BBO crys-
tals due to their higher nonlinear interaction constant deff compared to
other bulk crystals, which are commonly used for near-IR frequency mixing
processes such as lithium triborate (LBO) or potassium dihydrogen phos-
phate (KDP). The nonlinear crystal with the closest amplification behaviour
to BBO in the near-IR spectral range is bismuth triborate (BiBO), which fea-
tures a slightly higher deff as BBO, but which is not used in our setup due
to the smaller acceptance bandwidth in the case of a pump wave at 532 nm
wavelength. Also in the literature, BBO is the typically used amplification
crystal in OPCPA systems delivering high power, femtosecond outputs at
near-IR wavelengths around 800 nm [6,111,112].

The specific choice of the nonlinear crystal parameters enables high en-
ergy conversion efficiencies in each parametric frequency-mixing stage.
In the presented frequency up-conversion setup, 8 µJ pulse energy at
1620 nm wavelengths are obtained after the third OPA stage of the mid-
IR OPCPA (see figure 2.23). These pulses are frequency doubled to 3.4
µJ energy pulses at 810 nm wavelength, yielding a high conversion effi-
ciency of 42% while maintaining a wide bandwidth. In parallel, after the
third OPA stage also 182 µJ pulse energy of the residual pump at 1064
nm wavelength are recycled. These transform-limited, picosecond pulses
are frequency doubled with a high conversion efficiency of 63% to 114 µJ
pulses at 532 nm center wavelength. The energy scaling behaviour of this
SHG stage is shown in figure 2.25 (a), indicating an operation close to de-
pletion of the fundamental driving wave, which yields high output power
stabilities. The power stability at 532 nm is measured with a pyro-electric
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detector to fluctuations of 0.2% of the rms over the course of 30 minutes,
making this output beam ideally suited as pump wave for an OPA stage.

Figure 2.24: Phase-matching behavior for perfect phase-matching
∆k=0 for each optical parametric stage as a function of wavelength.
Shown are the phase-matching curves for the SHG of 532 nm wave-
length (a), the SHG of 1620 nm wavelength (b) and the non-collinear
amplification stage for the 810 nm pulses (c). In the latter case, the
phase-matching curves for three different non-collinear angles α are
given. The black dotted lines indicate the used phase-matching angle.

In the consecutive non-collinear OPA stage the near-IR pulses at 810 nm
wavelengths are amplified from the initial 3.4 µJ energy to 15.4 µJ energy
applying the 114 µJ pump energy at 532 nm wavelengths. A pump-to-
signal energy conversion efficiency ηsig of 10.5% and a corresponding to-
tal energy conversion efficiency of ηtot = ηsig · (1 + ωidl/ωsig) = 16.0%
is obtained, which is relatively high in the case of broadband parametric
amplification and Gaussian-like spatio-temporal beam profiles (see section
3.1.2). Figure 2.25 (b) illustrates the signal wave amplification behaviour of
the NOPA stage as function of the seeded pulse energy (blue line). The cal-
culated evolution of the pump-to-signal conversion efficiency (orange line)
indicates an operation close to the pump depletion regime.

After amplification, the stretched, picosecond pulses at 810 nm are com-
pressed by a custom-made grism compressor designed to compensate the
theoretical expected dispersion of the near-IR beam at 810 nm wavelength.
Similar to the argumentation in section 2.3.2, the mid-IR idler pulses in the
third OPA stage of the OPCPA system are expected to exhibit a GDD of
-51,000 fs2 and a TOD of +300,000 fs3 (see table 2.2). Due to the phase
relationship in the OPA process, the generated signal beam at 1620 nm
wavelength is expected to obtain the same TOD value, but an inverted
GVD value of +51,000 fs2 in comparison to the mid-IR idler (see equa-
tions 2.17, 2.18). After frequency doubling of the signal wave at 1620 nm
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Figure 2.25: (a): Power-scaling behaviour of the SHG stage for the gen-
eration of 532 nm wavelength pulses as a function of the driving pulse
energy at 1064 nm wavelength. (b): Amplification behaviour of NOPA
stage for amplification of the 810 nm wavelength pulses as a function
of the pump pulse energy at 532 nm wavelength. Shown are also the
corresponding energy conversion efficiencies, indicating a efficiency sat-
uration at high driving energies in the case of the SHG stage as well as
in the NOPA stage.

wavelength, the generated pulses at 810 nm wavelengths are supposed
to obtain half the GDD and a quarter of the TOD as the driving pulses
(see equations 2.19, 2.20). Therefore, the required compressor has to be
able to introduce -25,500 fs2 of GDD and -75,000 fs3 of TOD in order to
compress the amplified, near-IR pulses at 810 nm wavelengths close to
the transform-limit. In our case, the specific geometric design of the used
grism compressor is computed with the ray-tracing program Optica3 (Wol-
fram Research, Inc.). Figure 2.26 (a) shows the final grism compressor
configuration, which consists of two transmission gratings (line density of
1200 lines/mm) and anti-reflection coated BK7-glass prisms with an apex
angle of 56 degrees. Using a grism separation of 0.9 mm and a beam
incidence angle of 31◦ to the normal, the compressor should introduce a
dispersion of around -25,500 fs2 GDD and -70,000 fs3 of TOD. In the figure
is illustrated the ray-tracing for beam at 810 nm center wavelength assum-
ing a beam diameter of 2 mm and a spectral span of 40 nm.

The compressed pulse duration is measured with an SHG-FROG device
(see appendix B) to be 51 fs at a center wavelength of 810 nm, which is
very close to the supported transform-limited pulse duration of 45 fs. In
figure 2.26 (b) is shown the retrieved spectral intensity and phase while
in figure 2.26 (c) is illustrated the measured temporal intensity and instan-
taneous frequency of the compressed near-IR pulses. The output pulses
show energies of 5.3 µJ, yielding an overall compressor transmission ef-
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Figure 2.26: (a): Grism device for temporal pulse compression of out-
put pulses at 810 nm wavelength consisting of two transmission grat-
ings (1200 lines/mm) and two BK7-glass prisms (apex angle 56◦). The
ray-tracing performed by the Optica3 software reveals a required grism
separation of 0.9 mm.(b): Retrieved spectral intensity (blue) and spec-
tral phase (orange, dotted) of the UV output obtained by a SHG-FROG
device in comparison with the measured spectrum (grey area). The
1/e2 bandwidth is around 40 nm and the spectrum supports a transform-
limited pulse duration of 45 fs. (c): Retrieved temporal intensity (blue)
and instantaneous frequency (orange, dotted) of the UV output, yielding
a pulse duration of 51 fs.

ficiency of around 35%. The output power stability is measured with a
pyro-electric detector to 0.5% rms fluctuations over 30 minutes.
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2.3.4 Frequency up-conversion to the ultraviolet

The output pulses of the multi-color upgrade in the ultraviolet (UV) spectral
range are generated by second harmonic generation and cascaded third
harmonic generation driven by the femtosecond, near-IR pulses at 810
nm wavelengths, which originate from the first part of the frequency up-
conversion chain (see section 2.3.3). Figure 2.27 shows the layout of the
cascaded harmonic generation setup, including the measured pulse ener-
gies and energy conversion efficiencies for each frequency-mixing stage.

Figure 2.27: Generation scheme of the femtosecond, UV pulses at 405
nm and 270 nm wavelength, which is driven by near-IR pulses at 810
nm wavelength. Indicated are also the obtained pulse energies for each
wavelength and the energy conversion efficiencies of each parametric
frequency-mixing stage.

In both harmonic generation stages beta barium borate (BBO) crystals are
used as nonlinear frequency-mixing material. Table 2.4 shows the phase-
matching parameters of the applied crystal configurations. In the case of
the SFG of the deep-UV pulses at 270 nm, the phase-matching parame-
ters for collinear as well as for non-collinear beam geometry are given and
the non-collinear scheme is used in our setup, due to its higher amplifi-
cation bandwidth. In general, BBO is chosen for the parametric harmonic
generation, due to its high nonlinear interaction constant deff and a broad
amplification bandwidth, compared to other common nonlinear crystals. As
example, the boride crystals CBO and LBO feature a roughly three times
smaller deff as BBO in the case of SHG of the 820 nm pulse. Neverthe-
less, one drawback of BBO is material degeneration induced by high peak-
power density, deep-UV radiation [113]. In fact in our setup, we observed a
slow decrease of the generated pulse energy at 270 nm wavelength, when
operating over hours. The original output pulse energy could be recovered,
by slight displacement of the BBO crystal.

In the last decade, huge effort has been undertaken to improve the crystal
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crystal Interaction deff crystal non-coll. PM PM
(wavelength in nm) (pm/V) length angle angle bandwidth

BBO 810 (o) + 810 (o) 2.00 0.2 mm 0◦ 28.9◦ 14.3 nm
= 405 (e) at 405 nm

BBO 810 (o) + 405 (o) 1.88 0.2 mm 0◦ 43.5◦ 1.7 nm
= 270 (e) at 270 nm

BBO 810 (o) + 405 (o) 1.98 0.2 mm 6.2◦ 51.7◦ 4.4 nm
= 270 (e) at 270 nm

Table 2.4: Phase-matching configurations of BBO crystals used for the
generation of UV pulses at 410 nm and 270 nm wavelength. In case
of the SFG stage two configurations in collinear and non-collinear beam
geometry are shown, from which the non-collinear design is used in the
presented system. Illustrated are the phase-matching (PM) parameters
such as deff , phase-matching angle and the non-collinear (non-coll.)
angle between signal and pump wave. The resultant phase-matching
bandwidth is calculated for the shown crystal length, using equation 2.31
and Sellmeier equation [110].

quality and to discover new crystals for effective ultraviolet pulse genera-
tion down to sub-200 nm wavelength. A detailed overview about advances
of boride crystals can be found in [114]. One other promising material is
potassium fluoroboratoberyllate (KBBF), which has been used for high effi-
ciency femtosecond, SHG down to 200 nm [115]. Unfortunately, this crystal
is still not commonly available, very difficult to grow and requires a spe-
cial, optical contact prism-coupling device for proper phase-matching (for
review about KBBF see [116]). Another promising crystal for UV genera-
tion is the recently reported, periodically poled lanthanum boron germinate
(PP-LBGO) [117], which could allow efficient, broadband generation of UV
pulses, due to the absence of temporal walk-off between the interacting
waves caused by quasi phase-matching in the periodically poled crystal
structure.

In the cascaded harmonic generation setup employed here (see figure
2.27), the 5.3 µJ energy, near-IR pulses at a center wavelength of 810 nm
are frequency-doubled in a collinear second harmonic generation (SHG)
stage based on a 0.2 mm thick BBO crystal cut at 29.2◦. Pulse energies of
1.9 µJ at 405 nm center wavelength are generated, yielding a high energy
conversion efficiency of around 35%. For the temporal characterization of
the UV pulses no SHG-FROG can be used, in contrast to the case of the
mid-IR and near-IR outputs of the presented OPCPA system, due to the
absence of a suitable nonlinear SHG crystal in the ultraviolet spectral. In-
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stead, the UV pulses are characterized with a home-built self-diffraction
(SD) FROG device (see details in appendix B), and the retrieved spectral
and temporal pulse information are shown in figure 2.28. The spectral 1/e2

bandwidth spans around 9 nm at a center wavelength of 405 nm, while a
temporal pulse duration of 47 fs is measured, which is slightly below the 51
fs pulse duration of the near-IR driving pulses.

Figure 2.28: (a): Retrieved spectral intensity (blue) and spectral phase
(orange, dotted) of the UV output obtained by a SD-FROG device in
comparison with the measured spectrum (grey area). The 1/e2 band-
width is around 9 nm and the spectrum supports a transform-limited
pulse duration of 35 fs. (b): Retrieved temporal intensity (blue) and
instantaneous frequency (orange, dotted) of the UV output, yielding a
pulse duration of 47 fs.

Reaching further into the UV is achieved by non-collinear sum-frequency
generation (SFG) under an internal, non-collinear angle of 6.2◦ between
the pump and signal waves in a 0.2 mm thick BBO crystal. The non-
collinear beam geometry is chosen in order to extend the acceptance band-
width ∆λ of the SFG process (see ∆λ values for collinear and non-collinear
geometry in table 2.4). The generated deep-UV light at 270 nm wavelength
reaches a pulse energy of 0.5 µJ and a 1/e2 bandwidth of 2.6 nm, yielding
a photon conversion efficiency with respect to the 405 nm beam of (0.5
µJ·ωs)/(1.9 µJ·ωp) = 18 %, according to the Manley-Rowe relations (equa-
tion 2.22). The spectral shape is measured with a monochromator (CS260
1/4 m from Oriel Instruments) in combination with a silicon-based detector
and the normalized spectrum is illustrated in figure 2.29 (a). The temporal
pulse duration is measured via a two-photon absorption autocorrelation de-
vice, which analyses the transmitted beam through the absorbing material
(details in appendix B) [118]. In contrast to the measurement with the SD-
FROG device, which was not possible due to insufficient peak intensities of
the 270 nm pulses, the used autocorrelator does not give any phase infor-
mation of the electric field and provides just limited information about the
temporal pulse shape. In figure 2.29 (b) is shown the obtained two-photon
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absorption trace of the 270 nm pulse (orange) together with a Gaussian fit
(black, dotted). The fit function has a FWHM of 154 fs, yielding a temporal
duration of 109 fs assuming a Gaussian-like temporal pulse profile. This
pulse duration of 109 fs obtained by the two-photon autocorrelation mea-
surement sets an upper limit for the real ultraviolet pulse duration, since in
case of a strong depletion in the autocorrelation trace, a broadening of the
autocorrelation trace is predicted leading to pulse duration overestimates
of up to 20% [118].

Figure 2.29: (a): Measured spectral power density of the 0.5 µJ energy
pulses at 270 nm center wavelength with a 1/e2 spectral bandwidth of 2.6
nm. The spectrum supports a transform-limited pulse duration of around
42 fs. (b): Measured two-photon absorption autocorrelation trace of the
deep-UV pulses (orange) overlapped with a Gaussian fit (black, dotted),
revealing a pulse duration of 109 fs under the assumption of a Gaussian-
like temporal pulse shape.

Note, that the generated 270 nm beam is slightly angularly dispersed, due
to the non-collinear generation scheme. The general concept of this com-
monly known effect in broadband, non-collinear frequency mixing is illus-
trated in figure 2.30 (a). For the spectral and temporal characterization, the
generation spot in the nonlinear crystal was re-imaged onto the measure-
ment devices. In order to use the generated deep-UV pulses for experi-
ments, the angular dispersion has to be compensated by another angular
dispersive element such as the prism shown in figure 2.30 (c,d). Alterna-
tively, the input pulses of a non-collinear SFG can be angular dispersed by
prism or grating arrangements, allowing sum-frequency pulse generation
with almost no angular dispersion (see figure 2.30 (b)) [119, 120]. By a
careful design of the angular dispersion involved in broadband UV pulse
generation and an elaborated dispersion management, the amplification
bandwidth can be considerably increased, allowing the generation of down
to sub-20 fs pulse durations. For example, Nabekawa et al. demonstrated
the generation of pulses at 255 nm wavelength, supporting sub-20 fs dura-
tions by using SFG with non-collinear angularly dispersed geometry [119],
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Baum et al. could generate 7 fs pulse at 325 nm by achromatic frequency
doubling [121] and Varillas et al. generated 9 fs pulses at 340 nm by broad-
band sum-frequency generation [122]. In contrast, in our setup we chose
a rather simple SFG design without angular dispersed input beams, due
to less restrictive pulse duration requirements of the UV pulses at 270 nm
wavelength.

Figure 2.30: Wave-vector k phase-matching behaviour of broadband
SFG (a,b) and schemes for post-compensation of angular dispersion
(c,d). In the case when the driving signal and idler waves of a broad-
band SFG stage are not angularly dispersed, like in our setup, the gen-
erated pump wave exhibits angular dispersion (a). In achromatic sum-
frequency generation, where tailored angularly chirped input beams are
used, the angular dispersion of the generated sum-frequency can be
substantially reduced (b) [119,120]. Angular dispersion of the generated
pump wave can also be post-compensated by for example, prism-based
schemes in combination with re-imaging systems (c,d).

The measured pulse duration of 109 fs is considerably longer than the
driving pulses with around 50 fs as well as the transform-limited pulse du-
ration of 42 fs. Aside from acceptance bandwidth limitations (see table
2.4), the achievable pulse duration is most likely limited by the residual
group-velocity mismatch (GVM) between the interacting beams. Due to
the non-collinear beam geometry, the GVM between the 810 nm and 405
nm pulses is reduced to zero, but both pulses obtain a GVM of 55 fs over
the crystal length of 0.2 mm in respect to the 270 nm wavelength pulses.
Another cause of the longer pulse duration of the deep-UV output, could
be the relative strong dispersion of the UV radiation in transmission optics
as well as in gases. For example, the propagation of the 270 nm pulses
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through 1 m of air adds a second-order dispersion of 95 fs2 to the pulse
and the propagation through a 3 mm thick CaF2 lens would add 370 fs2

to the pulse (using Sellmeier equations [101, 123]). Nevertheless, the ob-
tained deep-UV pulse duration are sufficiently short for first pump-probe
measurements and yield with the pulse energies of 0.5 µJ a peak power of
up to around 5 MW. In the future the deep-UV pulse duration could be con-
siderably shortened by for example the above-discussed approach of SFG
with achromatic wave-vector matching or by the use of a shorter nonlinear
crystal, which would cause in the latter case a drop of the generated UV
pulse energy).

2.3.5 Combined performance of multi-color upgrade

Figure 2.31: Combined output spectra of the multi-color OPCPA up-
grade providing high peak-power pulses from the ultraviolet up to the
near-IR range. For each output are also given the pulse durations and
peak power values. In the insets are shown the respective measured
beam profiles, obtained by a Si-CCD camera (for 400 nm and 800 nm)
and by a scanning slit beam profiler (for 1600 nm). The beam profile
of the output at 270 nm wavelength could not be measured due to the
absence of a suitable camera. Figure is similarly published in [71].

In summary, the overall multi-color upgrade of the mid-IR OPCPA source
provides high peak power outputs ranging from the ultraviolet up to the
near-IR regime. Output pulses at 1620 nm, 810 nm, 405 nm and 270 nm
center wavelength with pulse energies of 15 µJ, 3.1 µJ, 1.5 µJ and 0.5 µJ
can be generated simultaneously. The respective pulse durations are mea-
sured to be 96 fs, 51 fs, 47 fs and 109 fs, yielding peak powers of 156 MW,
59 MW, 31 MW and 5 MW, respectively. All outputs are passively synchro-
nized due to the derivation from the same mid-IR OPCPA system and the
sub-110 fs pulse duration of all outputs allow pump-probe temporal resolu-
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tions of sub-150 fs, which is sufficient to resolve a large range of ultrafast
dynamics. Figure 2.31 shows an overview of the multiple output spectra
together with the respective pulse durations and peak powers. In the in-
sets are also shown the beam profiles of the collimated outputs, indicating
Gaussian-like spatial distributions.

Figure 2.32: Combined power stabilities of the multiple outputs of the
multi-color OPCPA upgrade measured over the course of 30 minutes.
The outputs at 1620 nm, 810 nm, 405 nm and 270 nm center wavelength
obtain power fluctuations below 0.7%. Figure is similarly published in
[71].

The power stability of the multiple output beams is analyzed, using a pyro-
electric detector. Figure 2.32 illustrates the measured power stabilities over
the course of 30 minutes, showing rms power fluctuations of all multi-color
outputs to be below 0.7% at 160 kHz pulse repetition rate. Note that a mea-
surement time of 30 min with our system obtaining 160 kHz repetition rate,
would be equivalent to 3.3 days measurement time with a typical amplified
Ti:sapphire system operating at 1 kHz repetition rates.
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2.4 Conclusion and outlook

2.4.1 Conclusion

In this chapter the concepts and design considerations of OPCPA systems
were discussed. Afterward we presented the realization of a state-of-the-
art, high power, mid-IR OPCPA system, providing passive CEP-stable, few-
cycle pulses at 3100 nm center wavelengths at a pulse repetition rate of
160 kHz. In contrast to common, high power, BBO-based OPCPA sys-
tems, which emit pulses in the near-IR spectral range [6, 111, 124], our
system generates true mid-IR radiation above 3 µm center wavelength.
Furthermore, in comparison to typical high energy, mid-IR sources relying
on cascaded down-conversion schemes driven by amplified Ti:Sapphire
systems [64, 125], the presented mid-IR OPCPA runs at a much higher
pulse repetition rates while providing similar pulse energies.

The OPCPA system is able to generate in combination with a frequency up-
conversion chain simultaneously multiple high power, femtosecond outputs
from the deep-UV up to the mid-IR spectral range. Five outputs at 270 nm,
405 nm, 810 nm, 1620 nm and 3100 nm wavelength provide respective
pulse energies of 0.5 µJ, 1.5 µJ, 3.1 µJ, 15 µJ and 20 µJ at 160 kHz repe-
tition rate. The source features high peak powers in the tens to hundreds
of MW regime with pulse durations below 110 fs, due to a careful design
balancing energy conversion efficiency and amplification bandwidth of the
optical parametric stages. All outputs can be focused to peak intensities
of 1012 to 1014 W/cm2 enabling the investigation and driving of strong-field
processes. The optical seeding of the frequency up-conversion chain en-
ables the passive temporal synchronization between all output pulses.

The optical synchronisation of the output pulses combined with sub-110
fs durations and high peak powers make the presented system perfectly
suited for time-resolved pump-probe experiments of highly nonlinear pro-
cesses and strong-field physics in the UV, visible, near-IR and mid-IR spec-
tral region. Compared to other femtosecond, multi-color sources support-
ing similar pulse energies and wavelengths [40,126,127], our OPCPA sys-
tem shows a two order of magnitude higher repetition rate while permitting
output peak intensities sufficient for driving strong-field physical processes.
The high repetition rate in combination with the excellent power stability of
0.7% fluctuations over the course of 30 minutes, enables even the investi-
gation of physical effect with very low-cross sections such as for instance
the strong-field processes of laser induced electron diffraction (LIED) or
double ionization.
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The suitability of the presented OPCPA source for novel strong-field ex-
periments was demonstrated multiple times, in particular by the investi-
gation of the low-electron-energy features of strong-field ionisation in the
tunnelling regime [19, 20, 128] or by imaging of the molecular structure of
small molecules via the LIED [26] or FT-LIED [38] technique. An overview
about strong-field experiments performed by the presented OPCPA system
is given in attachment A.

2.4.2 Outlook

The development prospects of the multi-color OPCPA system are many-
fold and can be divided in the further scaling of the mid-IR OPCPA system
and in improvements of the frequency up-conversion chain.

Possibilities for the power-scaling of the mid-IR output are discussed in
detail and experimentally realized in chapter 3, where a high power up-
grade of the mid-IR OPCPA system is demonstrated, yielding five times
higher output energies and mid-IR peak powers up to the GW-level while
maintaining the repetition rate. On the other side, chapter 4 focuses on
temporal post-compression of the mid-IR output pulses via filamentation
propagation in the anomalous dispersion regime of bulk material, resulting
in a two-fold temporal pulse shortening down to 3-optical-cycles.

The output pulse durations of the near-IR pulses at 1620 nm wavelength
could be reduced close to the transform-limited pulse duration of 72 fs by
using an optimized compression device such as a grism compressor, which
can compensate the second and third order dispersion (see section 2.3.2).
Much stronger pulse shortening of the near-IR outputs at 810 nm and 1620
nm wavelength could be obtained by post-compression via nonlinear prop-
agation in gas-filled hollow-core photonic crystal fibers (HC-PCF). For ex-
ample, Mak et al. demonstrated the compression of 10 µJ energy pulses
at 800 nm wavelengths down to 3 optical cycles [129] and Balciunas et al.
showed the compression of 35 µJ pulses at 1800 nm wavelength down to
sub-2 optical cycles [130].

Another development prospect of the frequency up-conversion addresses
the generation of wavelengths further in the UV spectral range. Appli-
cations like for example pump-probe experiments of photo-isomerization
and photo-dissociation [37] processes would strongly benefit from high en-
ergy, femtosecond outputs down to sub-200 nm wavelength. The genera-
tion of this radiation via cascaded harmonic generation in nonlinear crys-
tals is rather complicated and requires specially designed compensation
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schemes for angular dispersion and propagation dispersion in the case
of ultrashort, high energy, deep-UV pulses are required (see detailed dis-
cussion in section 2.3.4). An alternative, more elegant approach exploits
a special case of nonlinear propagation in gas-filled HC-PCF, where the
near-IR driving field generates a phase-matched dispersive wave in the
deep-UV spectral range [131, 132]. Using this technique, Mak et al. [132]
demonstrated the generation of up to 40 nJ energy at 200 nm center wave-
length with a bandwidth of 6 nm, supporting transform-limited pulse dura-
tions of sub-10 fs. The process was driven by 1.7 µJ energy pulses at 805
nm center wavelength. Advantages of this method are the spectral tun-
ability of the generated dispersive wave in the range from 176 to 550 nm
by fine adjustment the gas pressure inside the HC-PCF fiber and achieved
energy conversion efficiency of around 2% to 6% from the near-IR driving
pulses to the UV dispersive waves [132].

Further improvements of the multi-color OPCPA system include modifica-
tions to obtain fully CEP controlled outputs, which would enable a variety
of novel experimental possibilities, such as electric field waveform synthe-
sis [40,127] or optimal control over strong-field electron recollision dynam-
ics [133]. In the current layout, the UV to near-IR output pulses are not CEP
stabilized, since they are all derived from the OPA signal wave at 1620 nm
wavelengths, which CEP value is linearly influenced by the CEP fluctua-
tions of the pump beam according to the OPA phase relations (equation
2.15). In our system, the CEP of the signal wave could be passively sta-
bilized, in case the mid-IR fiber front-end and the pump laser would be
seeded by the same oscillator. This could be realized by seeding the os-
cillator of the pump laser with a fraction of the near-IR output of the fiber
laser centered at 1075 nm wavelength. A similar concept to obtain fully
CEP controlled outputs to all-optical seeding of an OPCPA system is al-
ready demonstrated in the literature [56, 57]. In an alternative, less inva-
sive approach the frequency up-conversion chain could be seeded by the
second harmonic of the already CEP-stable idler wave at 3100 nm wave-
length instead of the signal wave. Since the frequency doubled mid-IR
pulses would obtain a similar spectrum as the recently used signal wave,
the same frequency up-conversion chain could be used by applying very
similar phase-matching conditions.
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Chapter 3

High conversion efficiency
OPCPA upgrade

In chapter 2 we demonstrated a state-of-the-art, high power OPCPA sys-
tem emitting multiple femtosecond outputs from the ultraviolet to the mid-IR
spectral range. A further up-scaling of the few-cycle, mid-IR pulses towards
GW peak-power levels would enable a multitude of novel experiments es-
pecially for strong-field physics such as high flux, soft X-ray generation or
tunnel-ionization of molecules with very high ionization potentials. Never-
theless this improvement is hindered by the previous source design and
restrictions related to the overall high average powers of the applied optical
beams.

In this chapter, we present a mid-IR, GW-level peak-power OPCPA source,
overcoming former limitations by a fundamental revision and complete re-
construction of the previous system, reported in chapter 2. The redesigned
OPCPA system supports 118 µJ energy, 9-optical-cycle pulses at 160 kHz
and holds up-to-date the record for the highest output average power of
around 19 W compared to any existing few-cycle, mid-IR source. The five-
fold increase of the mid-IR output pulse energy, compared to the former
OPCPA configuration, is achieved by a combination of various improve-
ments of the source design. For example on one hand, the precise tailor-
ing of the seed-to-pump stretching factor and the additional reuse of the
same pump beams for multiple amplification stages allow the increase of
the overall optical conversion efficiency. On the other hand, an in-depth
study of various nonlinear crystals for parametric, mid-IR amplification en-
ables the choice of an amplification crystal with negligible average power
limitations for the final booster amplifiers. The power-upgrade reported in
this chapter was performed together with my colleague Hugo Pires and
with the assistance of Ugaitz Elu. The presented comparison of nonlin-
ear crystals for mid-IR parametric amplification is published in [54] and the
demonstration of the GW-level, mid-IR OPCPA system is currently being
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prepared for publication.

In section 3.1 the theoretical constrains for obtaining high conversion effi-
ciencies during optical parametric amplification are elaborated. Afterwards,
the average power induced limitations of mid-IR parametric amplification,
which could hinder the upscaling of the system, are investigated in section
3.2 for various common nonlinear crystals. The experimental implementa-
tion and performance of the high power OPCPA system is demonstrated
in section 3.3. Finally, the future possibilities for the further scaling of the
system parameters are presented in section 3.4.

3.1 Theoretical considerations to improve the over-
all conversion efficiency

In this section we study the influence of the pulse characteristics of the
interacting waves in an OPA process on the overall energy conversion ef-
ficiency. Specifically the significance of the spatio-temporal overlap and
shapes of the seeded idler pulses and the pump pulses are investigated
(see subsections 3.1.1, 3.1.2). Additionally the benefits and drawbacks of
the multiple use of the same pump pulse in consecutive OPA stages is
studied (subsection 3.1.3). All this considerations are afterwards taken into
account for the redesign of the former mid-IR OPCPA setup to upscale the
mid-IR output peak-powers towards GW-levels.

3.1.1 Influence of the stretching factor in OPCPA systems

In case of a phase-matched OPA process between spatially uniform, mono-
chromatic waves, the maximal energy conversion efficiency is capped by
the Manley Rowe relations (see equation 2.22). For example, in the case of
a seeded idler wavelength at λi = 3100 nm and a pump wavelength of λp =
1064 nm, the resultant maximal pump-to-idler energy conversion efficiency
is ωi/ωp = λp/λi = 34%.

In contrast, in the case of spectrally broadband, interacting pulses, the
non-uniform instantaneous electric field strengths of the interacting waves
at each point in space and time influences the strength of which locally
the parametric gain is driven and therefore the propagation length at which
the complete pump depletion is achieved. As a consequence, the total en-
ergy conversion efficiency for a fixed crystal length is reduced and strongly
dependent on the spatio-temporal profiles and overlap of the interacting
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pulses. Additionally, in case of a phase-mismatch (∆k 6= 0) between spec-
tral parts of the interacting waves the maximal conversion efficiency will be
further decreased.

Let us first focus on the influence of the temporal pulse shape onto the am-
plified spectrum and energy conversion efficiency. In the special case of
an OPA process in an OPCPA system, the pump is commonly a spectrally
narrowband, transform-limited pulse with a Gaussian-like or sech2 tempo-
ral profile. On the other side, the seeded, spectrally broadband idler pulse
is typically linearly chirped in order to match roughly the pump duration.
As a result the frequencies of the idler pulse are dispersed in time and a
reduced gain at the front and tail of the idler pulse due to the lower instan-
taneous pump pulse intensity causes a temporal gain narrowing of the idler
pulse duration, which will cause a spectral gain narrowing of the amplified
idler spectrum. Figure 3.1 illustrates the effect of spectral gain narrowing in
the case of perfect phase-matching and no pump depletion for a Gaussian-
shaped idler and pump pulse. It can be seen, that the temporal duration
and the related spectral bandwidth of the amplified idler pulse decreases
significantly for already relative small gains of around 100. The spectral
gain narrowing can be reduced by using a significantly longer pump pulse
compared to the idler pulse, where the idler pulse just feels the slowly vary-
ing center part of the pump pulse shape. The drawback in this case is that
a large fraction of the pump pulse is not contributing to the OPA process,
therefore reducing the overall conversion efficiency.

In order to investigate this trade-off between spectral gain narrowing and
conversion efficiency in detail, numerical split-step simulations of the cou-
pled wave equation for the OPA process (equations 2.14 to 2.16) are per-
formed using the Runge-Kutta method. The simulation assumes perfect
phase-matching and is performed for collinear beam geometry along one
dimension (propagation direction z), neglecting the influence of the spatial
beam profiles and spatial effects such as spatial walk-off. In order to mimic
the experimental conditions of the mid-IR OPCPA presented in section 2.2,
the pump pulse shape is chosen to be Gaussian with a FWHM pulse dura-
tion of 10 ps and a center wavelength of 1064 nm. In the simulationn, the
seeded idler features a Gaussian-shaped spectrum with a spectral FWHM
bandwidth of 300 nm and a center wavelength of 3100 nm. The idler is
temporally stretched by second order dispersion in order to obtain various
FWHM pulse durations from 1 to 10 ps. For the simulation a nonlinear ef-
fective index deff of 14.8 pm/V matching that of MgO:PPLN is chosen. For
each idler pulse duration the pulses are propagated until total pump de-
pletion occures in the center of the pump beam. Energy back conversion
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Figure 3.1: Calculated spectral and temporal gain narrowing effect of
the idler pulse during an OPA process with no pump depletion. We
assume an initial Gaussian-shaped idler and pump pulse with a FWHM
pulse duration of 10 ps (blue line). The pulse shape evolution of the
amplified idler is calculated for parametric gains G ∝ exp(

√
Ip) at the

pulse peak of 10, 102, 103 and 105. Temporal gain narrowing of the idler
pulse shape can be observed (bottom axis), which is directly related to
spectral gain narrowing in case of a linearly chirped idler (top axis).

from the idler and signal to the pump pulses is avoided, since it leads to
distortions of the beam profiles and reduces the beam quality [134].

In figure 3.2 is displayed the simulated evolution of the amplified spectral
bandwidth (left) and the pump-to-idler conversion efficiency (right) for var-
ious idler-to-pump pulse duration ratios. In contrast to the simple model
without pump depletion (figure 3.1), the amplified spectral bandwidth can
be enhanced in respect to the initial seed spectrum, assuming a strong
pump depletion at the pulse peak which causes a gain saturation and
therefore a more equalized gain across the spectro-temporal idler pulse
shape. As a result it can be seen, that the amplified bandwidth at short
idler pulse durations is considerably larger than the seeded bandwidth of
300 nm (grey dotted line), while at longer pulse durations the amplified
bandwidth strongly decreases due to spectral gain narrowing. Calculated
are two cases of a high gain OPA stage (Ip/Ii=106) and a low gain OPA
stage (Ip/Ii=102). As expected, it can be seen, that the amplified band-
width drops faster at higher gain due to the spectral gain narrowing for an
increasing idler pulse duration. On the other side, it can also be seen that
the pump-to-idler conversion efficiency of a high gain OPA is reduced with
respect to a low gain OPA. This dependency is natural, since the stronger
temporal gain narrowing in a high gain stage yields a shorter idler pulse
duration towards the end of the crystal. As a result the temporal overlap of
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Figure 3.2: Dependency of amplified spectral bandwidth (left) and
pump-to-idler energy conversion efficiency (right) as function of the tem-
poral idler-to-pump pulse duration ratio (top axis). Shown are the cases
of a high gain OPA stage (Ip/Ii=106) and a low gain, high energy OPA
stage (Ip/Ii=102). At short idler pulse durations the amplified bandwidth
is even bigger, than the initial 300 nm (grey dotted line) due to the gain
saturation, while at longer pulse durations the spectral gain narrowing
causes a strong reduction of amplified bandwidth. The pump-to-idler
conversion efficiency grows for bigger idler-to-pump ratios.

idler and pump is worse, causing a reduced conversion efficiency.

From figure 3.2 it can be seen that in order to maintain the seeded spectral
bandwidth, in the cases of a high gain OPA and a low gain OPA stage, a
respective temporal idler-to-pump ratio of around 0.4 and 0.6 have to be
chosen. Note, that for the used center wavelengths (λp ≈ 1

3λi) and ac-
cording to the Manley-Rowe relations, the total pump-to-signal-plus-idler
energy conversion efficiency is roughly 3 times higher, than the pump-to-
idler conversion efficiency stated in figure 3.2. The achievable conversion
efficiencies can also be reduced in a real OPA process due to additional ef-
fects such as temporal walk-off and phase-mismatch. In OPCPA systems,
the temporal pulse walk-off, which originates from the different group veloc-
ities of the interacting pulses, can typically be neglected, since the group
velocity mismatches in broadband phase-matched OPAs are typically or-
ders of magnitude below the pulse durations in the ps regime.

One way to overcome the trade-off between spectral gain narrowing and
conversion efficiency is the use of pump pulses with a temporal flat-top
or super-Gaussian shape. In this case a temporally uniform gain for all
spectral components of the idler pulse is ensured and hereby the pump-to-
idler conversion efficiency improved. Theoretical studies about the effect of
different pump pulse shapes in OPA processes can be found for example
in [135,136].
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In the high power OPCPA system presented in this chapter we use two
different idler pulse stretch factors in order to find a gain-dependent, op-
timum compromise between amplified spectral bandwidth and achievable
pump-to-idler wave conversion efficiency. In the high gain pre-amplifiers
the idler pulse duration is chosen relatively small compared to the pump
pulse duration to reduce the effect of spectral gain narrowing. In contrast,
in the final low-gain booster-amplifiers the idler pulse duration is elongated
to enable high energy conversion efficiencies (see details in section 3.3.4).

3.1.2 Influence of different spatial beam profiles

A similar gain-narrowing effect in OPA processes as it is described in the
previous subsection for non-uniform temporal pulse shapes, also occurs
in the case of non-uniform spatial intensity distributions of the interacting
beams. For example, in the common case of an OPA interaction between
spatially Gaussian-shaped beams, the pump intensity and the related para-
metric gain is smaller on the outer edge of the pump beam compared to the
beam center. As a result, the waist of the amplified idler beam profile will
shrink for higher parametric gain values, due to the highly nonlinear cou-
pling between the parametric gain and the pump intensity (see equation
2.13). This effect reduces the spatial overlap and the overall conversion
efficiency.

Figure 3.4 illustrates the effect of spatial gain-narrowing of the amplified
idler beam waist and the influence of the overall energy conversion ef-
ficiency in the case of a low-gain (Ipump/Iseed = 102) and a high gain
(Ipump/Iseed = 106) OPA process. The simulation results are obtained by
a split-step, Runge-Kutta simulation of the coupled wave equation, which
are driven until full pump depletion in the center of the pump beam occurs.
As initial parameter we use Gaussian-shaped pump and idler seed beam
profiles with equal beam waists. The simulation assumes the interaction
of temporally flat-top shaped pulses and neglects any effect of temporal
walk-off, dispersion and phase-mismatch.

It can be seen, that in the simulated case of small gain amplification, the
amplified idler beam profile is relatively similar to the seeded idler beam
shape. In this case a total pump-to-signal-plus-idler conversion efficiency
of around 45% can be achieved. In contrast, the simulated case of high
gain amplification, the amplified idler beam waist is significantly reduced,
leading to a smaller achievable energy conversion of only 22%. In conclu-
sion, the combined effect of temporal and spatial gain-narrowing typically
does not permit the combination of high gain and high conversion efficiency
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Figure 3.3: Influence of spatial gain narrowing on the beam profile of
the amplified idler wave and the depleted pump wave. Also shown is the
overall energy conversion efficiency, in case the OPA process is driven
until full pump depletion in the center of the beam. The simulation is
performed via a slit-step, Runge-Kutte simulation of the coupled wave
equation. As initial parameter we use Gaussian-shaped pump and idler
seed beam profiles with equal beam waists. The simulation assumes the
interaction of temporally flat-top shaped pulses, neglecting any effects of
temporal walk-off, dispersion and phase-mismatch.

in the same OPA stage. As a consequence, common OPCPA systems
consist of multiple OPA stages with decreasing gains, but increasing pump
energy extraction in each consecutive OPA stage. In the literature high
energy, high efficiency OPCPA systems are reported, reaching total pump
conversion efficiencies of 25% and up to 40% [4,137–139].

One solution to overcome the trade-off between amplification gain and con-
version efficiency is the use of pump pulses with a spatial flat-top or super-
Gaussian shape, providing a spatially uniform gain over the full beam pro-
file and hereby increasing the pump-to-idler conversion efficiency. Theo-
retical investigations about the effect of different spatial pump profiles on
the OPA process can be found for example in [134, 135, 140, 141]. In the
high power OPCPA system presented in this section, a pump laser with
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Gaussian-shape spatial beam profile and sech2-shaped temporal pulses
is used. Beam reshaping devices such as for example diffractive optical
elements [142], which would provide flat-top beam profiles are not used, in
order to ovoid the additionally introduced setup complexity and transmis-
sion losses.

3.1.3 Reusing the pump beam

Another possibility to improve the overall energy extraction of a pump beam
is a multi-pass OPA scheme. Hereby the residual pump energy is recycled
after the OPA interaction and reused in a consecutive OPA pass. This con-
cept can be repeated for multiple OPA passes. The absolute pulse energy
which can be transferred in the respective OPA passes into the signal and
idler wave reduces for each consecutive pass, due to the accumulated de-
pletion of the pump pulse energy.

An obstacle, which limits the useful amount of pump-recycling passes is
the increasing setup complexity. For each additional pass, the residual
pump wave and at least one other wave have to be redirected and again
temporally and spatially overlapped in the OPA crystal. Typically it is also
beneficial to separate the beams after each pass and then recombine them
in the next OPA pass, in order to allow the individual compensation of tem-
poral and spatial walk-off effects and the fine adjustment of the beam sizes
which are coupled to the amplification gain.

An example of the scaling behaviour of the amplified idler pulse energy in a
multi-pass OPA stage is illustrated in figure 3.4 as a function of the number
of amplification passes and the intermediate energy losses between two
passes. The shown calculation is based on the assumption of a constant
pump-to-idler energy conversion efficiency of 10% in each pass, a signal
to idler photon energy ratio of ~ωsig

~ωidl
= 2 and an initial pump pulse energy

of 100 µJ. Following the simulated case of neglectable inter-pass energy
losses (purple line), it can be seen that the idler beam would be amplified
in the first pass to 10 µJ, in the second pass to 17 µJ (70% increase), in
the third pass to 22 µJ (29% increase) and in the fourth pass to 25 µJ
(14% increase). It can be seen, that apart from the reducing absolute idler
energy gain in each pass, the relative amplification gain drops significantly
with each additional pump-recycling pass. This effect is even enhanced in
case reflection losses on the applied optical elements in the OPA setup are
considered. As a consequence, the optimum number of pump-recycling
passes lies between two and three passes in the case of relative small
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Figure 3.4: Idler pulse energy evolution in a multi-pass OPA stage as
function of the number of amplification passes and the intermediate en-
ergy losses between two passes. The calculation assumes a total pump
pulse energy of 100 µJ and a constant pump-to-idler energy conver-
sion efficiency of 10% in each pass. The benefit of a multi-pass OPA
compared to a single-pass OPA is highly dependent on the intermediate
energy losses. The optimum number of passes lies between two and
three passes assuming relatively small intermediate losses of 10% to
20%.

intermediate losses of 10% to 20%. Nevertheless, a drawback compared
to the single pass OPA is the increased optical setup complexity.

For the design of the high power OPCPA setup presented in this chapter,
a double-pass OPA scheme is chosen for the last two, high energy, low-
gain booster amplifiers in order to achieve a compromise between setup
complexity and higher total energy conversion efficiency.

3.2 Nonlinear crystals suited for high power, mid-IR
amplification

In this section we will investigate the suitability of multiple nonlinear crys-
tals for high average power, broadband parametric amplification in the mid-
IR spectral range. Contrary to traditional laser amplifiers relying on pump
power storage, parametric amplifiers are often claimed to be free of thermal
loading due to the quasi-instantaneous nature of the nonlinear interaction.
It has nonetheless recently been shown in a near-IR BBO-based OPA [53]
that residual absorption of the interacting waves can lead to a consider-
able thermal load in the nonlinear amplification crystal when operated at
high average power. In a further study the thermal properties and aver-
age power induced amplification limitations of the nonlinear crystals BBO,
LBO and BiBO was investigated [143]. It was found, that such thermal

81



3.2. Nonlinear crystals suited for high power, mid-IR amplification

loading sets an upper-bound to the power scalability of OPAs and OPCPA
systems as it can lead to undesired effects, such as a reduced efficiency of
the parametric amplification due to spatial dependent modifications of the
phase-matching conditions and a distortion of the amplified spatial beam
profile.

In case of the high power, mid-IR OPCPA system presented in chapter 2,
we encountered average power related parametric amplification limitations
in the final MgO:PPLN-based amplifiers. In order to design a GW-level,
mid-IR OPCPA system, the former mid-IR output energies would have to be
multiplied considerably. Therefore an in-depth understanding of the thermal
induced parametric amplification limitations for the most promising mid-IR
amplification crystals is required. Previously to the performed study shown
in this section and published in 2014 [54], no other detailed investigation on
average power induced, mid-IR amplification limitations of nonlinear crys-
tals was reported. Only very recently in 2016 and 2017, two other studies
about high repetition rate, laser induced damage thresholds of MgO:LN
during parametric amplification were published [52,144], proving the grow-
ing interest in using these crystals for high power, mid-IR amplification.

3.2.1 Common nonlinear crystals for mid-IR OPA processes

The choice of the nonlinear crystals satisfying the aim for ultra-broadband
parametric amplification is limited to the few oxide crystals exhibiting good
transparency in the mid-IR spectral region. The most common nonlinear
crystals used for mid-IR amplification are given in table 3.1. For every crys-
tal the material properties of transparency range, and damage threshold
is shown. Additionally the optimum phase-matching conditions resulting
in the highest effective nonlinear coefficient (deff ) and broadest phase-
matching bandwidth is calculated. The choice of the material is dictated
by the aim of obtaining the highest output energy simultaneously with the
widest amplified spectral bandwidth.

On one hand, potassium niobate (KNbO3) is chosen as it exhibits the high-
est deff for bulk materials, a high damage threshold and a wide phase-
matchable bandwidth exceeding the spectral extent of the seed pulse. As a
drawback it requires resorting to non-collinear interaction, potentially result-
ing in spatial profile distortions. Further potassium titanyl arsenate (KTA) is
chosen as it enables simple collinear amplification. While potassium titanyl
phosphate (KTP) offers a higher deff and wider phase-matchable band-
width than KTA, the absorption coefficient of KTA in the 3.0-3.5 µm spectral
range is at least an order of magnitude smaller than that of KTP [147].
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3.2. Nonlinear crystals suited for high power, mid-IR amplification

Periodically poled materials offer the highest deff and therefore the best
prospects for amplification to high energy. Nonetheless, the very nature of
the periodic poling reduces the amplifiable bandwidth and might result in
parasitic phase-matching. For this study we chose MgO:PPLN over lithium
tantalate (PPLT) since it exhibits both a wider phase-matchable bandwidth
and a larger deff .

Based on these considerations, three crystals with comparable length are
selected for an in-depth experimental study:

• 1.8 mm long KNbO3 crystal cut at 40.5◦ (produced by FEE GmbH)

• large aperture (5x5 mm2) 2.18 mm long MgO:PPLN crystal with a
quasi-phase-matching QPM period of 31.0 µm (fabricated by Ishizuki
et al. [105])

• 2.0 mm long KTA crystal cut at 41.7◦ (produced by Altechna Co. Ltd.)

3.2.2 Comparison of amplification performances

Figure 3.5: Schematic of the experimental test-bed used for investigat-
ing the potential of KNbO3, MgO:PPLN and KTA as optical parametric
amplification gain media at high average power. The setup allows the
fine adjustment of the non-collinear angle as well as the rotation of the
linear polarization direction of the pump wave and the seeded idler wave.
NLC: nonlinear crystal. Figure is published in [54].

The mid-IR parametric amplification performances of the three chosen non-
linear crystals KNbO3, MgO:PPLN and KTA is investigated using the test
bed setup illustrated in figure 3.5. The mid-IR seed pulse is provided by
the output of the third OPA stage of the OPCPA system described in sec-
tion 2.2, supporting 7.5 µJ energy at a center wavelength of 3150 nm and
a temporal duration of 3.5 ps at 160 kHz repetition rate. The pump beam
featuring 475 µJ pulse energy at 160 kHz with a temporal duration of 9.5 ps
is derived from the same Nd:YVO4-based MOPA system, which pumps the
OPCPA system (see details in section 2.2.3). The mid-IR seed pulses and
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the pump pulses are temporally synchronized via locking of the repetition
rates with a commercial synchronization unit (Toptica Photonics AG) and
there relative temporal delay can be changed arbitrarily via an optical delay
line. The test bed setup permits changing the spatio-temporal overlap of
the pump and seed for collinear, non-collinear, type I or type II interactions.
All crystals are mounted without active cooling. In the case of collinear
interaction custom dielectric filters are placed in the output beam to sepa-
rate pump, idler and signal beams, ensuring unambiguous measurement of
the amplified energy. The amplified mid-IR idler spectra are measured us-
ing a FTIR spectrometer equipped with a calibrated liquid nitrogen cooled
HgCdTe (MCT) detector.

Figure 3.6: Comparison of mid-IR parametric amplification behaviour
for various nonlinear crystals. Shown is the mid-IR output pulse energy
versus the pump pulse energy (bottom abscissa axis) and the pump
peak intensity (top abscissa axis). The pump and idler waist sizes are
matched and set to ω = 436 µm for KNbO3, ω = 852 µm for MgO:PPLN,
and ω = 214 µm for KTA. The data are corrected to account for Fresnel
reflections. Figure is published in [54].

First the potential of each crystal as a high power amplifier medium is in-
vestigated. Figure 3.6 shows the idler output power and amplification gain
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3.2. Nonlinear crystals suited for high power, mid-IR amplification

Figure 3.7: Comparison of mid-IR parametric amplification bandwidth
for various nonlinear crystals. From top to bottom: measured input seed
spectrum and amplified spectrum for KNbO3, MgO:PPLN and KTA at
the maximum pump intensity (see intensity values in figure 3.6). Figure
is published in [54].

evolution dependent on the applied pump pulse energy. For each crys-
tal the phase-matching condition which support the broadest amplification
bandwidth is chosen (see third column in table 3.1). For the power scaling,
the pump and seed beam waists (1/e2 radius) are set to 436 µm, 852 µm,
and 214 µm for KNbO3, MgO:PPLN and KTA respectively, resulting in maxi-
mum pump peak intensities of 14.4 GW/cm2, 3.8 GW/cm2 and 64 GW/cm2.
For KNbO3 and MgO:PPLN no smaller beam waists could be chosen while
applying the full pump energy, due to the onset of parametric amplification
limiting effects, which are described in detail in section 3.2.3. In the case of
amplification in KTA no smaller focus size is used, since the resulting pump
peak intensity of 62 GW/cm2 is close to the reported damage threshold
(see table 3.1). At the maximum available pump energy of 410 µm onto the
sample crystals, an amplification up to 28.6 µJ is achieved in KNbO3, 28.9
µJ in MgO:PPLN and 26.8 µJ in KTA. All crystals provide a similar gain of
∼4.4 and a total conversion efficiency of the pump wave to the signal plus
idler waves of 16.3% for KNbO3, 16.5% for PPLN and 14.4% for KTA. The
linear shape of the power scaling curve (see figure 3.6) indicates that the
amplifier was not operated in the pump depletion regime and that higher
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energy extraction could be achieved. Considering the pump peak intensity
limitations, a high amplification gain would require longer nonlinear crystals
at the expense of bandwidth, which was not wanted in the context of this
experimental study.

Afterwards, the spectral behaviour of each crystal is investigated. The am-
plified spectrum for each crystal is recorded at the highest possible output
energy level and is reported in figure 3.7. As expected from preliminary
calculations (see table 3.1), KNbO3 features an output spectrum similar to
the input spectrum. The 1/e2 bandwidth of 370 nm supports a transform-
limited duration of 73 fs, potentially yielding amplified 7-cycle duration op-
tical pulses. The 1/e2 spectral width amplified in MgO:PPLN is 350 nm
and yields a transform-limited duration of 82.3 fs, representing a 13.8% in-
crease in duration compared to the seed pulse. The amplified spectrum in
KTA is relatively narrow compared to the input spectrum. It exhibits a 1/e2

bandwidth of 320 nm corresponding to a transform-limited pulse duration
of 85 fs, representing a 16.5% increase compared to the seed spectrum.

3.2.3 Average power dependent amplification limitations

Figure 3.8: Photograph of crystal domain inversions which are visible
as diagonal straight lines in a KNbO3 crystal. The permanent domain in-
versions appear after exposure to excessive thermal stress due to trans-
mission of a tight focused, high average power pump beam at 1064 nm
wavelengths.

KNbO3. In the case of KNbO3, intensities of 14.4 GW/cm2 can not be ex-
ceeded, a value well below the reported damage threshold of 100 GW/cm2

for 100 ps pump pulse durations (see table 3.1). Even the empirical square
root scaling rule predicts a factor of two higher damage threshold than
observed. For intensities beyond 14.4 GW/cm2 we observe the forma-
tion of lines within the crystal visible to the naked-eye that can partially
be removed by sintering the crystal after usage (see figure 3.8). Forma-
tion of such lines has previously been reported [148, 149] as differently
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oriented domains in the ferroelectric material KNbO3. At room temperature
the crystal is in an orthorhombic structure and a formation of a domain pat-
tern, especially at defects in the crystal structure, can occur close to the
phase transition temperature (∼220◦C) [148] or at lower temperatures via
steep temperature gradients or pressure gradients [149]. In our experiment
such a temperature gradient was possibly generated by localized heating
induced by the residual absorption of the 70 W pump and of the amplified
seed, ultimately limiting the achievable peak intensity and amplification.
During the experiment care was taken to change the applied pump power
very slowly, at a variation rate below 1 Watt per second, in order to avoid a
thermal shock or steep temperature gradients.

KTA. In KTA, no limitations are observed and pump beam can be focused
to intensities as high as 63.5 GW/cm2 without inducing any damages. The
peak intensity is not further increased since the reported damage threshold
is already exceeded and normal anti-reflection coatings would probably not
withstand such high peak intensities.

MgO:PPLN. In the case of MgO:PPLN dramatic beam distortions are ob-
served for intensities exceeding 3.8 GW/cm2 (see figure 3.9), a value less
than half the damage threshold (see table 3.1). The beam profile of the
pump is measured with a CCD camera placed 75 cm after the crystal.
While increasing the pump pulse energy, first a slight decrease of the trans-
mitted beam radius is observed, then concentric ring structures appear,
finally an increasing amount of pulse energy is transferred to the ring pat-
terns. These distortions are generated by the pump beam but also affect
the spatial profile of the amplified mid-IR idler beam and the second har-
monic of the pump beam which is parasitically generated due to high order
QPM. No damage is observed in the crystal and after reducing the pump
peak intensity below 3.8 GW/cm2, the original beam profile is restored.

We further investigate the origin of this beam reshaping using only the
pump laser. We study average power, peak power and periodic poling as
possible causes. First, the applied average power is reduced by a factor of
4 while the beam is focused to a five times smaller size. This allows the
peak intensity to be successfully increased to 26.7 GW/cm2 without any
visible beam distortion suggesting an average power related process. We
then set the beam parameters back to obtain the concentric ring pattern
and investigated spectrally for any nonlinear process. The spectral con-
tent of the rings is measured over the 0.2-2.5 µm spectral range and we
observe no evidence of spectral broadening, Stokes or anti-Stokes lines,
Raman or Brillouin shifted signals. The influence of poling is investigated
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Figure 3.9: Spatial reshaping behaviour of a high average power pump
beam transmitted through a MgO:PPLN crystal. Shown are the mea-
sured spatial profiles for pump peak intensities of 3.7 GW/cm2 (top left),
4.5 GW/cm2 (top right), 6.1 GW/cm2 (bottom left) and 6.8 GW/cm2 (bot-
tom right) measured 75 cm after the crystal. The clipping observed for
the highest intensities is due to size limitations on the optics directing
the beam to the CCD camera. Figure is published in [54].

by replacing the MgO:PPLN by a 2 mm thick equally doped (5%) MgO:LN
crystal with a cut angle θ = 47◦. For the beam parameters yielding rings
in MgO:PPLN, no distortions were observed in MgO:LN indicating that the
beam reshaping process is related to the periodic poling or to the stronger
second harmonic generated in the poled crystal.

Since average power and poling appeared to cause the observed beam de-
formations, we tracked reported physical phenomena that could lead to our
observations. Thermal lensing induced by linear residual absorption and
enhanced by GReen Induced InfraRed Absorption (GRIIRA) [150] driven
by the parasitic SHG of the pump is a candidate. Since SHG is much
stronger in our test crystal of MgO:PPLN than in MgO:LN probably due
to parasitic higher order quasi-phase-matching, we verify whether strong
GRIIRA takes place by performing a temperature measurement on both
crystals. In case of a strong GRIIRA effect in the MgO:PPLN crystal an ad-
ditional temperature increase should be measurable, due to an additional
absorption of the near-IR pump beam. Applying the full pump power for
various focusing conditions for both MgO:PPLN and MgO:LN crystals re-
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vealed a constant temperature increase of 5.5 ± 0.3 K indicating no major
contribution of GRIIRA in the periodically poled crystal. Nevertheless the
GRIIRA effect could be still present and could cause an increased radially
temperature gradient inside the crystal, without a significant overall tem-
perature rise. The focusing length f of the thermal lens purely caused by
linear absorption can be estimated by (equation 11 in [151]):

1

f
=

1

2 · κ
· dn

dT
· Pheat

A
=

1

2 · κ
· dn

dT
· Ppump · (1− e

−α·L)

A
, (3.1)

where dn/dT is the temperature induced refractive index change, κ is the
thermal conductivity, A is the focus area, Pheat is the dissipated average
power inside the crystal considering the absorption coefficient α and the
crystal lengths L. Setting κ = 3.5 W/(m·K), dn/dT = 3.85·10−5 1/K, and α =
0.003 cm−1 (all from [146]), the focal length can be estimated at full pump
power of 69 W and a beam waist of ω=852 µm to around 100 m, which is
too long to cause a significant contribution to the beam distortion.
Another possible cause for the observed beam distortions is the photore-
fractive effect, which has been widely studied in lithium niobate (LN) [152].
A coupling between this effect and the observed pyroelectric properties of
LN can induce a radial thermally induced refractive index change [153]. But
the photorefractive effect and pyroelectric effects typically mitigate, when
the lithium niobate crystal is doped by magnesium oxide (MgO) [154,155],
like in our case, where a 5% doping concentration of MgO in PPLN is used.

In resume, we could not clearly identify the cause of the observed beam
profile degradation in MgO:PPLN crystals, when high average power, near-
IR beams are applied. Possible candidates are the photorefractive and/or
pyroelectric effect, maybe in combination with the GRIIRA effect. Future
work is needed to fully disentangle the origin of the transmitted beam dis-
tortions in MgO:PPLN.

3.2.4 Conclusion of nonlinear crystal comparison

From the three investigated nonlinear crystals for mid-IR parametric ampli-
fication, MgO:PPLN exhibits the highest nonlinearity of deff = 14.8 pm/V
and therefore offers the highest amplification gain for similar focusing con-
ditions and crystal lengths. Nevertheless, the use of this crystal for OPA
processes is challenging when very high average power beams are used.
In this case a non-permanent beam reshaping effect occurs, limiting the
further power scaling of OPA and OPCPA system, which are purely based
on MgO:PPLN crystals.
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KNbO3 is a good candidate to substitute MgO:PPLN in high power OPA
stages, since it has the highest nonlinearity of all non-poled, oxide, mid-IR
nonlinear crystals (deff = 6.0 pm/V). Additionally, KNbO3 provides a larger
acceptance bandwidth than MgO:PPLN when used in non-collinear beam
geometry. But the KNbO3 crystal is very sensitive to internal, absorption-
induced temperature gradients which can lead to permanent crystal struc-
ture distortions. In our study these distortions appear, when a 70 W aver-
age power pump beam is focused to peak intensities above 14.4 GW/cm2.
This peak intensity threshold could probably be increased, in case the crys-
tal would be mounted in a thermally well contacted, temperature stabilizing
crystal mount.

The third investigated crystal, KTA is a promising alternative to MgO:PPLN,
since if seems to have no average power related amplification limitation
allowing focused peak intensities of up to 64 GW/cm2 of pump beams with
around 70 W average power. The drawback of KTA is its small nonlinearity
of deff = -2.1 pm/V, which is 7 times smaller than in MgO:PPLN and 2 times
smaller than in KNbO3. Therefore an OPA stage based on KTA, would
have to use a rather long crystal lengths, further decreasing the acceptance
bandwidth or very small focused beam sizes, potentially diminishing the
spatial overlap of pump and seed beams especially in the case of a non-
collinear beam geometry.

In conclusion, the nonlinear crystal MgO:PPLN seems a good candidate
for the low energy, high gain amplification stages of a high power, mid-
IR OPCPA system, since the average power levels of the involved beams
are rather low. In contrast, in the final power-booster amplifiers, where
the highest pump average power is applied and the maximum output idler
and signal power are achieved, the use of the nonlinear crystal KNbO3 is
preferred.
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3.3 Experimental implementation

3.3.1 General system design

The design and construction of the GW-level peak power, mid-IR OPCPA
system presented in this chapter is governed by the theoretical consid-
erations discussed in section 3.1 on how to increase the overall energy
pump-to-idler conversion efficiency of an OPA process. At the same time,
the fundamental building blocks which seed and pump the OPCPA system
are preserved from the former multi-color OPCPA design (see chapter 2)
due to their excellent performances and reliability.

Figure 3.10: Design layout of mid-IR, GW-level peak power OPCPA
system.

A schematic overview of the resultant, new OPCPA layout is shown in figure
3.10. The main design considerations leading to this novel scheme are
specified and explained below:

• Chirp-reversal for high power OPAs. In the new OPCPA design,
the chirp sign of the stretched idler pulses is inverted in the booster-
amplifiers compared to the pre-amplifier. At the input of the pre-
amplifier, the seeded idler pulses are temporally stretched by prop-
agation through a bulk stretcher, adding negative GDD. After the
pre-amplifier a Martinez-type grating compressor adds a substantial
amount of positive GDD, which over compensates the negative GDD
from the input beam. As a result the stretched idler pulses seeded
into the booster-amplifiers exhibit positive GDD. After the booster-
amplifiers, the idler pulses are compressed down to few-optical cy-
cles by propagation through another bulk compressor which adds
negative GDD. A detailed calculation of the overall dispersion man-
agement of the entire OPCPA system can be found in table 3.2.
The new stretcher-compressor arrangement has multiple advantages
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compared to the previous multi-color OPCPA design (compare to
chapter 2), where just one bulk stretcher and one grating compres-
sor were used. On one side the use of an AR-coated bulk com-
pressor at the end of the system allows a nearly lossless final com-
pression. In contrast, the transmission efficiencies of grating-based
compressors are typically in the range of 50% to 70%. For exam-
ple, the Martinez-type grating-compressor for mid-IR radiation, which
is used as chirp-inverter in the OPCPA system (see figure 3.10) just
reaches a transmission efficiency of around 50%. On the other side
it is also convenient to use a bulk stretcher at the beginning of the
OPCPA since the beam alignment is much simpler as it would be in
a Martinez-type grating stretcher, especially in the case of very low
seed pulse energies as in our case with around 6 pJ seed energy. As
result, to be able to use a dielectric bulk stretcher at the beginning as
well as a dielectric bulk compressor at the end of the OPCPA system,
a chirp-inversion device has to be placed inside the OPA chain. A
Martinez-type grating-compressor is perfectly suited as chirp-inverter
in our case, since it allows the compensation of second and third or-
der dispersion if combined with sapphire-based bulk stretchers and
compressors (see section 2.1.5).

• Individual idler pulse durations in pre- and booster-amplifier.
Sub-structuring the OPCPA into two parts with different temporal
stretch-factors of the idler wave, allows the fine adjustment of the
idler pulse durations according to specific requirements of the individ-
ual amplifier stages. In the pre-amplifier a relative small idler-to-pump
duration ratio is chosen to reduce the effect of spectral narrowing due
to high gain amplification. Less spectral narrowing can be obtained
since the short, amplified idler pulses feel an effective temporal flat-
top profile of the pump beam, instead of the original sech2-shape.
In contrast, in the booster-amplifiers longer idler pulse durations are
required in order to achieve high energy conversion efficiencies dur-
ing the OPA process. How the temporal idler-to-pump duration influ-
enced the pump-to-idler conversion efficiency is studied theoretically
in section 3.1.1. Further, section 3.3.4 describes, how the optimum
idler-to-pump ratio for the booster-amplifiers is obtained experimen-
tally.

• Reuse pump beams. The maximum achievable pump-to-idler en-
ergy conversion efficiency of an OPA stage is limited to a certain
value dependent on multiple beam conditions (see section 3.1). To
overcome this fundamental limitation, the same pump beam can be
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recycled after an OPA process and reused in further consecutive OPA
stages. This cascaded, multiple use of the same pump beam is the-
oretically studied in section 3.1.3 and can permit very high net pump-
to-idler energy conversion efficiencies. In our redesigned OPCPA
scheme, the pump beams in both booster-amplifiers are reused in
two consecutive OPA stages. The OPA5 stage is pumped by the re-
cycled pump beam of the OPA4 stage and the OPA7 stage is driven
by the recycled pump beam of the OPA6 stage. Additionally, a recy-
cling of a pump beam is also performed in the pre-amplifier, where
the stages OPA1 and OPA2 are consecutively driven by the same
pump beam. In this case, due to the multiple use of the same pump
beam already the OPA2 stage can reach the saturated amplification
regime (more details in section 3.3.2), which allows a better overall
energy stability of the system.

• Specific use of MgO:PPLN and KNbO3 crystals. Optical paramet-
ric amplification is typically considered independent of the average
power of the involved beams due to the quasi-instantaneous nature
of the process. Nevertheless small, residual absorption can lead to
thermal load in the nonlinear amplification crystals resulting in am-
plification limiting or material damaging effects. A detailed study of
thermal induced effects limiting the amplification in the most common
mid-IR nonlinear oxide crystals is performed in section 3.2. As a con-
sequence, in the last two amplifier stages (OPA6 and OPA7), where
the highest average power levels of the pump, idler and signal beams
are reached, the nonlinear crystal KNbO3 is used. Its advantage is
a better acceptance towards high average power beams compared
to the previously used MgO:PPLN crystal. In the pre-amplifier and in
the first booster-amplifier (OPA4 and OPA5 stages) MgO:PPLN crys-
tals are still used due to their high nonlinear effective coefficient deff
and a relatively broad acceptance bandwidth.

• Reduce Fresnel losses. The reduction of losses due to Fresnel
reflections by the use of anti-reflection (AR) coatings is generally de-
sirable in optical amplification systems to increase the overall output
energy. In our case the application of a high quality AR-coating is
especially required onto the final bulk compressor. If instead an un-
coated sapphire rod would be used as compressor, the output idler
energy would drop by a total of 14% caused by Fresnel reflections on
both surfaces.
Another critical point, where reflection losses have to be minimized,
is in the last booster-amplifiers. In section 3.1.3 (figure 3.4) is shown
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for example the influence of high propagation losses onto the total
output energy of multi-pass, high energy amplifier stages. In the for-
mer multi-color OPCPA design (see chapter 2) multiple dichroic optics
were used to overlap and separate the different interacting beams in
the collinear OPA stages. Unfortunately, every of these optics showed
around 5% of transmission losses of the idler. In the new OPCPA de-
sign, these transmission losses are removed in the booster-amplifiers
by using the OPA4 to OPA7 stages in non-collinear beam geometry
where no dichroic beam combiners are required.

3.3.2 Detailed OPCPA setup description

Fiber based, DFG-front end. The mid-IR seed generation is performed in
the same way as in the multi-color OPCPA approach, discussed in chapter
2. The two output beams of an Erbium-based fiber laser are combined in a
DFG stage, yielding femtosecond, mid-IR pulses with a Fourier transform
limit of sub-3-optical cycles. After the DFG stage the mid-IR pulse energy
is 5 pJ at a 100 MHz repetition rate with a center wavelengths of 3.2 µm
(see spectrum in figure 3.11 (b)). The use of a fiber laser ensures stable,
long-term operation while the DFG process driven by two beams derived
from the same oscillator, provides CEP-stable, mid-IR seed pulses. Further
details about the mid-IR front-end can be found in section 2.2.2.

Pump laser and temporal synchronization unit. The same pump laser
and seed-to-pump temporal synchronization unit as in the former multi-
color OPCPA system is used. The Nd:YVO4 based MOPA pump system
delivers an overall pulse energy of around 1 mJ at a center wavelength of
1064 nm and a repetition rate of 160 kHz. The temporal synchronization
between the pump laser and the fiber laser which seeds the mid-IR front-
end is done by an electrical synchronization unit from Toptica Photonics
AG. For further details see sections 2.2.3 and 2.2.4.

Bulk stretcher. The mid-IR seed pulse is stretched via propagation through
a 50 mm long sapphire rod, adding a group delay dispersion value of -
34,750 fs2 at a center wavelength of 3.2 µm. The resulting FWHM pulse
duration is 1.9 ps, which is about 20% of the pump pulse duration of 9.5 ps.
This relatively small temporal idler-to-pump ratio ensures the reduction of
the spectral gain narrowing effect during amplification, since the idler feels
an effective flat-top temporal profile of the pump beam during amplification
(see section 3.1.1). The pulse energy of the mid-IR pulses is reduced to 4
pJ after propagation through the uncoated bulk stretcher.
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Figure 3.11: Design and amplification characteristics of the pre-
amplifier. (a): Scheme of pre-amplifier layout including the pulse en-
ergies of idler, signal and pump beams. (b): Measured spectrum of
the DFG stage which seeds the pre-amplifier, as well as the amplified
spectrum after the OPA1 and OPA3 stages. The OPA stages cannot am-
plify the full seeded spectrum, resulting in a drop of the transform-limited
pulse duration from original 50 fs to 63 fs after amplification. (c): Ampli-
fication behaviour of the OPA1, OPA2 and OPA3 stages as function of
the seeded idler into OPA1. While the OPA1 amplifies in a rather unsat-
urated regime, the amplification scaling in OPA2 and OPA3 stagnates
due to the approaching pump depletion regime.

Pre-amplifier. The pre-amplifier consists of three consecutive OPA stages
(OPA1 to OPA3). The OPA stages are used in collinear beam geometry
requiring the use of dichroic optics to combine and separate the idler, sig-
nal and pump beams before and after each OPA stage (pre-amplifier setup
shown in figure 3.11 (a)). The nonlinear amplification crystals used in the
three OPA stages are a 1.4 mm long fan-out MgO:PPLN crystal, a 5 mm
long MgO:APPLN crystal and another 5 mm long MgO:APPLN crystal, re-
spectively. In the first OPA stage 35 µJ of pump pulse energy are focused
to a peak intensity of 25 GW/cm2, amplifying the 4 pJ of seeded idler en-
ergy with a high gain of 6,250 to around 25 nJ pulse energy. After the OPA1
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stage the pump beam is separated from the idler beam by use of a dichroic
optic and reused to pump the OPA2 stage. The residual 25 µJ of pump
pulse energy is focused to a peak intensity of 15 GW/cm2, amplifying the
idler up to a pulse energy of 560 nJ. For pumping the OPA3 stage a new
pump beam with 65 µJ of pulse energy is focused to a peak intensity of 15
GW/cm2 giving rise to an overall idler output energy of the pre-amplifier of
around 2.5 µJ.
Figure 3.11 (b) shows the measured spectra in logarithmic scale after the
DFG stage, the OPA1 stage and the OPA3 stage. It can be seen, that
the OPA1 stage narrows the bandwidth of the DFG considerably, which
elongates the transform-limited pulse duration from 51 fs to 63 fs. After
amplification in the OPA2 and OPA3 stages the bandwidth is mostly main-
tained. We also analyzed the amplification behaviour of the individual OPA
stages. By varying the seeded idler pulse energies into the OPA1 stage,
the cumulative amplified output energy after the respective OPA stages is
measured and the results are shown in figure 3.11 (c). It can be observed,
that the first OPA stage does not reach the saturation regime, but that al-
ready the OPA2 stage as well as the OPA3 stage are driven in the strong
pump depletion regime where the amplification level stagnates. Operation
in this regime should result in a high pulse energy stability of the overall
pre-amplifier idler output granted that the pump is stable.

Chirp-inverter. As chirp-inverter device we use a folded, all-reflective
Martinez-type grating compressor similar to the Martinez-type grating com-
pressor used in the former multi-color OPCPA system (see section 2.2.6
or figure 2.10). The grating device consists of an aluminium coated grat-
ing (200 lines/mm, 17.5◦ of blaze angle), a gold coated spherical mirror
(f = 200 mm) which forms the imaging system and a plane, gold-coated
mirror placed in the Fourier plane of the imaging system. Further informa-
tion about the working principle of the Martinez grating compressor can be
found in section 2.1.5. The Martinez-type assembly acts as chirp-inverter,
since it adds sufficient positive GDD onto the mid-IR beam to overcompen-
sate the original negative GDD introduced by the sapphire bulk stretcher.
The second order dispersion of the mid-IR beam is changed from initially
around -35,000 fs2 to around +190,000 fs2 at a center wavelengths of 3.2
µm (see dispersion overview in table 3.2), resulting in a temporal stretch of
the idler pulse to a duration of 7.5 ps, which is around 80% of the pump
pulse duration of 9.5 ps. This temporal idler-to-pump ratio is chosen ex-
perimentally to optimize the output idler peak power after amplification in
the booster amplifiers (more details in sections 3.1.1 and 3.3.4). The over-
all transmission efficiency of the chirp-inverter is around 50% yielding an
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output idler pulse energy of 1.3 µJ, which is seeded into the OPA4 stage.

Figure 3.12: Design and amplification characteristics of the first and
second booster-amplifiers. (a): Measured output spectrum of the OPA3
stage which seeds the first booster-amplifier, as well as the amplified
spectrum after the OPA5 and OPA7 stages. (b): Scheme of booster-
amplifier layouts including the pulse energies of idler, signal and pump
beams. (c-f): Observed beam distortions of transmitted pump beam
after the alternative, finally discarded approach of double-passing one,
single MgO:PPLN crystal. (c): The undisturbed pump beam profile after
the double-pass at low average powers. (d-f): When the full pump power
is applied, the spatial profile of the double-passed, transmitted pump
beam reshapes, obtaining two high intensity centers (purple and blue
dotted circles), which are strongly dependent on the relative position of
the first and second pass through the crystal.

Power booster amplifiers. Two power-booster amplifiers are used in se-
ries to push the idler pulse energies beyond the 100 µJ level. Each booster-
amplifier consists of two consecutive OPA stages, where the recycled pump
of the first OPA stage drives also the second OPA stage. The setup of the
booster-amplifiers is shown in figure 3.12 (b). The first booster-amplifier,
consisting of the OPA4 and OPA5 stages which both rely on 2 mm long,
fan-out MgO:PPLN crystals with a vertical aperture of 2 mm. The second
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booster-amplifier, sub-structured in the OPA6 and OPA7 stage uses a 1.8
mm and a 2.3 mm long, antireflection-coated KNbO3 crystals with a cut
angle of θ = 40.5◦ and an aperture of 5 by 5 mm2. All OPA stages are
driven in a non-collinear beam geometry, which increases the acceptance
bandwidth of the amplification process for the used crystals. Additionally,
the propagation losses of the idler beam through the OPA stages are re-
duced due to the absence of dichroic optics which would be required as
beam combiner or separator in a collinear beam geometry.

In the OPA4 stage the 1.3 µJ pulse energy of the seeded idler beam is
amplified to 11 µJ by applying pump pulse energies of 250 µJ with pump
peak intensities of 20 GW/cm2. The non-collinear external angle of 1◦ in
the OPA4 stage enables the easy recycling of the spatially separated pump
beam for a consecutive use in the OPA5 stage. In the OPA5 stage the pump
beam shows an energy of 200 µJ and a peak intensity of 20 GW/cm2, am-
plifying the idler pulse energy up to 16 µJ. In the OPA6 and OPA7 stages
an internal non-collinear angle of 5.0 ◦ is used to achieve the best accep-
tance bandwidth of the type-I phase-matching of KNbO3 (see also table
3.1). The 16 µJ pulse energy of the idler beam is amplified to 80 µJ after
OPA6 and to 128 µJ after OPA7 by applying 580 µJ and 390 µJ of pump
energy, respectively. The pump peak intensities in the OPA stages are set
to respectively 10 GW/cm2 and 5 GW/cm2, well below the damage thresh-
old of 330 GW/cm2 (see table 3.1) to avoid thermally induced distortions of
the KNbO3 crystal structure. A detailed study about the energy conversion
efficiencies of the separate amplifiers and the complete OPCPA system
can be found in section 3.3.5. The idler spectra amplified in the booster-
amplifiers are illustrated in figure 3.12 (a). It can be seen, that the spectral
width of the idler wave shrinks considerably after amplification in the first
booster-amplifier, but that the further amplification in the second booster
amplifier maintains the spectral content. This drop of amplified bandwidth
between the output of the pre-amplifier and the booster-amplifiers can be
addresses mainly to the 4-fold increase of the idler pulse duration after
the chirp-inverter and the resulting smaller pump intensities at the spectral
wings.

As alternative to reuse the pump beam in a second OPA stage, we also ex-
perimented with a double pass configuration of the pump and idler beams
through the same crystal. It turned out, that this double pass is not feasible
in the first as well as in the second booster-amplifier due to average-power
limitations. It is observed, that when double passing the MgO:PPLN crys-
tal with a high power pump beam, the thermal gradient introduced by the
first pass, influences also the pump transmission in the second pass. Fig-
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ure 3.12 (c-f) shows the behaviour of the collimated pump beam profile
measured after a double-pass beam geometry. The beam profile at small
pump energies is pictures in figure 3.12 (c) and shows no spatial perturba-
tions. When the full pump power is applied (figure 3.12 (d-f)), the spatial
profile of the transmitted pump beam reshapes, displaying two intensity
centers (purple and blue dotted circles), which are strongly dependent on
the relative position of the first and second pass through the crystal. As a
result, the amplified idler beam profile would strongly depend on the rela-
tive pump beam positions on the double-passed crystal, making a reliable
and stable long-term operation of the overall OPCPA scheme challenging.
When trying a double pass amplification in the KNbO3 crystal the perma-
nent crystal domain inversions (discussed in section 3.2.3) appear at much
smaller pump energy fluencies, therefore setting a further, unwanted limit
on the pump peak intensity. This behaviour is likely caused by the complex
spatial thermal gradient distribution of a double-passed, partially absorbed
pump beam.

Bulk compressor. The amplified idler pulses out of the booster-amplifiers
are temporally compressed by transmission through a material bulk com-
pressor consisting of an anti-reflection coated, 10 cm long sapphire rod,
which is used in a double pass configuration. The reflection losses on each
coated sapphire surface are around 1.3% per surface and the reflection ef-
ficiency of the folding mirror is measured to 97%. The overall transmission
efficiency of the double-pass bulk compressor is therefore 92%, resulting
in an idler output energy of 118 µJ at 160 kHz pulse repetition rate, which
corresponds to an average power of 18.9 W.

The total transmission length of 20 cm adds a GDD of around -140,000 fs2

to the idler pulses at a center wavelengths of 3.2 µm wavelength. Since
the bulk compressor length cannot be fine adjusted, the optimum temporal
compression of the mid-IR OPCPA output pulses has to be achieved by
the precise setting of the second and third order dispersion, which is intro-
duced by the Martinez-type chirp-inverter device. The beam incidence an-
gle on the gratings in the chirp-inverter fixes the relative ratio between the
third and second dispersion order and the effective grating distance influ-
ences the overall introduced dispersion. In table 3.2 is shown the analytical
calculated second (GDD), third (TOD) and fourth (FOD) dispersion order,
which is introduced by the different optical elements in the OPCPA sys-
tem onto the mid-IR idler pulses. By using the Martinez-type chirp inverter
at Littrow-angle θLittrow = 18.7◦ the full GDD can be compensated, but a
residual TOD of -10,000 fs3 remains. By changing the grating incidence
angle slightly to θ = 19.4◦ the entire GDD and TOD of the stretched pulses
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Element Element length or GDD in fs2 TOD in fs3 FOD in fs4

grating separation

negative GDD
Bulk stretcher 50 mm, Al2O3 -34,730 +214,630 -1,754,700
MgO:PPLN crystals 16 mm, ne -10,450 +71,590 -564,520
KNbO3 crystals 4.1 mm, nx -2,070 +13,380 -92,140
Lenses 33 mm, CaF2 -4,400 +25,200 -178,790
Dichroic filters 10 mm, CaF2 -1,330 +7,640 -54,180
Bulk compressor 200 mm, Al2O3 -138,910 +858,510 -7,018,900
positive GDD
Chirp-inverter 35.2 mm, θ=18.7◦ +191,890 -1,200,590 +10,859,330

35.6 mm, θ=19.4◦ +191,890 -1,190,806 +10,683,470

Total dispersion for θ=19.4◦ 0 +150 ≈ 0 +1,020,240

Table 3.2: Overview of acquired dispersion of the cascaded amplified
idler beam throughout the OPCPA system at a center wavelength of
3.2 µm. The dispersion due to transmission though material is cal-
culated using equations 2.40, 2.41 and applying the Sellmeier equa-
tions of Al2O3 [102], MgO:LN [107], KNbO3 [156] and CaF2 [101]. The
introduced dispersion by the Martinez-type grating-compressor (chirp-
inverter) is estimated by applying equations 2.42, 2.43, 2.44 and under
the use of d = 200 lines/mm and the respective effective grating dis-
tances and incident angles given in the table.

can be compensated. The residual fourth order dispersion of 1,020,240 fs4

is negligible and will not stretch significantly the mid-IR pulse, which can
be numerically verified by applying the dispersion onto the equation of a
electromagnetic pulse Ẽ(t) =

∫
{Ẽ(ω) · exp(i · 1

4!106fs4)}dt [72].

When considering bulk materials as temporal compressors for high energy
pulses, one has to make sure to not add a considerable nonlinear phase
to the transmitted beam in order to avoid unwanted, nonlinear effects such
as self-phase modulation or self-focusing. The during propagation accu-
mulated nonlinear phase φmaxNL , also called B-integral can be calculated by
equation 4.3 and depends, among others, on the peak intensity and there-
fore on the beam size and pulse duration. Hence, in order to calculate
the integrated nonlinear phase, one has to take into account the change of
the mid-IR pulse duration during propagation through the sapphire rod. In
figure 3.13 (a) is illustrated the pulse duration evolution obtained by apply-
ing the respective GDD at each propagation length onto the mathematical
description of a transform-limited, electromagnetic wave packet. By using
the pulse duration evolution together with equation 4.3, the accumulated
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Figure 3.13: Analysis of B-integral or accumulated nonlinear phase
shift, which is obtained by propagation of the high energy, mid-IR pulse
through the 20 cm long sapphire bulk compressor. (a): Evolution of mid-
IR pulse duration during temporal compression in bulk compressor. (b):
Accumulated nonlinear phase shift behaviour of a mid-IR pulse calcu-
lated for 1/e2 beam radii of 0.5 mm, 1 mm and 2 mm and a pulse energy
of 128 µJ by using equation 4.3.

B-integral during propagation is calculated and the result is shown in figure
3.13 (b). It can be seen, that for idler beam sizes (radius at 1/e2) of 0.5 mm,
1 mm and 2 mm, an integrated, nonlinear phase of 5.0, 1.2 and 0.3 is ob-
tained, respectively. In order to avoid the appearance of nonlinear effects
the accumulated nonlinear phase should be considerably smaller than 2π.
Therefore, the minimum 1/e2 beam radius during the mid-IR pulse com-
pression in the sapphire bulk compressor should be around 1 mm or even
2 mm to ensure the absence of any nonlinear propagation effects acting on
the mid-IR pulse.

3.3.3 OPCPA output performance

An overview of all output parameters of the OPCPA system is given in
figure 3.14, including: (a) spectral content, (b) pulse duration, (c) pulse
energy stability and beam profile in inset, (d) pointing stability and (e, f) M2

parameter. All measured pulse and beam characteristics are explained in
detail below.

Mid-IR pulse characteristics. The mid-IR output spectrum is centered
at 3220 nm wavelength and covers a bandwidth of 330 nm at 1/e2. The
pulse lengths is measured with a SHG-FROG device and shows a pulse
duration of 95 fs at FWHM, which is close to the transform-limit of 86 fs and
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Figure 3.14: Overview of all output characteristics of the GW-level, mid-
IR OPCPA source. (a) Retrieved (blue line) and measured (shaded area)
mid-IR spectrum obtaining a center wavelength of 3.2 µm and a trans-
form limit of 86 fs. (b) Retrieved temporal pulse shape revealing a pulse
duration at FWHM of 95 fs. (c) Pulse energy stability measured over 30
min. showing a fluctuation of 0.8% of the output energy of 118 µJ. (d)
Pointing stability measurement over 5 min. featuring a angular stability
of 19 µrad in horizontal and 10 µrad in vertical direction. Inset is shown
the spatial profile of the collimated output beam. (e,f) Measurement of
the beam quality factor M2 obtaining an average value of 1.3.
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corresponds to 8.9 optical cycles. The retrieved spectral phase shown in
figure 3.14 (a) reveals primarily a residual third order dispersion elucidating
the discrepancy between the transform limit and actual pulse duration.

Pulse energy. The mid-IR pulse energy at the output of the OPCPA sys-
tem is measured to be 118 µJ at 160 kHz, which corresponds to an average
power of 18.9 W. Combined with the 95 fs pulse duration a GW-level peak
power of 1.24 GW is reached. When blocking the mid-IR seed pulse of
the OPCPA system, no measurable amplified superfluorescence could be
detected at the output. The shot-to-shot pulse energy stability is measured
with a mid-IR sensitive photodiode to 0.8% fluctuations over the course
of 30 minutes (see figure 3.14 (c)). The two sharp drops in pulse energy
around the measurement time of 18 minutes last less than 20 ms and are
caused by delayed adjustments of the temporal pump-to-seed synchro-
nization due to the electronic synchronization unit (see section 2.2.4) and
do not influence the overall energy stability considerably.

Beam quality. In figure 3.14 (c, inset) is shown the spatial profile of the
collimated output beam exhibiting a Gaussian-like shape without a sign of
spatial energy hot spots. The spatial beam profile was measured with a
microbolometer camera. In order to obtain the beam quality factor M2, the
evolution of the beam radius at 1/e2 along the propagation direction of the
mid-IR beam is measured after focusing with a reflective, off-axis parabolic
mirror in order to avoid spherical and chromatic aberrations. Afterwards,
the beam caustic is fitted to the evolving beam width equation of Gaussian-
like beams to achieve the M2 beam quality factor (see figure 3.14 (e,f)):

ω(z, ω0, z0,M
2) = ω0 ·

√
1 +

λ2

π2
·
(
M2 · (z − z0)

ω2
0

)2

, (3.2)

where ω is the 1/e2 beam radius at the position z in propagation direction,
ω0 is the focus beam waist at the position z0 and λ the center wavelength.
After fitting, a M2 value of 1.32 and 1.28 is obtained in horizontal and
vertical direction, respectively. This evolving beam waist equation is only
suited for Gaussian-like beams. For theM2 measurement of more complex
spatial beam profiles the linear second momentum diameterD4σx has to be
taken into account instead of the 1/e2 beam radius ω (for more information
see [157]).

Pointing stability. The beam pointing stability can be described by the
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beam angular stability δα defined by the following equation [157]:

δα =
2 · s
f

=
2

f
·

√√√√ 1

N − 1

N∑
i=1

(xi − x)2, (3.3)

where f is the focus length of the used focusing element and s is the stan-
dard deviation of the beam center position xi. To measure the angular
pointing stability, the full power, mid-IR output beam is focused by a lens
with a focal length of 250 mm. The spatial center position is measured in
the focus by an automatized scanning slit beam profiling device (NanoScan
from Ophir Optronics Solutions Ltd.) with a 10 Hz sampling rate. In figure
3.14 (d) is shown the measured variation of the focus beam position over
the course of 5 minutes. The standard deviation s of the beam center posi-
tion is 2.4 µm in horizontal and 1.3 µm in vertical direction which is below
2% of the focus beam waist of around 120 µm. Applying equation 3.3 a
beam angular stability of 19 µrad in horizontal and 10 µrad in horizontal
direction is obtained.

3.3.4 Source evaluation: Choice of idler stretching factor in
power-booster amplifier

In order to obtain the GW-level output peak powers of the mid-IR OPCPA
system reported in section 3.3.3, various source design parameters had to
be optimized. One critical parameter is the optimization of the stretched
idler pulse duration in the final booster-amplifiers. The influence of this pa-
rameter is theoretically studied in detail in section 3.1.1. In general, idler-
to-pump pulse duration ratios closer to one improve the temporal overlap
of idler and pump pulses and therefore can increase the overall pump-
to-idler energy conversion efficiency. But a very large temporal idler-to-
pump ratio can also lead to a decreasing amplified spectral bandwidth due
to spectro-temporal gain narrowing, which limits the possible compressed
output pulse duration. To achieve the maximum possible output peak power
of the OPCPA system, a stretched idler duration has to be chosen, support-
ing an optimum between high output pulse energy and transform-limited
output pulse duration.

In this section we study the influence of the stretched idler pulse duration in
the booster-amplifiers on the overall parametric amplification performance
of the OPCPA system. The pulse duration of the idler wave which is seeded
into the OPA4 stage is a result of the group delay dispersion (GDD) gained
after propagation through the chirp-inverter device (see OPCPA scheme in
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figure 3.10). This GDD can be influenced by changing the effective grat-
ing distance of the Martinez-type chirp-inverter (more details see section
2.1.5). The energy of the seeded idler pulse is 1.3 µJ with a 1/e2 spec-
tral bandwidth of 380 nm, supporting a transform-limited pulse duration of
69 fs. The idler and pump beam sizes in the OPA4 to OPA7 are matched
close to a 1:1 ratio. The beam waists are chosen such that the pump peak
intensities are close to the material damage thresholds. All pump beam
parameters are similar to the detailed description of the individual OPAs in
section 3.3.2, except that in this study two different nonlinear crystals are
used in the OPA6 and OPA7 stages. In the OPA6 stage an uncoated, 1.8
mm long KNbO3 crystal is used, while in the OPA7 stage an AR-coated,
1.7 mm long MgO:PPLN crystal is used.

Figure 3.15: Amplification behaviour of booster amplifiers (OPA4 to
OPA7) as a function of the seed stretch factor. The stretched pulse
duration of the idler wave is adjusted by applying different group delay
dispersions (GDD) in the grating-based chirp-inverter. (left): Measured
idler pulse energy and spectral bandwidth at 1/e2 height after amplifi-
cation. (right): Calculated transform-limited pulse duration (TL) of the
amplified idler output spectrum.

In figure 3.15 (left) is illustrated the influence of the GDD of the seed idler
pulse on the output idler pulse energy after all booster amplifiers. This
energy is measured before transmission through the final bulk compressor.
Additionally, for each seed pulse duration the amplified idler spectrum is
measured and the bandwidth at 1/e2 height is given. The GDD values of
the seeded idler pulses introduced by the chirp-inverter are calculated for
a center wavelength of 3.2 µm using equation 2.42.

Figure 3.15 (left) shows that the amplified idler pulse energy increases
rapidly to 70 µJ for GDD values up to 80,000 fs2 and then saturates at pulse
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energies around 80 µJ for higher GDD values. At the same time the am-
plified spectral density drops fast from initially 450 nm to 330 nm at a GDD
of 80,000 fs2 and then decreases for higher GDD values very slowly down
to 230 nm. For each seed pulse duration the Fourier transform-limited (TL)
pulse duration is calculated from the amplified spectrum and the obtained
values are shown in figure 3.15 (right). It can be seen, that the TL pulse
duration increase rather linearly from 70 fs at a GDD of 40,000 fs2 up to
105 fs at a GDD of 200,000 fs2.

Figure 3.16: Output idler peak power of the mid-IR OPCPA system
in function of the seed stretch factor applied in the booster-amplifiers
(OPA4 to OPA7). The stretched pulse duration of the idler wave is
adjusted by applying different group delay dispersions (GDD) in the
grating-based chirp-inverter. The top axis shows the estimated length
of a sapphire bulk compressor that would be required to recompress the
stretched idler pulses after amplification. In purple is marked the final
GDD in the booster-amplifiers, which allows a high output peak power
and convenient pulse compression with a 20 cm long sapphire bulk com-
pressor.

To identify the optimal seed pulse duration to operate the booster-amplifiers,
the achievable output idler peak powers are calculated by dividing the am-
plified output energy by the TL pulse duration. The obtained peak powers
are illustrated in figure 3.16. Additionally, on the top abscissa axis is shown
the respective sapphire bulk compressor length, which is required to com-
press the respective stretched seed pulses and to compensate the total
GDD. In figure 3.16 can be seen, that the available idler peak power grows
fast until a GDD of 50,000 fs2 and stagnates at around 850 MW peak power
for higher GDD values. The final OPCPA system is operated at a GDD of
the stretched mid-IR pulse of around 140,000 fs2, which allows the tempo-
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ral compression of the amplified output pulses due to propagation through
a 20 cm long sapphire bulk compressor (purple sign in figure 3.16). This
chosen stretch factor ensures simultaneously a high output peak power of
880 MW and a high pulse energy of 80 µJ, while the transform-limited pulse
duration lies around 90 fs.

Posterior to the seed pulse duration scan, the amplification crystals in the
OPA6 and OPA7 stages were exchanged by AR-coated KNbO3 crystals,
allowing the upscaling of the OPCPA output characteristics to the values
presented in section 3.3.3 obtaining a final idler pulse energy of 118 µJ, a
compressed pulse duration of 95 fs and a peak power of 1.24 GW.

3.3.5 Source evaluation: Total conversion efficiency and
saturation behaviour of last amplifiers

In this section we will analyze the obtained conversion efficiencies in the
different parts of the GW-level OPCPA system in order to evaluate the im-
pact of the applied source design improvements (see section 3.3.1).

Figure 3.17: Overview of the pump-to-idler energy transfer by optical
parametric amplification in the mid-IR OPCPA system. Shown are the
pulse energies of the cascaded amplified idler wave (red) and the pulse
energies of the applied pump waves (blue) used for each amplifier block.
The achieved amplification gain is displayed in yellow and the respective
pump-to-idler energy conversion efficiencies are given in green and cal-
culated with equation 3.4.

First, we focus on the overall energy flow and the conversion efficiency of
each building block of the high power OPCPA system. Figure 3.17 shows
the pulse energy distribution inside the OPCPA source, indicating the cas-
caded amplified mid-IR idler wave in red and the applied pump pulse ener-
gies in each amplifier block in blue. The pump-to-idler energy conversion
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efficiency ηidler can be calculated for each amplifier by:

ηidler =
Eidler,out − Eidler,in

Epump
(3.4)

Where Eidler,in is the input and Eidler,out the amplified output pulse energy
of the idler and Epump is the applied pump pulse energy. The experimen-
tally obtained pump-to-idler conversion efficiencies are shown in green. Ac-
cording to the energy conservation in the OPA process the total pump-to-
(signal+idler) conversion efficiency ηtotal is given by the Manley-Rowe rela-
tion to ηtotal =

ωpump

ωidler
· ηidler = 3.0 · ηidler (see equation 2.24). In figure 3.17

it can be seen, that the pump-to-idler conversion efficiencies in the high
gain pre-amplifier is relatively low with 2.5% and afterwards increases con-
siderably to 6% and 19% in the first and second booster-amplifier, respec-
tively. The overall pump-to-idler conversion efficiency ηidler of the whole
system is 128 µJ/ 930 µJ=13.8% resulting in a total conversion efficiency
of ηtotal=3·13.8%=41.4%. The consecutive increase of the conversion effi-
ciency for each stage is partially attributed due to the larger idler stretching
factor in the booster-amplifiers compared to the pre-amplifier (see section
3.1.1), but is mainly the result of the strong pump depletion regime in which
the parametric amplification in the high energy, booster-amplifier stages
are driven. Especially in the second booster-amplifier due to the high seed
energy and by use of the nonlinear crystal KNbO3 which does not exhibit
the average power limitations of MgO:PPLN (see section 3.2.3), very tight
beam focusing conditions can be chosen, resulting in an OPA process op-
erating in the strong pump depletion regime.

For a further investigation of the saturation behaviour of the second booster-
amplifier, the amplified idler output is measured after OPA6 and after OPA7
as a function of the seeded idler energy into OPA6, illustrated in figure 3.18
(left). The reader is reminded, that the second booster amplifier is a com-
pound of the chained OPA6 and OPA7, where the pump beam of OPA6 is
recycled to pump OPA7 (see scheme in figure 3.12). A half-wave plate fol-
lowed by a polarizer is placed in front of the booster-amplifier, allowing the
fine adjustment of the seed energy into OPA6 while maintaining the polar-
ization and pulse duration of the seed pulses. The resulting pump-to-idler
energy conversion efficiency is shown in figure 3.18 (right) and is calcu-
lated using equation 3.4. It can be seen, that the seed pulse energy of 16
µJ is amplified in the OPA6 to 80 µJ energy and afterwards in OPA7 fur-
ther boosted to 128 µJ. The resulting pump-to-idler conversion efficiency of
OPA6 reaches up to 10% (blue line), while the internal conversion efficiency
of OPA7 increases up to 13% (orange line). The internal conversion effi-
ciency of OPA7 is calculated by dividing the idler energy gained in OPA7
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Figure 3.18: Scaling behaviour of the parametric amplification process
in the final booster-amplifier constisting of OPA6 and OPA7, where latter
is pumped by the recycled pump beam out of OPA6. (left): Scaling of the
output pulse energy amplified in OPA6 (blue line) as well as in OPA6 and
OPA7 (purple line) in dependence of the input mid-IR seed energy into
OPA6. (right): Calculated pump-to-idler energy conversion efficiency for
OPA6, for OPA7 and for the overall booster amplifier (OPA6+OPA7). The
calculated conversion efficiency of OPA7 uses the pulse energy of the
recycled pump, which is reduced by the former amplification in OPA6.

by the reduced pulse energy of the pump wave, which is recycled after
OPA6. The scaling behaviour of the OPA6 conversion efficiency shows first
a rather linear increase and starts to slow down slightly at high seed en-
ergies. In contrast, the OPA7 pump-to-idler conversion efficiency exhibits
a strongly roll over behaviour, showing first a quick rise to over 10% for
low seed energies and afterwards a rather constant evolution around 12%
for seed energies above 4 µJ. This roll over behaviour of OPA7 is the re-
sult of a complex interplay between seed and pump energy coupled into
OPA7 since both beams are strongly influenced by the previous amplifica-
tion in OPA6. For higher seed energies into OPA6, the seed energy into
OPA7 increased considerably, while the pump energy reduces due to the
previous energy extraction in OPA6. The strong saturation behaviour of
OPA7 transfers to the overall conversion efficiency scaling of the OPA6 and
OPA7 booster-amplifier compound, leading to a pump-to-idler conversion
efficiency of up to 19% (figure 3.18, purple line). The resulting total conver-
sion efficiency from pump to idler plus signal wave reaches therefore up to
3·19%=57%.

One can summarize, that the high output pulse energies of 128 µJ of the
GW-level OPCPA system is a result of the strong total conversion efficien-
cies in the last booster amplifiers. The last OPA stages obtain total conver-
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sion efficiencies from pump to signal plus idler waves of up to 3·13%=39%.
Combined with the doubled use of the high energy pump beams in two
consecutive OPA stages, a total OPCPA system conversion efficiency of
41% can be reached. This efficiency is comparable to values obtained by
previously reported, high conversion efficiency OPCPA systems which emit
in the more common visible and near-IR wavelength regime [4, 137–139].
Furthermore, driving the OPA stages in the strong pump depletion regime
allows a very stable source operation, including an excellent shot-to-shot
as well as long-term stability.

3.3.6 Source evaluation: Parasitic processes

An interesting phenomenon in optical parametric amplification is the gen-
eration of parasitic waves at additional frequencies, which are the product
of other parametric processes such as second harmonic generation, dif-
ference frequency generation or sum frequency generation between two
of the three main optical waves. In contrast to the desired main 3-wave-
interaction, the parasitic wave generation is typically poorly phase-matched,
resulting in very low conversion efficiency. Nevertheless in strongly satu-
rated parametric amplifiers, the pulse energy of the parasitic waves can
increase considerably, due to their still exponential growth in the unsatu-
rated amplification regime, while the main idler and signal wave generation
is saturated. Therefore the investigation of the origin and conversion effi-
ciency of each parasitic wave generation can give insight, how much pulse
energy is stolen from the main parametric amplification process and if the
parasitic processes affect the pump-to-idler conversion efficiencies of the
OPA stage significantly.

For the study of the parasitic wave generation all emitted beams after the
7th OPA stage of the high power OPCPA discussed in section 3.3.1 are
measured and analyzed. This particular amplification stage is chosen due
to the strong saturation regime in which the phase-matched, main 3-wave-
interaction is driven (see section 3.3.5). Additionally, the non-collinear
beam geometry of the KNbO3 based OPA stage allows the disentangle-
ment of each independent parametric frequency generation process for all
parasitic waves. This disentanglement can be done by means of the mo-
mentum and energy conservation laws (~kp = ~ks +~ki and ~ωp = ~ωs + ~ωi),
which are linked to the emission angle and frequency content of each para-
sitic wave. The average power of each output beam is measured by means
of a pyro-electric power meter and the angular dependent spectral con-
tent by fiber coupled spectrometers. To cover the full spectral range from
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the visible up the mid-IR range, a combination of a silicon based CCD
spectrometer (HR4000 from Ocean Optics Inc.), an InGaAs based CCD
spectrometer (NIR256 from Ocean Optics Inc.) and a FTIR spectrometer
applying a liquid nitrogen cooled MCT detector (MIR8025 from Newport
Corporation) is used.

In figure 3.19 are illustrated the measured, normalized frequency distribu-
tion of all emitted beams after OPA7 as a function of the respective emis-
sion angles α, in relation to the pump beam direction at α = 0◦. At an
emission angle of α = 0◦ the pump beam can be seen at f = 280 THz and
the related second harmonic at f = 560 THz. At f = 90 THz is shown the
mid-IR idler wave and around the emission angle of α = 5◦ the angular
dispersed signal wave and its related second and third harmonic wave can
be seen at f = 190 THz, 380 THz and 570 THz respectively. Apart from the
three fundamental waves (I, S, P) and their harmonics (SH-S, TH-S, SH-
P) also four other parasitic waves (SFG-1, SFG-2, DFG-1, DFG-2) can be
observed, which result from sum or difference frequency generation pro-
cesses. The beam SFG-1 at f = 470 THz is generated by sum frequency
mixing between the pump (P) and the signal wave (S) and the beam SFG-
2 at f=660 THz is created by the sum frequency generation between the
second harmonic of the signal wave (SHG-S) and the idler wave (I). In con-
trast, the beam DFG-1 at f = 290 THz is generated by difference frequency
generation between the second harmonic of the signal (SHG-S) and the
idler (I), while the wave DFG-2 at f = 480 THz is created by difference fre-
quency generation between the third harmonic of the signal (THG-S) and
the idler (I). The interactions SFG-2, DFG-1 and DFG-2 are quite surpris-
ing, since they are not just a direct interaction between the main waves (I,
S, and P), but instead a frequency mixing process between a fundamental
wave and another parasitic wave, resulting in cascaded parasitic frequency
generation.

Figure 3.20 shows the combined spectral content of all emitted beams after
OPA7 in a logarithmic scale. For each beam the pulse energy is measured
and used for the calibration of the respective spectral energy density. It
can be seen, that the waves with the highest energy densities are the idler,
signal and pump waves, while the spectral energy densities of all parasitic
waves is at least 2 orders of magnitude smaller. The strongest parasitic
wave is the second harmonic of the signal (SHG-S), which reaches spectral
energy densities of up to 60 nJ/THz.

In conclusion, the energy content of all parasitic wave is negligible com-
pared to the main 3-wave-interaction and does not influence the amplifi-
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Figure 3.19: Measured, normalized, angular distribution of parasitic fre-
quency generation in the final high energy parametric amplifier stage of
the GW-level OPCPA (7th OPA stage). The emission angle α is given
relative to the pump propagation direction. The picture shows the main
pump (P), the idler (I) and the signal (S) waves, as well as the second
harmonics (SHG-P, SHG-S) and a third harmonic (THG-S) of these fun-
damental waves. Also visible are further parasitic waves which are the
product of sum frequency generation (SFG-1, SFG-2) or difference fre-
quency generation processes (DFG-1, DFG-2).
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Figure 3.20: Measured energy content of parasitic frequency genera-
tion in the final high energy parametric amplifier stage of the GW-level
OPCPA (7th OPA stage). Illustrated is the spectral energy density dis-
tribution of all emitted beams after the NOPA stage in logarithmic scale.
The spectral energy density of any parasitic wave (SHG-P, SHG-S, THG-
P, SFG-1, SFG-2, DFG-1, DFG-2) is orders of magnitude below the fun-
damental waves (P, I, S).

cation efficiency of the mid-IR idler and near-IR signal considerably. For
a comprehensive investigation, a similar study could be performed for a
PPLN-based OPA stage such as for OPA7, due to the different phase-
matching conditions compared to a KNbO3 based NOPA. Nevertheless it is
unlikely, that the non-phase-matched, parasitic frequency generation would
be orders of magnitude stronger to have a huge impact on the overall am-
plifier behaviour.
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3.4 Summary and outlook

3.4.1 Summary

In this chapter we demonstrated the first implementation of a high power,
mid-IR OPCPA system delivering GW-level output peak powers at a repeti-
tion rate beyond 100 kHz. The source provides 118 µJ energie pulses with
a sub-9 optical cycle duration at a center wavelength of 3220 nm. The pre-
sented source supports a 3 times higher mid-IR output energy and a 20%
higher peak power in comparison to other up-to-date reported mid-IR, high
repetition rate OPCPA systems (see figure 1.1) [50–52,56,158]. Combined
with an excellent beam quality factor of M2=1.3, the system allows focused
peak intensities of up to 1015 W/cm2, enabling novel mid-IR driven strong-
field experiments at high repetition rate, such as the potential generation
of high flux X-ray radiation up to keV photon energies via high harmonic
generation [24].

The huge increase of the mid-IR output energy compared to the previous
OPCPA design shown in chapter 2, is enabled by various layout improve-
ments which were undertaken in order to maximize the overall energy con-
version efficiency. By exploiting a combination of the reuse of the pump
pulses in two consecutive OPAs (see section 3.1.3), the reduction of Fres-
nel losses of the final compressor (see section 3.3.2) and by the implemen-
tation of a chirp-reversal in the system, which enabled an optimized disper-
sion adjustment for each OPCPA section (see section 3.3.4), an overall
pump energy extraction efficiency of 41% could be reached. This extrac-
tion efficiency is very high for Gaussian-like spatio-temporal beam shapes
(see section 3.1.2) and is comparable to high conversion efficiency sys-
tems emitting in the near-IR spectral range [4, 137–139]. The resultant
average powers of the pump, signal and idler waves, used in the system
reached the tens to hundred Watt regime, limiting the use of certain non-
linear amplification crystals such as MgO:PPLN due to the appearance of
thermally induced beam distortions (see section 3.2.3). As a result, we
investigated various nonlinear crystal in respect to their suitability for high
power, mid-IR parametric amplification and finally used KNbO3 crystals in
the last booster-amplifier stages OPA6 and OPA7.

The presented GW-level peak power OPCPA is still compatible with the
multi-color upgrade presented in section 2.3, which enabled additional high
energy, femtosecond output pulses in the ultraviolet to near-IR spectral
range. In this case, the recycled signal and pump beams obtained after
the OPA5 stage could be used as driving pulses for the multi-color module.
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In consequence, the only required change to the original layout would be
an adjustment of the previous compressor schemes for the 800 nm wave-
length beam, due to the inverse dispersion used in the booster-amplifier
stages.

3.4.2 Outlook

The output parameters of the presented high power OPCPA system could
be further improved by a number of upgrades, which are more or less inva-
sive to the original source design. For example, the already high pump en-
ergy extraction efficiency in the OPCPA system could be further increased
by applying spatio-temporal flat-top pump profiles (theory in sections 3.1.1,
3.1.2). It was demonstrated, that the Gaussian-like spatial profile of com-
mon picosecond pump lasers could be transformed to a flat-top profile via
the use of spatial apodizers [159], refractive optical systems [160] or diffrac-
tive optical elements (DOE) [142]. These devices were already used in
some OPCPA systems to obtain higher conversion efficiencies [137]. On
the other hand, the temporal profile of the pump laser could be modified
from a sech2-like shape to a super-Gaussian or flat-top shape by exploiting
coherent pulse stacking techniques, using for example fiber Bragg grat-
ings [161] or pulse-stacking interferometers [162]. An additional advantage
of the use of pump beams with a flat-top-like temporal profile is the possible
increase of the amplified spectral bandwidth, resulting in shorter transform-
limited output pulse durations.

Another technique, which could enable the generation of broader output
spectra is frequency domain optical parametric amplification (FOPA) [163],
where the OPA stage is placed in the Fourier plane of a 4f imaging sys-
tem, enabling an influence on the spectral gain by changing the applied
spatial pump distribution. As alternative, one could exploit the method of
temporal allocation of pump intensity remainder (TAPIR) [164], where the
OPA seed pulses are stretched to be several time longer than the pump
pulses. In this case, a different temporal delay between the pump and
signal pulses in each stage result in the amplification of different parts of
the seed spectrum, which enables the controlled shaping of the amplified
spectrum by adjusting the amplification gain in each stage. An example for
a experimental realization of the TAPIR method can be found in section 4.2
of [165].

Further, a substantial output energy upgrade of our mid-IR front-end by
three orders of magnitude is enabled by the technological advancement
of ytterbium-doped fiber amplifiers over the last decade. Cruz et al. [166]
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demonstrated, that a similar front-end as used in our OPCPA system (see
section 2.2.2) in combination with a chirped pulse (CPA) ytterbium-doped
fiber amplifier, can provide 5 nJ energy, broadband mid-IR pulses, instead
of the 11 pJ energy previously obtained in our OPCPA. This up-scaling of
the mid-IR front-end performance could allow the reduction of the number
of OPA stages in the pre-amplifier of our OPCPA system and therefore
reduce the complexity of the overall source.

Another possibility for the up-scaling of our OPCPA system is the use of
novel high power pump sources, which got accessible over the last years.
In this context, the reader is reminded, that the main obstacle in the energy
scaling of high repetition rate lasers, is the rising average power and re-
lated energy storage inside the laser gain material which can yield thermal
lensing and which has to be continuously extracted by external cooling.
The pump laser used in our high power OPCPA system is a water-cooled,
diode-pumped solid state laser system and provides 1 mJ energy, 10 ps du-
ration pulses at 160 kHz repetition rate, resulting in 160 W of average power
(see section 2.2.3). Over the last decade, especially ytterbium-doped YAG
(Yb:YAG) has emerged as a novel and excellent gain medium for the gen-
eration of picosecond pulses at simultaneously high energy and high rep-
etition rates. Recently, Zapata et al. demonstrated the generation of 2.5
mJ energy pulses at 100 kHz repetition rate (250 W) by using a cryogenic
cooled Yb:YAG-based multi-pass amplifier [167]. Further Rußbüldt et al.
reported the generation of 3.5 mJ energy pulses at 100 kHz (350 W) by
using a Yb:YAG-based 9-pass amplifier in a Innoslab arrangement [168].
And Negel et al. could even provide 4.7 mJ pulse energy at 300 kHz (1400
W) using a Yb:YAG-based thin-disk laser amplifier with 24 passes [169].
Finally, Kienel et al. demonstrated the generation of 7.4 mJ energy pulses
at 100 kHz (740 W) and of 12 mJ energy pulses at 56 kHz (670 W) by
using a Yb:YAG-based CPA fiber amplifiers in a specially designed multidi-
mensional coherent pulse addition arrangement [170]. A detailed overview
of the recent pump laser developments for OPCPA systems can be found
in [171] and more specific reviews about the progress on high power fiber
lasers, high power innoslab laser and high power thin-disk lasers can be
found respectively in [172], [173] and [174].
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Chapter 4

Few-cycle, mid-IR pulse gener-
ation via temporal self-com-
pression in bulk materials

In chapters 2 and 3 we demonstrated the generation of CEP-stable, high
power mid-IR pulses with time durations of 5 or 9 optical cycles with pulse
energies of 20 µJ or 118 µJ respectively, depending on the OPCPA archi-
tectures. Further pulse shortening does require additional spectral broad-
ening and temporal compression due to the absence of sufficient spectral
bandwidth of the OPCPA output pulses. In this chapter one of the first re-
alizations of a novel temporal post-compression technique in the mid-IR
range is discussed, achieving pulse compression down to sub-3 optical cy-
cles. These results are reached by means of filamentary propagation in
the anomalous dispersion regime in a bulk medium. Primarily, due to the
interplay of self-phase modulation and anomalous dispersion during the
highly nonlinear propagation, the input pulses are self-compressed without
the need of an additional post-dispersion compensation stage. The results,
reported in this chapter are published in [175]. The experimental work was
performed together with my colleagues Michaël Hemmer and Alexandre
Thai. The detailed numerical simulations used for comparison with the ex-
perimental results in section 4.3 were carried out by our collaborator Prof.
Arnaud Couairon from the Centre de Physique Théorique, École Polytech-
nique in France.

In the following an overview of existing high energy pulse-compression
techniques will be given in section 4.1 and the underlying fundamental
concepts will be elaborated in section 4.2. Afterwards, in section 4.3 the
obtained temporal compression results will be presented and compared
with numerical simulations. Finally, concepts for the further scaling of the
presented scheme towards higher output energies and shorter temporal
compression will be discussed in section 4.4.
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4.1 Introduction to high energy, nonlinear, pulse-
compression schemes

High energy, CEP-stable laser pulses with near single optical cycle pulse
durations open up a variety of experimental possibilities especially for at-
tosecond and strong-field physics. These pulses allow for example the
reliable generation of extreme ultraviolet and soft X-ray radiation with time
durations in the attosecond regime [34] and give access to material car-
rier dynamics in the sub-femtosecond time range [176]. Despite their at-
tractiveness, the generation of few optical cycle pulses directly by a laser
or parametric source is extremely challenging. For high energy amplified
laser systems the main limitation is the emission bandwidth of the laser
gain material and the spectral gain narrowing. While Ti:Sapphire based
laser oscillators support output pulse durations down to 5 fs (2 optical cy-
cles) [177, 178], amplified Ti:Sapphire lasers are typically limited to above
15 fs output pulse durations (6 optical cycles) [179, 180]. On the other
side, for optical parametric amplifier systems, the shortest possible output
pulses are mainly constrained by phase-matching considerations and dis-
persion control. Despite the recent demonstrations of various parametric
systems obtaining 2 optical cycle outputs [111,127,181], their widespread
use is hindered by the high system complexity and their strong require-
ments on dispersion control. Therefore, nowadays the common approach
for near-IR, few-cycle pulse generation is the use of an additional post-
compression scheme, based on nonlinear spectro-temporal reshaping of
the driving electric field during high intensity propagation through gaseous
media. Hereby, the high energy laser output is first spectrally broadened
and afterwards the dispersion introduced by the nonlinear interaction has
to be compensated by a dispersion delay line in order to achieve a tem-
porally compressed final pulse. The required, strong nonlinear interaction
over a long range is commonly achieved either by propagation through
guiding structures such as gas filled hollow-core fibers or by nonlinear self-
guiding, also called filamentation. Below, the most common compression
techniques will be shortly presented and the obstacles for a direct applica-
tion driven by the mid-IR, high power OPCPA output pulses, demonstrated
in chapter 2 and 3, will be discussed.

4.1.1 Gas filled hollow-core fibers

Noble gas filled hollow-core fibers, also called glass capillaries, were first
demonstrated by Nisoli et al. in 1997 [182]. The first realisations used
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hollow-core fibers with static gas pressures, which typically limited the driv-
ing energy to sub-millijoule level, due to the onset of ionisation and higher
order nonlinearities. In 2005, Suda et al. [183] proposed instead the use of
a gradually increasing gas pressure along the hollow-core fiber, enabling
the spectral broadening of pulse energies of a few millijoule regime. During
propagation in the hollow-core fiber the nonlinear spectro-temporal reshap-
ing is mainly driven by self-phase modulation (SPM), leading to a positive
group delay dispersion of the spectrally broadened output pulses (see sec-
tion 4.2.3 for more information). The required temporal post-compression
is normally performed by chirped mirrors and allow compression of near-IR
pulses down to sub-2 optical cycles. The shortest compressed Ti:sapphire
pulses reached durations of 3.8 fs (1.5-optical-cycles), resulting in 15 µJ
pulse energy in the case of static pressure hollow-core fibers [184] and
around 1 mJ pulse energy applying gas pressure gradients [185,186]. The
main advantages of hollow-core fiber compression compared to e.g. fila-
mentation are the excellent output beam quality and spectral homogeneity
across the beam profile [187]. Additionally, hollow-core fibers applying a
gas pressure gradient do permit higher driving pulse energies in the near-
IR regime compared to compression by gas filamentation.

4.1.2 Filamentation in gaseous media

Filamentation is a self-guiding process, allowing beam propagation through
a medium without diffraction. The transversal confinement of the propagat-
ing beam in a dielectric material is typically achieved by a dynamic balance
between self-focusing due to the optical Kerr effect and plasma induced
beam defocusing [188] (for more details see section 4.2.5). While filamen-
tary propagation can be achieved in solids, liquids and gaseous media,
for the temporal post-compression of high energy, near-IR pulses typically
filamentation in noble gases is used. The first optical filament of a fem-
tosecond pulse was demonstrated in 1995 by Braun et al., reporting a 20
m long filament in air [189]. In 2004, Hauri et al. [190] showed the first ap-
plication of filamentation for few-cycle pulse compression achieving 5.7 fs
durations at 380 µJ energy and 800 nm wavelengths, applying a scheme of
two, cascaded filamentation stages. By an in-depth study and optimization
of the setup parameters, the compressed pulse duration could be further
decreased to 5 fs with sub-millijoule energies [191, 192]. All these results
used chirped mirrors for the dispersion compensation and temporal com-
pression. The maximum compressible energy obtained via filamentation is
limited for Ti:Sapphire driving lasers to around 1 mJ due to the appearance
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of multiple filaments. The biggest advantage of filamentary pulse com-
pression compared to hollow-core fiber compression is the absence of the
requirement for the precise coupling into the guiding structure, making the
beam alignment simpler and more robust. Additionally compression by fil-
amentation has typically higher energy throughput then hollow-core fibers,
due to the absence of coupling losses into the guiding structure [193]. The
peak intensities during filamentary propagation are typically in the range of
1013 to 1014 W/cm2 [194], which is much higher than peak intensities during
guided propagation in hollow-core fibers. Hence, the propagation material
is partially ionized and an electron-ion (in gases) or electron-hole (in solids)
plasma is formed, promoting additional nonlinear effects like plasma in-
duced frequency blue shift or defocusing. The highly nonlinear light-matter
interaction during filamentary propagation leads to a strong spatio-temporal
reshaping of the electric field. Under certain conditions the competing non-
linear processes can lead to a temporal shortening of the driving pulse dur-
ing propagation without the requirement of an additional dispersion control
stage. This so called temporal self-compression was first demonstrated in
2005 by Stibenz et al. [195] achieving compression from 45 fs down to 7.8
fs duration with 3.8 mJ energy at 800 nm wavelengths (3 optical cycles) by
filamentation in a Xenon gas cell. Theoretical calculations from Couairon
et al. predicted even the possibility for self-compression down to the single-
cycle limit [196,197]. In 2007 the compression technique was extended for
longer wavelengths by Hauri et al. [198], reporting self-compression driven
by a 2 µm laser achieving 18 fs (sub-3-optical cycles) pulse durations. More
recently, Mitrofanov et al. [199] reported self-compression in the mid-IR
range at a center wavelength of 3.9 µm, where the 15 mJ energy driving
pulses were compressed from 100 fs down to 35 fs (sub-3-cycles) duration
due to filamentation in a nitrogen gas cell.

4.1.3 Mid-IR filamentation in bulk materials

The previously discussed temporal compression techniques for high en-
ergy, few-cycle pulses cannot be directly applied to our mid-IR OPCPA
system discussed in chapter 2 and 3, due to the absence of sufficient
driving pulse energies and therefore insufficient or no spectral broadening.
While pulse compression by hollow-core fibers or filamentation in gaseous
media is typically driven by pulse energies of a few hundreds of micro-
joule to millijoule level at hertz to kilohertz repetition rates, the presented
mid-IR source delivers 10 µJ to 100 µJ at a much higher repetition rate
of 160 kHz. This obstacle can be overcome by using solid-state, dielec-
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tric media as propagation materials, which typically exhibit a two to three
order of magnitude higher nonlinear refractive index compared to gases.
In the last decade there has been a strong development of solid core,
optical fibers, with the primary focus on the generation of broad super-
continuum generation [200, 201]. Furthermore, various implementations
of temporal pulse compression using propagation in solid core fibers have
been demonstrated [202–204]. Nevertheless solid core fiber compression
cannot be applied for our mid-IR OPCPA source, since the typical ener-
gies for guiding in optical fibers are in the nJ regime and the high en-
ergies and Watt-level average powers of our system would damage the
fiber guiding structures. The alternative is filamentary propagation in solid,
bulk materials. In contrast to filamentation in gases, most dielectric me-
dia feature a negative group delay dispersion or anomalous dispersion
at wavelengths above 1.5 µm. This fact is beneficial for temporal self-
compression, since the interplay between SPM and anomalous dispersion
favours pulse compression instead of temporal pulse stretching (see sec-
tion 4.2.5). Additionally it is reported, that the lengths of filaments in solids
increase for driving frequencies in the anomalous dispersion regime [205]
and that stable spatio-temporal wavepackets, also called light bullets can
be formed during filamentary propagation in case of anomalous disper-
sion [206]. Furthermore elaborate dispersion compensation setups such
as chirped mirrors are still not available in the mid-IR range, making tem-
poral post-compression after the spectral broadening more challenging.

In summary, self-compression due to filamentary propagation in the anoma-
lous dispersion regime of a solid medium seems the best suited approach
for the temporal compression of the high power, mid-IR OPCPA output re-
ported in chapter 2 and 3. Previous to the results shown in this chapter,
there have been just a few publications about filamentation characteristics
in the anomalous dispersion regime of bulk media [206–208], non of which
investigated temporal self-compression dynamics.

4.2 Physical effects during filamentary propagation

When a high peak-intensity, femtosecond pulse travels through a transpar-
ent medium, multiple competing nonlinear effects occur and reshape the
temporal, spectral and spatial distribution of the driving electric field. In the
following section a short overview of the most important nonlinear effects
and their interactions will be given.
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4.2.1 Basic linear and nonlinear effects

Group velocity dispersion Solids, liquids and gases are chromatic dis-
persive media, which means that the optical refractive index is frequency
dependent n0 = n0(ω) and as result the phase velocity vph and group ve-
locity vgr of propagating electromagnetic waves in the material are also
dependent on the frequency. The optical dispersion can be mathematically
described by the Taylor expansion of the wavenumber k as a function of
the angular frequency ω around a center angular frequency w0:

k(ω) =
n(ω)ω

c
= k0 + k′(ω − ω0) +

1

2
k′′(ω − ω0)2 +

1

6
k′′′(ω − ω0)3, (4.1)

where the first order term k′ describes the inverse group velocity and the
second order term k′′ contains the group velocity dispersion (GVD) or sec-
ond order dispersion. In the normal dispersion regime of a material, the
group velocity dispersion k′′ is positive (k′′>0) and as a result the low fre-
quency constituents of a pulse travel faster than high frequency ones. In
contrast, in the anomalous or negative dispersion regime, where k′′<0, high
frequencies will move to the front and low frequencies to the back of an ini-
tially transform-limited pulse. Most solid materials which are transparent
in the visible wavelength range, reach anomalous dispersion in the mid-IR
wavelength range with the zero dispersion point (k′′=0) lying around 1.2 to
1.5 µm. On the other hand, semiconductors feature normal dispersion for
the entire visible up to mid-IR spectral range. In figure 4.1 the variation
of the group velocity dispersion k′′ for multiple dielectrics, semiconductor
materials and gases are illustrated. Note the different order of magnitude
of the GVD values for the different material classes (GVDsemiconductors >>
GVDdielectrics >> GVDgases).

Optical Kerr effect The optical Kerr effect describes a quasi-instanta-
neous change of the material refractive index dependent on the instan-
taneous and local intensity I(r, t) of the pulse. In an optically isotropic
material the Kerr effect can be described to first order by [73]:

n = n0 + n2 · I(r, t), (4.2)

where n0 is the linear refractive index and n2 is the second-order refractive
index or nonlinear refractive index. The second order refractive index is
related to the third order susceptibility χ(3) by n2 = 3χ(3)/ (4ε0cn

2
0), with

the speed of light c, and the permittivity of vacuum ε0. In order to esti-
mate the influence of the nonlinear refractive index for the spatio-temporal
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Figure 4.1: Wavelength dependence of group velocity dispersion
(GVD= ∂2k

∂ω2 ) for: (a) common dielectric solid media, (b) semiconductors
and (c) gases. At the mid-IR output wavelength (2.8 to 3.4 µm) of our
mid-IR OPCPA system solid dielectrics obtain typically anomalous dis-
persion (GVD<0), while semiconductors and gases feature normal dis-
persion (GVD>0). Note the different order of magnitude of the GVD
values for dielectrics, semiconductors and gases.
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behaviour of the electric field, one can calculate the B-integral, or accumu-
lated maximal nonlinear phase shift ∆ϕmaxNL during propagation through a
Kerr medium with the length L:

∆ϕmaxNL =
ω

c

∫ L

0
n2 · I(z)dz. (4.3)

Typically, nonlinear effects such as self-phase modulation or self-focusing
start to reshape considerably the electric field when the accumulated non-
linear phase overcomes a value of 2π. Higher order nonlinear refractive
indices (n4, n6, n8, ..) are typically not considered for nonlinear pulse prop-
agation dynamics.

Multi-photon ionization and plasma generation When the peak inten-
sity of a laser pulse traveling through transparent media reaches intensi-
ties of 1013 W/cm2 to 1014 W/cm2, the valence electrons can be excited
by optical field ionisation. The ionisation process can take place due to
multi-photon or tunnelling ionisation. Which process occurs predominantly
can be estimated by the Keldysh parameter [16]. In the case of gases,
the atoms or molecules get ionized and the electrons are excited into the
vacuum continuum, generating an electron-ion plasma. In contrast, in the
case of solids the electrons are promoted from the valence to the conduc-
tion band and create an electron-hole plasma. The generation of a free
electron plasma leads to a reduction of the refractive index [209]:

n ∼= n0 −
ρ(r, t)

2ρc
, (4.4)

with the free electron density ρ(r, t) and the material dependent critical
plasma density ρc above which the plasma becomes opaque. The yield
of the electron plasma generation depends linearly on the ionization rate
of free electrons W (I), which is strongly peak intensity dependent and
scales proportional to I · K, where K is the number of driving laser pho-
tons necessary to liberate an electron. For example, in the case of a driving
laser at 3.1 µm center wavelength (0.4 eV) which propagates through YAG
material (Egap = 4.71 eV [210]), the ionization rate would scale highly non-
linear with K=12. Therefore the onset of plasma generation in the case
of self-focusing and filamentation generation starts very abruptly once the
ionization threshold is overcome. The ionization process is also coupled
to absorption losses. On one hand, photons get absorbed during multi-
photon or tunnel ionization. On the other hand, absorption of photons oc-
curs during propagating through the plasma due to inverse Bremsstrahlung
(for more details see section 1.2.10 in [209]).
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4.2.2 Self-steepening

Self-steepening is a temporal reshaping mechanics of an ultrashort laser
pulse due to the optical Kerr effect. The intensity dependent change of the
refractive index ∆n(t) = n2 · I(t) (see equation 4.2) leads to a different
propagation velocity of the peak of the laser pulse compared to the leading
and trailing edges. For materials with positive n2 the pulse peak slows
down compared to the group velocity of the pulse and a steep edge at the
trailing part of the pulse can be formed (see figure 4.2). When the slope
of the pulse trailing edge gets infinitely steep, a so called shock wave is
formed and can give rise to effects such as wave breaking and temporal
envelope oscillations trailing the main pulse [211].

Figure 4.2: Temporal evolution of the laser pulse intensity envelop un-
dergoing self-phase steepening. (a): Initial pulse with a Gaussian-like
intensity envelope profile. (b): Steepening of the trailing edge (time>0)
due to a smaller propagation velocity of the pulse peak compared to the
slopes of the pulse. (c): Formation of a shock wave at the trailing edge
of the pulse, where the time dependent intensity gradient converges to-
wards minus infinity.

4.2.3 Self-phase modulation and interplay with dispersion

The temporal phase ϕ(t) of the electric field of a high intensity laser pulse
traveling through a medium with a length L is quasi-instantaneously mod-
ulated by the optical Kerr effect:

ϕ(t) = ϕLin + ϕNL(t) (4.5)

With
ϕNL(t) = −ω

c
n2I(t)L. (4.6)

A more intuitive picture of this so-called self-phase modulation (SPM) is
given by the instantaneous angular frequency, which is defined as the time-
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derivative of the phase:

ω(t) =
dϕ(t)

dt
= ω0 + δω(t) = ω0 +

d

dt
ϕNL(t), (4.7)

where ω0 is the angular center frequency and δω the variation of the in-
stantaneous angular frequency. During self-phase modulation, the time
dependent intensity envelope maintains its shape while the instantaneous
frequency experiences a modification (assuming neglectable material dis-
persion). As consequence the spectrum of the transmitted pulse will be
reshaped, normally leading to spectral broadening. In figure 4.3 (a) is
shown the typical form of the instantaneous angular frequency obtained by
high intensity propagation of a Gaussian shaped laser pulse through a Kerr
medium with n2 > 0. At the leading edge of the initially transform-limited
pulse red frequencies are generated, while on the trailing edge of the pulse
blue frequencies are created. The obtained spectral broadening for various
values of the maximal nonlinear phase shift ϕNL is illustrated in figure 4.3
(b) for a center angular frequency of 0.6 PHz (3.1 µm wavelengths). The
spectral modulation pattern occurs due to interferences between the same
frequency components (instantaneous frequencies) at different times.

Figure 4.3: Effect of self-phase modulation (SPM) on the temporal and
spectral properties of an electro-magnetic pulse. (a): Temporal intensity
distribution and by SPM introduced instantaneous angular frequencies
for various maximal nonlinear phase shifts ϕNL. (b): Frequency spec-
trum of the initially transform-limited pulse (orange area) and spectral
broadening due to SPM (red and dark red lines).

In figure 4.3 (a) it can be seen, that as result of the self-phase modulation
effect in materials with n2>0, the instantaneous angular frequency obtains
a steady, linearly growing slope at time positions around the intensity peak
(time=0). This behaviour leads to a positive chirp of the laser pulse (front
part of the pulse oscillates with lower frequency, than the back part). The
positive chirp introduced by the SPM effect will be influenced by the ma-
terial dispersion, which the pulse experiences while propagating though
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matter, resulting in a temporal compression or stretching dependent on the
dispersion sign.

The effect of the interplay between SPM and the material group velocity
dispersion onto the spectro-temporal evolution of a mid-IR pulse during
nonlinear propagation is illustrated in figure 4.4. The displayed results are
obtained by a 1-dimensional, slit-step simulation of the Maxwell equation,
just considering the effects of SPM and GVD. From the simulated spec-
trograms (see figure 4.4, a) it can be seen, that SPM alone results in a
spectral broadening during propagation with lower frequencies at the front
and higher frequencies at the tail of the pulse, while the temporal pulse pro-
file is maintained. In case of normal dispersion in the propagation material
(GVD>0), the higher frequencies will be additionally delayed in respect to
the lower frequencies, resulting in an increased positive chirp and a tem-
poral stretch of the pulse. In contrast, by propagating in the anomalous
dispersion regime (GVD<0), the high frequencies will catch up with the low
frequencies, leading to temporal self-compression and a decrease of the
spectral chirp. The described relation can be also seen in figure 4.4 (b),
where the resulting pulse shapes for each case are illustrated. The dif-
ference of the temporal pulse shapes is also coupled to a change of the
generated spectral shapes, shown in figure 4.4 (c).

Note that in the rare case of a material with a negative nonlinear refrac-
tive index n2, the introduced chirp via SPM is inverted. Therefore, in this
case temporal self-compression caused by the interplay between SPM and
GVD, will only occur in the normal dispersion regime (GVD>0) of the ma-
terial.

4.2.4 Filamentation

When a high intensity laser beam enters a medium, the refractive index will
be altered according to the intensity distribution across the spatial beam
profile (see equation 4.2). For a Gaussian-like intensity distribution and in
materials with a positive nonlinear refractive index n2, this altering of the
refractive index acts like a positive lens, also called optical Kerr lens. If the
lensing effect overcomes the intrinsic divergence of the Gaussian beam
propagation, the beam will self-focus. The peak power required to reach
this condition is described by the critical peak power PSF [212]:

PSF =
3.77 · λ2

0

8π · n0 · n2
. (4.8)
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Figure 4.4: Representation of interplay between self-phase modulation
(SPM) and group velocity dispersion (GVD) onto the spectro-temporal
evolution of a mid-IR pulse during nonlinear propagation. Shown are
the simulated spectrograms (a), the resulting temporal pulse envelopes
(b) and the spectral shapes (c) for the different signs of GVD and in the
case of no GVD. If only SPM acts on the pulse, the temporal pulse shape
maintains, while the spectrum is broadened. In contrast, under the addi-
tional effect of positive GVD the pulse is stretched in time, while in case
of negative GVD the pulse is temporally self-compression. Both cases
also influence the spectral shape. The shown results are obtained by a
1-dimensional, slit-step simulation assuming constant peak intensities.
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Notice that the critical peak power is not only dependent on the material
specific parameters, but also on the center wavelength λ0 of the driving
beam. Self-focusing is a self-enforcing process. This means, the more the
beam size shrinks, the higher will be the peak intensity and therefore the
stronger will be the Kerr lens effect (n(r, t) = n0 + n2 · I(r, t), see equation
4.2). Eventually, the peak intensity of the collapsing beam will reach a point,
where the material will be ionized by multi-photon or tunneling ionization.
The resulting electron plasma will reduce the refractive index n(r):

n(r) ∼= n0 −
ρ(r)

2ρc
(4.9)

leading to a plasma induced defocusing effect. The generation of the free-
electron plasma ρ(r) scales highly nonlinearly with the square of the in-
stantaneous and spatially dependent field amplitude. By neglecting the
time accumulating nature of electron plasma generation and just consider-
ing the time averaged peak intensity I(r), the local change of the refractive
index can be simplified to:

∆nplasma(r) ∝ −I(r)κ, (4.10)

where κ is the number of photons necessary to liberate an electron. The
self-focusing introduced by the Kerr effect and the plasma induced defo-
cusing can go in a dynamic equilibrium, allowing the beam to propagate
with a very small beam waist over a range much longer than the Rayleigh
length (see figure 4.5). Hereby the beam waist does not have to be static
and is more defined by a dynamically competition between self-focusing
and plasma induced defocusing, dependent on the spatio-temporal pulse
dynamics. It has been shown, that filamentation in the normal dispersion
regime of solids is more likely to undergo repeating focusing-defocusing
cycles, while filamentation in the anomalous dispersion regime of solids
favours the formation of longer filaments with less focusing-defocusing cy-
cles [205,206].

This self-guiding process, also called filamentation is characterized by a
partially ionized spatial core region and a surrounding region of low ioniza-
tion. If the pulse peak power is considerably stronger than the critical peak
power, the pulse can spatially split during the initial self-focusing process
and form simultaneously multiple filaments. In this case, each filament has
to contain at least the critical peak power. Multi-filamentation is typically ini-
tiated by imperfections in the initial spatial intensity or phase front distribu-
tion or by inhomogeneities in the medium. The onset of multi-filamentation
is therefore strongly dependent on the spatial quality of the driving beam
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Figure 4.5: Generation and propagation scheme of a filament in a non-
linear medium. The general influences of the optical Kerr effect and the
plasma defocusing on the spatial distribution of the refractive index are
illustrated in a simplified manner below.

profile and occurs for Gaussian-like beams typically at 10 to 50 times the
critical peak power. The regime of multi-filamentation is normally avoided in
experiments, since the different spatio-temporal dynamics in each filament
lead to unstable spatial and spectral interference pattern at the output of
the filamentary propagation.

The length of a filament is normally limited to the point, until the pulse peak
power drops below the critical power. This can happen for example due to
absorption losses during filamentation, due to spatio-temporal spread and
pulse splitting dynamics or due to the transition into another propagation
material with a higher critical peak power. Nonlinear propagation of fem-
tosecond laser pulses in air, filaments of several hundreds of meters [213]
and up to the km-range [214] have been demonstrated. In contrast, the
typical lengths of filaments in dielectric solids are in the few millimeter to
centimeter range. The main cause of this discrepancy is the approximately
three orders of magnitude higher electron plasma density during filamen-
tation in solids, resulting in much stronger plasma absorption losses. Ad-
ditionally, the group velocity dispersion in solid is also considerably longer
than in gases (see figure 4.1), which can lead to a fast reduction of the peak
intensity due to temporal pulse splitting and pulse stretching dynamics dur-
ing filamentary propagation. Another important difference between gases
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and dielectric solids for filamentary propagation is a three order of mag-
nitude higher second-order nonlinearity n2, resulting in critical powers for
self-focusing in the megawatt instead of the gigawatt regime. Interestingly,
once the stable filamentation regime is established, the peak intensities in
the core of the filament in gases, as well as in solids are very similar, in
the range of 1013-1014 W/cm2. Hereby, the diameters of a single filament
is typically around 100 µm in gases and around 10 µm in solids [209].

4.2.5 Spatio-temporal reshaping and self-compression during
filamentation

Multiple, competing nonlinear effects reshape the electric field during self-
focusing and filamentary propagation and give rise to complex spatio-tem-
poral dynamics, which can lead to temporal self-compression even in the
regime of normal dispersion. On one side are quasi-instantaneous effects
such as self-focusing, self-phase modulation and self-steepening. On the
other side are plasma defocusing, and plasma absorption, which are linked
to the plasma density and therefore accumulate toward the trailing edge of
the driving pulse. Figure 4.6 illustrates the simplified, schematic evolution
of the spatial-temporal pulse shape evolution during the formation of a fila-
ment.

Figure 4.6: Schematic evolution of the spatio-temporal pulse shape
during self-focusing and plasma ionization. The interplay between self-
focusing and plasma-defocusing can result in temporal self-compression
during the highly nonlinear propagation (a, b, c). The shown pulse shape
evolution was simulated by Arnaud Couairon and published in [175].

In figure 4.6 (a) is shown the pulse shape at the initial filament formation
stage, where the driving pulse has already undergone some self-focusing,
but without the occurrence of material ionization. At the point when the
ionization threshold is overcome, the generation of free electrons will scale

133



4.2. Physical effects during filamentary propagation

highly nonlinearly with the local pulse intensity. Since the lifetime of the
electron plasma is much longer than the temporal duration of the femtosec-
ond laser pulse, the plasma density will increase strongly toward the trailing
edge of the pulse, where plasma defocusing will overcome the self-focusing
effect. As a result, the leading edge of the pulse will still undergo further
self-focusing, while the trailing edge will defocus on-axis due to plasma
defocusing, resulting in a conical V-shape pulse in space-time (see fig-
ure 4.6 (b)). During propagation, the two wings at the trailing part of the
pulse will further defocus and meanwhile self-steepening will transfer en-
ergy from the ascending part of the pulse toward the pulse peak, resulting
in an overall temporal compression of the initial driving pulse (figure 4.6
(c)). The dynamics described in this section assume a small or negligible
influence of chromatic dispersion and are the main mechanism for pulse
self-compression due to filamentation in gases. Simulations predicted the
possibility of close to single-cycle compression [196,197] and experiments
at various driving wavelengths confirmed pulse shortening to the few-cycle
regime [195,198,199,215]. For more detailed information see [209,216].

4.2.6 Material choice for mid-IR filamentation experiments

In order to achieve filamentary propagation in a Kerr medium, the peak
power of the driving femtosecond laser pulse has to overcome the critical
power for self-focusing PSF (see equation 4.8). This critical power is a func-
tion of laser pulse parameters (wavelength) as well as material properties
(linear and nonlinear refractive index). It is possible to translate the critical
peak power in a critical pulse energy ESF , for the system parameters of a
specific laser source.

In figure 4.7 is illustrated the scaling of the critical pulse energy (solid red
lines) dependent on the material specific refractive indexes n0 and n2. The
critical pulse energy is calculated by ESF = PSF · τ , assuming the param-
eters of the mid-IR OPCPA system presented in chapter 2, which are a
center wavelengths of 3.1 µm and a pulse duration τ of 55 fs. The vertical
dotted lines in figure 4.7 indicate the product of linear and nonlinear refrac-
tive index for different materials and the horizontal orange bar indicates the
accessible output pulse energies of the mid-IR OPCPA.

From figure 4.7, it can be concluded that various solid dielectric materials
(blue dotted lines) could be chosen as target materials in order to drive fil-
amentary propagation with our laser source. In contrast, the nonlinearity
in gases (green dotted lines) is too small for filamentation with these laser
parameters and semiconductors (purple dotted line) would most likely yield
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Figure 4.7: Scaling of the critical energy ESF corresponding to the
critical power PSF for different materials (red line). Also shown is the
behaviour of the critical energy multiplied by 10 (10×ESF ). To calcu-
late the critical energy from the critical peak power for self-focusing, a
pulse duration of the driving field of 55 fs and a center wavelength of 3.1
µm is assumed. The vertical dotted lines illustrate the product of linear
and nonlinear refrective index n0·n2 for common gases (green), solid di-
electrics (blue) and semiconductors (purple). The horizontal orange bar
indicates the accessible output pulse energies of the mid-IR OPCPA.
The nonlinear refractive index n2 for solids is obtained from [73] and for
gases at a pressure of 1 bar from [217].

the unstable multi-filamentation regime, since the peak power exceed the
critical powers by multiple orders of magnitude. Additional material selec-
tion criteria for possible filamentation experiments are a good transparency
in the mid-IR range, a high damage threshold which can withstand the peak
intensities during filamentation and an anomalous dispersion at the driving
wavelength of 3.1 µm. Furthermore the material should possibly be opti-
cally isotropic to avoid any rotation effects on the initial polarization during
propagation. In table 4.1 are shown the material properties of the most
common dielectric solid material, which satisfy all these requirements.

For the experimental study in section 4.3 we choose yttrium aluminium
garnet (YAG) as target material due to its high nonlinearity allowing a wide
input parameter scanning range. Additionally, it features a broad transmis-
sion window spanning from around 250 nm to 6000 nm wavelengths and a

135



4.2. Physical effects during filamentary propagation

Materials n2 in m2/W PSF at 3.1 µm GVD at 3.1 µm

Barium fluoride (BaF2) 1.9·10−20 51.4 MW -57 fs2/mm
Calcium fluoride (CaF2) 3.1·10−20 32.7 MW -120 fs2/mm
Yttrium aluminium garnet (YAG) 7.0·10−20 11.6 MW -408 fs2/mm
Sapphire, no axis (Al2O3) 3.7·10−20 22.9 MW -620 fs2/mm

Table 4.1: Overview of most common dielectric solids usable for mid-
IR supercontinuum generation through filamentary propagation. Shown
are the material properties of the nonlinear refractive index n2, the crit-
ical peak power for self-focusing PSF and the second order dispersion.
Additionally, the properties of the birefringent material Al2O3 is given,
since it is a common material for bulk supercontinuum generation driven
in the visible or near-IR spectral range. The nonlinear refractive indices
n2 for BaF2 is obtained from [218], for YAG from [219] and for CaF2

and Al2O3 from [73]. The second order dispersion GVD= ∂2k
∂ω2 is calcu-

lated at a center wavelength of 3.1 µm using the Sellmeier equations of
BaF2 [100], CaF2 [101], YAG [220] and Al2O3 [102].

high damage threshold of around 50 GW/cm2 (reported for 8 ns pulses at
a center wavelength of 1064 nm [221]).

In order to estimate the feasibility of YAG for ultrabroadband supercontin-
uum generation and temporal pulse self-compression, the spectral-temporal
dynamics are estimated by means of a simple, one-dimensional split-step
simulation of the Maxwell wave equation using the RungeâĂŞKutta method.
The results of the simulation are shown in figure 4.8. In this basic sim-
ulation any spatial-temporal coupling is neglected and a constant electric
field peak intensity during the whole propagation is assumed. The split-
step simulation is performed by alternating between the electric field in
frequency and in time space. The effect of SPM is applied for every prop-
agation slice in time and the effect of dispersion and linear absorption is
calculated in frequency space. As simulation input parameters we choose
an estimated maximum peak intensity of 1.3·1013 W/cm2, an initial pulse
duration of 70 fs, a YAG plate thickness of 0.5 mm and a transform-limited
spectrum around 3.1 µm wavelength. The chromatic dispersion and group
velocity dispersion are obtained by the Sellmeier equation of YAG [220].

In the numerical simulation, illustrated in figure 4.8, it can be seen that after
the propagation through a 3 mm thick YAG plate, the initially mid-IR spec-
trum is considerably broadened and the pulse is self-compressed to a du-
ration of 14 fs. The finding confirms the general suitability of YAG material
for mid-IR self-compression experiments. Nevertheless, the simple simu-

136



CHAPTER 4. FEW-CYCLE, MID-IR PULSE GENERATION VIA
TEMPORAL SELF-COMPRESSION IN BULK MATERIALS

Figure 4.8: Simplified simulation of spectro-temporal evolution of a
mid-IR pulse during the nonlinear propagation through YAG material,
verifying the general feasibility of temporal self-compression. The 1-
dimensional, split-step simulation only considers the propagation effects
of SPM and GVD. (a, b): Simulated spectrograms of spectro-temporal
pulse shape before (a) and after (b) the nonlinear propagation. Below
are shown the temporal profiles (c) and spectral shapes (d) before (grey
area) and after (orange line) the nonlinear propagation.

lation model is insufficient, if numerical predictions of the self-compression
dynamics are required. A more accurate simulation of the propagation dy-
namics requires the full 3-dimensional calculation of the propagation dy-
namics based on the forward Maxwell wave equation. Additionally the
effects of self-focusing, multi-photon ionization and plasma effects would
have to be taken into account. Such, more comprehensive simulation is
described in the following subsection.

4.2.7 Numerical simulation model

The simulation results shown in section 1.3 are obtained by numerical cal-
culations of the filamentary propagation process. These simulations were
performed by Arnaud Couairon from the Centre de Physique Théorique,
École Polytechnique in France. The simulations are used as a tool for a
better interpretation and understanding of the dynamics during pulse prop-
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agation. They were also used for a rough estimate of the required optimal
YAG crystal lengths and can give insight into processes that are challeng-
ing to quantify, such as the origin of absorption losses during filamentary
propagation. The simulation is based on a radially symmetric form of the
unidirectional propagation equation based on the forward Maxwell wave
equation [222]:

∂E(z, ω, r)

∂z
=i
[
k(ω)− ω/vg

]
E +

i

2k(ω)
∇2
⊥E

+
1

2ε0cn(ω)

[
iωP (z, ω, r)− J(z, ω, r)

]. (4.11)

Where E(z, ω, r) describes the Fourier components of the electric field
E(z, t, r) with the radial coordinate r and the propagation direction z. The
first term on the right hand side of equation 4.11 denotes the effect of
chromatic dispersion via the frequency dependent wavenumber k(ω) and
group velocity vgr. The second term describes the influence of diffrac-
tion. The third term expresses the nonlinear response of the medium. The
nonlinear polarization accounts for the effects of self-phase modulation,
third-harmonic generation, and self-steepening. The current source term
J(z, t, r) describes plasma effects including ionization, plasma defocusing,
absorption and nonlinear absorption. The spatio-temporal dynamics of the
electron-hole plasma density is described by a system of three coupled
equations (see equations 3 to 5 in [222]), and includes plasma generation
by optical field ionization as well as avalanche ionization. A detailed de-
scription of the simulation model is given in [216, 222, 223]. As simulation
parameters for the material properties of YAG we used a band gap energy
of 6.5 eV, the Sellmeier equation from [224] and a nonlinear, dispersion-
less nonlinear refractive index n2=7·1016 W/cm2 [219].
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4.3 Experimental results

4.3.1 Spectral characterization

First, a spectral characterization of the generated supercontinuum is per-
formed in order to evaluate the spectral extent and to choose a suitable
temporal pulse measurement device, which covers all the spectral range
with considerable energy density. For this investigation the mid-IR OPCPA
output at 3.1 µm center wavelengths is focused with an uncoated calcium
fluoride lens (f=50 mm) onto a 2 mm thick single-crystal yttrium aluminium
garnet (YAG) plate. The pump pulse duration was 85 fs and the pulse en-
ergy was set to 6.5 µJ, yielding a peak power of 76 MW on target, which is
6.5 times the critical peak power. The formation of a stable filament inside
the dielectric is visible and the input spectrum is broadened upto the visible
range, observable in the visible conical emission in the far-field after the
YAG plate (see inset in figure 4.9). Additionally, the smooth spatial inten-
sity distribution indicates an absence of multi-filamentation, which would
be observable by spatial interference structures evolving in time. The su-
percontinuum was generated continuously over days, without any visible
sign of material damage or degradation of the YAG material. For the spec-
tral characterization, the generated supercontinuum was refocused with an
uncoated CaF2 lens onto various, fiber-coupled spectrometers. In order to
acquire the entire supercontinuum spectrum, four different spectrometers
had to be used. A silicon based CCD spectrometer (HR4000 from Ocean
Optics Inc.), an InGaAs CCD spectrometer (NIR256 from Ocean Optics
Inc.) and a Fourier Transform Infrared (FTIR) spectrometer (MIR8025 from
Newport Corporation) with a thermoelectric cooled InGaAs detector and
a liquid nitrogen cooled mercury cadmium telluride (MCT or HgCdZnTe)
detector. All four spectrometers were intensity and spectrally calibrated.
The spectral energy density distribution of the generated supercontinuum
is shown in figure 4.9.

The supercontinuum spectrum spans 3.3 octaves, from 450 nm to 4500
nm wavelength and shows high spectral energy densities from 2 pJ/nm
to 10 nJ/nm over the full spectral range. The spectral characterisation of
the supercontinuum is reported in [225] and was at the time of publication
the broadest, demonstrated supercontinuum generated by filamentation in
a bulk medium. The asymmetric spectral broadening between the lower
and higher frequencies originates from the interplay between various non-
linear processes. While mainly self-phase modulation causes a symmet-
ric spectral broadening, other effects such as self-steepening and plasma
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Figure 4.9: Measured seed spectrum (blue line) and supercontinuum
spectrum (red line) obtained after filamentary propagation of the mid-IR
seed pulse through a 2 mm thick YAG plate. The supercontinuum spans
3.3 frequency octaves and features high spectral energy densities from
2 pJ/nm up to 10 nJ/nm. For the further temporal investigation of the
self-compression behaviour we focus on the spectral range from 2500
nm to 3700 nm where 99% of the pulse energy is contained (orange
area).

blueshift cause a much stronger extension of the supercontinuum towards
higher frequencies until the absorption edge of YAG at around 400 nm
wavelengths. In contrast, on the low frequency side the spectral density
vanishes with an exponential-like decay behaviour. Note, that the overall
spectral shape of the supercontinuum is smooth, without signs of interfer-
ences, indicating that no major temporal pulse splitting happens during the
filamentary propagation. The spectral peak at 1100 nm can be attributed to
third harmonic generation and the peak at 500 nm can be identified as the
dispersive wave, which is the wavelength which travels with the same group
velocity as the driving field. An in-depth analysis and discussion of the dis-
persive wave and the implications for the angular momentum spectrum can
be found in the PhD thesis of of my colleague Francisco Silva [226] and in
the paper from Silva et al. [225].

For the following investigation of the temporal self-compression behaviour
during supercontinuum generation, we focus only on the mid-IR spectral
range between 2500 nm and 3700 nm wavelength, since 99% of the overall
pulse energy is concentrated in this area (orange shaded area in figure
4.9).
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4.3.2 Temporal pulse measurement

Due to the interplay of various nonlinear effects during filamentation, the
output pulse duration will depend on multiple experimental parameters such
as, input pulse duration and energy, YAG plate thickness, beam caustic and
respective distance between focusing lens and YAG plate. Some of these
parameters were fixed, in order to narrow down the parameter space and to
allow a systematic study of the self-compression behaviour. According to
preliminary simulation results indicating parameters for best compression,
the YAG plate thickness was set to 3 mm. The input pulse energy was
set to 3 µJ and the pulse duration to 70 fs, which was the shortest avail-
able duration at the time of this experiment. The obtained peak power of 55
MW is 5 times larger than the critical peak power of YAG. The focusing lens
was changed to a f=100 mm lens in order to reduce the numerical aperture.
The obtained 1/e2 beam waist was 20 µm. Lenses with a focal lengths of 50
mm and 75 mm were also tried, but result in worse temporal compression.
The measurement setup is illustrated in figure 4.10. The generated super-
continuum was collimated behind the YAG plate by a silver-coated, con-
cave, spherical mirror and directed towards a second-harmonic frequency
resolved optical gating (FROG) device. This FROG device is specially de-
signed for broadband, ultrashort pulse measurements in mid-IR regime (for
a detailed description see appendix B or [227]). On one side, the FROG
device features apart from a pellicle beamsplitter only reflective optics to
avoid additional dispersion on the investigated pulses. Furthermore a 0.3
mm thick silver gallium sulfide (AgGaS2) crystal is chosen as SHG crystal,
supporting a 1600 nm wide phase-matching bandwidth at a center wave-
length of 3100 nm, therefore covering the entire region of interest.

The remaining free parameter is the position of the YAG plate in the beam
waist, influencing the peak intensity as well as the beam divergence of the
pump beam when hitting the front surface of the YAG plate. To investigate
the self-compression dynamics, the YAG plate was scanned over a 6 mm
long range in 0.5 mm steps trough the focus. At each YAG position a FROG
trace was recorded, the pulse duration was retrieved and the supercontin-
uum spectrum was measured by means of the FTIR spectrometer. Figure
4.11 and 4.12 show the experimental results of the temporal and spectral
measurements, overlaid by result of the numerical simulations performed
by Arnaud Couairon. For details on the simulation code the reader is re-
ferred to section 4.2.7 and for the detailed information on the applied sim-
ulation parameters to Hemmer et al. [175]. The origin point of the plate
positions shown in figure 4.11 and 4.12 is referred to the focal plane, which

141



4.3. Experimental results

Figure 4.10: Layout of the self-compression setup. The input mid-IR
beam at a center wavelength of 3.1 µm is focused by a 10 cm focal
length CaF2 lens into a 3 mm-thick YAG plate. The beam emerging from
the plate is collimated with a 15 cm focal length, silver coated mirror
and directed toward diagnostic tools. The pulse duration is measured
with a SHG-FROG device and the spectrum with a FTIR spectrometer
featuring a nitrogen cooled MCT detector. The YAG plate can be moved
along the beam propagation axis to investigate the behavior of the self-
compression process. Figure is similarly published in [175].

is obtained by a measured beam caustic in air. The value of the plate posi-
tions represents the distance of the front facet of the YAG plate with respect
to the focal plane; bigger YAG positions are further away from the focusing
lens.

4.3.3 Evolution of compression dynamics

Figure 4.11 (a) shows the evolution of the retrieved temporal pulse shape,
while the YAG plate is scanned along the beam propagation direction. A
strong reshaping and shortening of the pulse can be observed at positions
close to the focus. The self-compression seems well behaved, with the ab-
sence of strong pulse splitting. Nevertheless small splitting dynamics can
be observed at the plate positions around -1 mm. From the retrieved tem-
poral pulse shapes, the FWHM pulse durations are extracted and shown
in figure 4.11 (b) together with an overlay of the expected pulse durations
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obtained by the numerical simulations. The driving pulse duration of 70 fs
shrinks during self-compression down to durations between 35 fs and 45
fs, with the shortest pulses at the onset of temporal pulse splitting around
the focal plane at a YAG position of 0 mm. It can be seen, that the temporal
self-compression dynamics agree quantitatively very well with the simula-
tion results.

Figure 4.11: Measured and simulated evolution of the pulse duration as
the seed pulse undergoes self-compression as the YAG plate is scanned
through focus. (a): Retrieved experimental temporal profile of the pulse
intensity as a function of the YAG plate position. The temporal pulse pro-
file is measured by a SHG-FROG device. (b): Experimentally measured
(black dots) and simulated (blue line) evolution of the pulse duration as a
function of YAG plate position through the beam focus. Figure is similarly
published in [175].

The evolution of the measured spectrum as a function of the YAG plate
position is pictured in figure 4.12 (a). A clear spectral broadening and red
shift at plate positions close to the focus plane can be seen. The seed
spectrum broadens from around 600 nm width at 1/e2 to nearly 1000 nm
width at 1/e2. At the same time the center wavelength experiences a red
shift by up to 300 nm from 3100 nm to 3400 nm. The numerical simula-
tion can reproduce qualitatively the general behaviours of the spectral red
shift and broadening, but the amount of red shift is underestimated (see

143



4.3. Experimental results

figure 4.12 (b)). The maximal simulated red shift is 50 nm compared to a
shift of 300 nm of the experimental behaviour. This discrepancy can be
attributed to the fact, that many of the material properties, which are used
as the input parameters for the simulation, are not exactly known in the
mid-IR regime. For example, the absence of information about the Raman-
response in YAG for the mid-IR regime makes a more accurate simula-
tion complicated. Numerical tests performed by our collaborator Prof. Ar-
naud Couairon, varying the simulation input parameters for the Raman re-
sponse revealed that the simulated spectral red shift could be moderately
increased, when the frequency shift in the Raman response was modu-
lated considerably. At the same time, the simulated pulse durations of the
self-compressed pulses were not significantly affected, indicating that in
order to find the optimum self-compression parameters for our experimen-
tal conditions, the exact knowledge about the Raman-Kerr response is not
necessary.

Since the measured and simulated spectral-temporal evolution of the self-
compressed pulse match qualitatively well, the simulation can also be used
for a deeper analysis of the propagation process, such as the origin of
absorption losses during filamentation, discussed in section 4.3.5.

4.3.4 Shortest self-compressed pulse duration

Via fine adjustment of the YAG plate position around the focal plane, the
shortest, self-compressed output pulse yielding a FWHM pulse duration of
32 fs (2.9-cycle) can be obtained. Figure 4.13 (a) and (c) show the retrieved
temporal pulse shapes of the input pulse and of the self-compressed pulse
together with the instantaneous frequencies. Figure 4.13 (b) and (d) rep-
resents the retrieved spectra in black lines and the measured spectra as
shaded areas, respectively.

During self-compression, the spectral bandwidth (see figure 4.13 (b) and
(d)) gets strongly broadened from 430 nm to 620 nm bandwidth at 1/e2.
Meanwhile the center wavelength shifts from 3100 nm to around 3250 nm.
The qualitatively good agreement between the measured and retrieved
spectra proves the reliability of the retrieved spectral-temporal pulse in-
formation. The input pulse duration is compressed from 70 fs (6.8 optical
cycles) down to 32 fs (2.9 optical cycles). Meanwhile the pulse energy
drops from 3 µJ input energy to 2 µJ after filamentation. While the instanta-
neous frequency of the input pulse is rather flat, the self-compressed pulse
obtains a small uncompressed linear instantaneous frequency in the main
peak, indicating further compressibility. Assuming one could compensate
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Figure 4.12: Measured and simulated spectral evolution of the pulse
undergoing self-compressed while the YAG plate is scanned through
the focus. (a): Measured evolution of the spectral intensity profile as
a function of the YAG plate position. (b): Simulated evolution of the
spectral intensity profile. The plate position (abscissa axis) refers to the
position of the front surface of the YAG plate in respect to the focal plane
of the beam. Figure is similarly published in [175].

all higher chirp orders, the pulse duration could be even shortened to the
transform-limited pulse duration of 29 fs (2.7 optical cycles).

4.3.5 Usability for strong-field experiments

An important parameter affecting the usability of the compression tech-
nique, is the transmission efficiency after compression. In figure 4.14 (a)
are shown the measured transmission efficiencies dependent of the YAG
plate position in the focus. For large beam sizes or using a collimated
pump beam a transmission of around 83% is measured, corresponding to
the Fresnel losses of the uncoated target. When the YAG plate is scanned
through the focus, the transmission efficiency drops to around 65%. The
transmission curve can be well reproduced by the numerical simulations
(see figure 4.14, a). Moreover the calculations can be used to explain the
origin of the additional losses during self-compression. According to the
simulation, up to 14% of the pulse energy is lost due to the ionization pro-
cess and 9% is lost due to absorption in the electron-hole plasma which is
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Figure 4.13: Measurement of spectro-temporal profile of the shortest
self-compressed pulses. (a): Retrieved temporal intensity profile of the
mid-IR seed pulse yielding a FWHM pulse duration of 70 fs (6.8-cycles).
(b): Measured (black line) and retrieved (shadow) spectra of the seed
pulses. (c): Retrieved temporal intensity profile of the self-compressed
pulse yielding a FWHM pulse duration of 32 fs (2.9-cycle). (d): Mea-
sured (black line) and retrieved (shadow) spectra of the self-compressed
pulses.

created by the material ionization (see figure 4.14, (b)).

Notice that the best compression position is around 0 mm plate position,
while the highest plasma related losses are at a plate position of -1.5 mm.
This shift can be explained by the different divergence the pump beam has,
when entering the Kerr lens has to overcome in order to form a filament.
The converging pump beam at negative plate positions favors the Kerr lens
focusing and therefor allows a quick filamentary formation and higher over-
all ionization and plasma losses. In contrast at positive plate positions, the
pump beam enters the YAG plate with a divergent wavefront, resulting in a
longer path until the Kerr lens focused beam reaches the intensity to form
a filament, therefore yielding less overall ionization and plasma losses.

The overall transmission efficiency of 65% to 70% at the best compression
position is comparable to the efficiencies of other temporal compression
techniques commonly used for Ti:sapphire systems. For example tem-
poral compression using gas-filled capillaries achieve typically transmis-
sion efficiencies of around 50%, while compression based on filamentary
propagation in a gas cell obtain normally efficiencies around 90% [193].
For a further increase of the transmission efficiency of the presented self-
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Figure 4.14: Measured and simulated transmission of the mid-IR driv-
ing pulse through the self-compression setup as a function of the YAG
plate position. (a): Simulated (blue line) and measured (squares) trans-
mission reveal the high efficiency of the process of around 65 to 70%
for best pulse compression (compare figure 4.11). By application of an
anti-reflection coating onto the YAG plate, the losses could be reduced
by around 15%, yielding a possible overall transmission efficiency of
80%. (b): Calculated contribution of ionization (black curve) and plasma
absorption (red curve) to the transmission losses as a function of the
YAG plate position. Figure is similarly published in [175].

compression method, the YAG plate could be anti-reflection coated, pos-
sibly reaching an overall transmission efficiency of around 80%. Another
method to reduce the Fresnel losses, could be performed by placing the
YAG plate under the Brewster angle, with the disadvantage of a possible
angular dispersion of the output beam.

Important beam characteristics for the usability of the self-compressed
pulses for experimental applications are energy stability, beam profile and
focusability. Therefore, the shot-to-shot energy stability of the self-com-
pressed pulses are investigated with a fast photodiode over the course of
10 minutes, which reveals a standard deviation of 0.8% fluctuation of the
2 µJ output energy. This value is comparable to the stability of the driv-
ing field, implying that the single filament propagation does not introduce
additional energy instabilities. Furthermore, the spatial beam profile after
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self-compression is measured using the knife-edge technique, confirming
a spatial profile similar to the driving beam. The good focusability of the
beam is confirmed indirectly by the realization of strong-field ionization ex-
periments in a low density Argon gas jet, which required peak intensities
in the 1014 W/cm2 range. The results of this high intensity ionization ex-
periment which exploits the self-compressed, mid-IR pulses are reported
in [128].

Another important beam characteristic for laser pulses in the sub-2 to sub-
3 optical cycle regime, is the question of CEP stability. Especially for such
short pulse durations, the effect of the electric field is very different from
the field envelop. It was demonstrated that filamentary propagation can
maintain the relative CEP stability, but adds a driving intensity dependent
CEP offset phase, assuming the filamentation is driven in the stable single-
filamentary regime [87]. Since our driving mid-IR OPCPA source provides
intrinsically CEP-stable pulses, the self-compressed pulses should there-
fore also be CEP stable. The CEP-stability of the self-compressed pulses
was verified by means of an f-to-2f interferometer. A CEP-stability of 250
mrad rms fluctuations over 11 minutes was measured, indicating the suit-
ability of the self-compressed pulses for CEP-sensitive few-cycle experi-
ments. The details of this CEP-measurement where reported by Thai et
al. [68] and are not subject of this PhD thesis.

4.3.6 Power scalability

In order to investigate the power scalability of the temporal self-compression
process the pulse energy onto the target is increased from 3 µJ to 15 µJ,
which was the highest available output energy of the mid-IR OPCPA sys-
tem at the time of the experiment. Meanwhile, the beam focusing condi-
tions where maintained such as in section 4.3.2. At the YAG plate position
of around 0 mm, where in section 4.3.3 the best temporal compression is
achieved, multi-filamentation was observed. This is not surprising, consid-
ering that 15 µJ pulse energy and 70 fs pulse duration yield a peak power
of 214 MW, which is 18 times the critical peak power in YAG (see table
4.1). Nevertheless, by moving the YAG plate further away from the focus-
ing lens (plate position around 2.5 mm) a single, stable filament could be
again achieved.

The self-compressed pulses were measured with the SHG-FROG device
(see appendix B) and the retrieved temporal shape and spectral information
of the shortest pulse are shown in figure 4.15. At the condition of the high
input energy, the input pulse duration of 70 fs is compressed down to 38 fs
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Figure 4.15: Shortest mid-IR, self-compressed pulse applying high driv-
ing energies of 15 µJ (seed pulse similar as in figure 4.13). (a): Retrieved
temporal intensity profile (blue) and instantaneous frequency (orange)
of the self-compressed pulse yielding a FWHM pulse duration of 38 fs
(3.7-cycle). (b): Retrieved spectrum (blue) and spectral phase (orange)
of the self-compressed pulses.

duration, which is equal to 3.7 optical cycles at 3.1 µm center wavelength.
Meanwhile an output pulse energies of 10 µJ could be measured, yielding
a similar transmission efficiency as in the low energy case of around 65%
(see section 4.3.4). The spectral 1/e2 width broadens from the seeded 430
nm to 700 nm.

The further energy scaling of the presented self-compression method by
filamentation in YAG toward the 100 µJ energy-levels will be limited by
the onset of multi-filamentation and material damage. A detailed discus-
sion about alternative mid-IR pulse-compression approaches, which could
overcome this limitation, are given in the following section.

4.4 Summary and outlook

4.4.1 Summary and most recent advances in the field

In conclusion, we have demonstrated one of the first two-fold temporal self-
compression experiments of mid-IR femtosecond pulses at 3.1 µm wave-
length, exploiting filamentation in the anomalous dispersion regime of YAG.
Pulse durations of 2.9 optical cycles with 2 µJ energy and 3.7 optical cycles
with 10 µJ of energy could be achieved. A good agreement with numerical
simulations performed by a 3-dimensional, nonlinear propagation code per-
mits insight on the involved nonlinear processes and underlying dynamics.
The compact and robust compression scheme is a suitable, novel approach
for few-cycle compression of high repetition rate, mid-IR pulses in the tens
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of µJ energy range, closing the gap between solid core PCF fibers, usu-
ally used for nJ energy ranges and on the other side gas filled hollow-core
fibers and gas filaments, typically applied for mJ pulse energies.

Our investigation has strongly contributed to the fast growth of the field
of filamentary propagation in the anomalous dispersion regime of media.
In the last few years, there have been multiple demonstrations of self-
compression using filamentation in the anomalous dispersion regime of
bulk media, extending the experimental range towards different driving wave-
lengths and propagation materials. An overview of these studies is given
in table 4.2. The interested reader is also refered to a review published
in 2016 by Couairon et al. [222], which highlights the recent advances in
the understanding of filamentation in the anomalous dispersion regime of
solids.

Despite the recent advances, self-compression in the anomalous disper-
sion regime of solids remains a very novel technique and further investiga-
tions are required to be able to reach the single optical cycle limit and to
scale the usable pulse energies to the 100 µJ range. In the mid-IR range
above 3 µm wavelength there has been so far just one other experimental
realization by Heese [228] in BaF2 which only achieved self-compression
down to 5 optical cycles at 6 µJ pulse energy.

4.4.2 Outlook for further scalability

One possibility for the further power scaling would be the use of other solid
Kerr media with lower second order nonlinearities n2 as propagation mate-
rial in order to avoid multi-filamentation at high driving energies (see table
4.1). However, since the exact damage threshold of most materials is un-
known for femtosecond pulses in the mid-IR range, it is unclear which solid
Kerr material could withstand mid-IR filamentary propagation with pulse
energies as high as 100 µJ while simultaneously allowing temporal self-
compression. Shumakova et al. overcome this problem by interrupting
the nonlinear pulse propagation in a solid before the self-focusing beam
could collapse and form a filament [230] and therefore limiting the maximal
peak intensity. This method allowed the self-compression of 20 mJ driving
energy pulses to 2.3 optical cycles at 3.9 µm wavelengths [230]. Neverthe-
less, this approach is likely unsuited for the temporal self-compression of
100 µJ range pulses, since the lower driving peak intensities at absent fila-
mentary propagation would probably not yield sufficient nonlinear coupling
with the host material to support ultra-broadband supercontinuum genera-
tion.
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4.4. Summary and outlook

On the other side, to optimize temporal self-compression of mid-IR pulses
closer towards the single-cycle limit, one could employ a cascaded self-
compression scheme using multiple, independent filamentation stages. Two
self-compression stages after each other would give the possibility of an
intermediate dispersion adjustment and an individual control of the beam
focusing conditions for each compression stage. In the case of mJ level,
near-IR driving pulses such cascaded compression schemes are already
demonstrated exploiting filamentation in gases [197] or coupling in gas-
filled capillaries [184], yielding sub-2 optical cycle pulse durations.

The simultaneous upscaling to higher pulse energies and shorter time
durations of the self-compressed mid-IR pulses presented in this thesis,
could be performed by the implementation of a post-amplification stage
featuring a frequency dependent parametric gain. In this way, the spec-
tral shape could be individually tailored, possibly yielding a shorter pulse
duration. The idea could be realized by applying the frequency domain
optical parametric amplification (FOPA) scheme [163]. A sketch for a pos-
sible FOPA setup is illustrated in figure 4.16 (a). In the FOPA method, the
seeded supercontinuum spectrum is spatially spread in the Fourier plane
of a grating-based 4f-setup, which inherently stretches the few-cycle input
pulse to picosecond durations in each focal spot in the Fourier plane, al-
lowing parametric amplification pumped by picosecond pulses. Moreover,
the amplified spectrum can be spectrally reshaped, if a spatially tailored
pump pulse for the amplification in the Fourier plain is used. Such modifi-
cation of the spatial pump profile can be achieved via for example special
aspheric telescopes using Powell lenses [232]. Figure 4.16 (b) shows the
spectral shape of the supercontinuum obtained in section 4.3 overlaid with
an example of a spectrally modulated, parametric gain curve. Note, that
the huge variations of the gain curve are experimentally simple to achieve
due to the highly nonlinear relationship between parametric gain and pump
peak intensity (see equation 2.13 in section 2.1.2). The illustrated spectral
gain would result in a considerable spectral broadening of the seeded su-
percontinuum, which is illustrated in figure 4.16 (c). In consequence, the
transform-limited, FWHM pulse duration of the amplified supercontinuum
would shrink to a sub-one cycle duration (7.1 fs). For this gedankenexper-
iment we only considered the supercontinuum spectral region, which lies
in the anomalous dispersion region of YAG (at wavelengths above 1.6 µm),
allowing a relatively good temporal compressibility of all spectral compo-
nents (see section 4.2.3).
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Figure 4.16: Proposal for a scheme, which would allow the controlled
spectral tailoring of the self-compressed pulses via the FOPA technique
giving access to sub-cycle pulse generation. (a): Scheme of FOPA
setup. (b): Measured supercontinuum spectrum and proposed paramet-
ric gain of the OPA process. (c): Calculated supercontinuum spectra be-
fore and after amplification in FOPA setup in linear scale. (d): Transform-
limited temporal pulse shape of the supercontinuum after amplification
in the FOPA setup yielding a FWHM pulse duration of 7.1 fs.

4.4.3 Other, novel approaches for few-cycle pulse generation

Aside from filamentation in the anomalous dispersion regime of solids,
there have been proposed other compression schemes, which could allow
efficient compression of mid-IR, µJ-energy range laser pulses. Bache et
al. proposed that exploiting non-critical, strongly phase-mismatched cas-
caded second-harmonic generation (SHG) in mid-IR nonlinear frequency
conversion crystals could lead to supercontinuum generation and pulse
compression [233]. Numerical simulations assuming initial pulse parame-
ters close to the output of our mid-IR OPCPA, suggest the compressability
of pulses at 3 µm wavelengths from 50 fs down to 15 fs (1.5 optical cycles)
pulse duration. In recent experimental studies Bache et al. could already
demonstrate the broadening of 40 µJ, 70 fs pulses at 3.6 wavelengths to
an octave spanning spectrum, but the verification of mid-IR temporal com-
pression by means of this method is still pending [234].
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Another novel compression technique for µJ-level, mid-IR pulses could be
temporal self-compression by guided propagation in gas-filled hollow-core
photonic crystal fibers (HC-PCF). Conventional gas-filled hollow-core glass
capillaries (see section 4.1.1) require large (∼200 µm) bore diameters to
achieve low transmission losses, which implies pulse energies in the mJ-
regime to obtain sufficient peak intensities to drive spectral broadening for
temporal compression. In contrast, kagomé-structured HC-PCFs allow the
downscaling of the bore area by an order of magnitude at high transmis-
sion efficiencies, enabling efficient spectral broadening at pulse energies
around 10 to 100 µJ. Moreover kagomé-structured HC-PCFs permit pulse
propagation in the anomalous dispersion regime and a strong tunability
of the dispersion relation in dependence of the applied gas pressure, en-
abling temporal soliton generation and self-compression due to the inter-
play of SPM and anomalous dispersion [235]. Few-cycle, temporal self-
compression exploiting this technique was demonstrated at multiple visi-
ble and near-IR wavelength, but still not in the mid-IR spectral range. For
example Mak et al. showed the compression of 10 µJ energy pulses at
800 nm wavelength down to 6.8 fs (3 optical cycles) [129], and recently
Balciunas et al. reported the self-compression of 35 µJ energy pulses at
1.8 µm wavelength down to 4.5 fs duration (sub-2 optical cycles) [130]. A
good overview for the interested reader about the state-of-the-art and the
concepts of ultrafast nonlinear optics in gas-filled HC-PCF can be found
in [236,237].
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Chapter 5

Conclusion and outlook

The presented thesis focuses on the improvement and development of
a unique, few-cycle, high power, mid-IR radiation source based on the
OPCPA architecture. The three main achievements of the thesis work are:
(i) the output peak-power upscaling to the GW-level, (ii) the pulse post-
compression to the few-cycle regime and (iii) the construction of a multi-
color module providing optically synchronized femtosecond outputs from
the ultraviolet up to the mid-IR spectral range.

This chapter gives a comprehensive summary and conclusion of the thesis,
followed by a general outlook of the scientific fields it could impact. More
specific summaries and discussions about future prospects can be found
at the end of the respective thesis chapters (2.4, 3.4, 4.4).

5.1 Summary

High power, ultraviolet to mid-IR OPCPA

In chapter 2 we presented the successful development a state-of-the-art,
high power, mid-IR OPCPA system, providing passive CEP-stable, few-
cycle pulses at 3100 nm center wavelength at a pulse repetition rate of 160
kHz. Afterwards, we demonstrated an additional frequency up-conversion
module, which extended the available OPCPA output wavelength from the
mid-IR down to the visible and ultraviolet spectral range.

The combined multi-color OPCPA system generates simultaneously multi-
ple high power, femtosecond outputs from the deep-UV up to the mid-IR
spectral range. Five outputs at 270 nm, 405 nm, 810 nm, 1620 nm and
3100 nm wavelength provide respective pulse energies of 0.5 µJ, 1.5 µJ,
3.1 µJ, 15 µJ and 20 µJ at 160 kHz repetition rate. The power stabilities
were measured to show fluctuations of less than 1% over the course of 30
minutes. All outputs exhibit measured pulse durations below 110 fs and are
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passive temporally synchronized owing to the optical seeding scheme. The
source features high peak powers in the tens to hundreds of MW regime,
allowing focused peak intensities of all outputs from 1012 up to 1014 W/cm2.

High conversion efficiency OPCPA upgrade

In chapter 3 we demonstrated the first realization of a high power, mid-IR
OPCPA system delivering 1.25 GW output peak powers at repetition rates
in the 100 kHz range. It is also the first femtosecond, mid-IR OPCPA source
reaching average powers far beyond 10 W, which is comparable to the
performance of the more common, high power OPCPA systems emitting in
the visible or near-IR spectral range.

The presented mid-IR OPCPA system provides CEP-stable output pulses
with 118 µJ energies and a sub-9 optical cycle duration at a center wave-
length of 3220 nm. The long-term power stability was measured to below
0.8% rms fluctuations over the course of 30 minutes. Combined with an
excellent beam quality factor of M2=1.3, the system allows focused peak
intensities of up to 1015 W/cm2. The huge increase of the mid-IR output
energy compared to the former OPCPA design was enabled by various
layout improvements, leading to an overall conversion efficiency of 41%.
On one side, a chirp-reversal was implemented in the system, which en-
abled an optimized dispersion adjustment for each OPCPA section. Fur-
thermore, the losses of the final pulse compressor were substantially re-
duced by changing from a grating-based to a bulk device. Additionally, a
high pump energy extraction was achieved in the last booster-amplifiers,
by using a pump double-pass scheme in two consecutive OPAs. All these
changes were motivated beforehand by general theoretical considerations
of the OPA process. Finally, the amplification to mid-IR average powers
of up to 19 W in the last OPA stages were only enabled by an previous,
in-depth analysis of multiple common mid-IR OPA crystals. The crystals
were analyzed regarding their thermal induced amplification limitations in
case of applied high power beams. As a result, the high power booster am-
plifiers featured KNbO3 crystals instead of the more common MgO:PPLN
crystals, due to their better suitability for high power amplification.

Few-cycle, mid-IR pulse generation via temporal self-compres-
sion in bulk materials

In chapter 4 we showed one of the first demonstration of temporal self-
compression to few-cycle duration via nonlinear propagation in the anoma-
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lous dispersion regime in solid, dielectric media. Exploiting this technique,
we demonstrated temporal pulse shortening of the high energy, mid-IR out-
put pulses of the presented OPCPA system down to sub-3 cycle duration.

Hereby, the 3 µJ energy, 70 fs (6.8 optical cycles) driving pulses at 3.1
µm center wavelength were compressed via filamentary propagation in a
3 mm thick YAG plate down to a 32 fs (2.9 optical cycles) duration, while
the transmitted pulse energy dropped to 2 µJ. The further energy scala-
bility was proven by the self-compression of a higher driving pulse energy
of 15 µJ, yielding a compressed pulse duration of 38 fs (3.7 optical cy-
cles) at 10 µJ energy. The pulses emerging from this compact and ef-
ficient self-compression setup exhibit an excellent pulse-to-pulse stability
with 0.8% rms fluctuations over 10 minutes at 160 kHz repetition rate.
Furthermore, focused peak intensities in the 1014 W/cm2 range could be
reached, enabling for example strong-field ionization experiments of atomic
or molecular gas media. The measured spectro-temporal behaviour of the
self-compressed pulses were found to be in good agreement with a 3-
dimensional, numerical simulation, which supported the experimental find-
ings and provided insight into the involved nonlinear processes. As a con-
sequence the processes of plasma ionization and plasma absorption could
be identified as main contributions for the energy loss during filamentary
propagation. In conclusion, the demonstrated compression scheme was
found to be a suitable, novel approach for few-cycle compression of high
repetition rate, mid-IR pulses in the µJ energy range.

5.2 Conclusion and outlook

The development and investigation of high energy, mid-IR OPCPA systems
with high pulse repetition rates is a fast growing scientific field due to their
many possible applications. The presented thesis has strongly contributed
to the general effort to reach mid-IR OPCPA source parameters that can
compete with the established high power OPCPA systems emitting in the
common visible and near-IR spectral range. On one side, we demonstrated
the average power upscaling up to 19 W and the peak-power upscaling to
the GW-level range at high repetition rates of 160 kHz. Furthermore the
output, mid-IR pulse duration could be self-compressed to the sub-3 cycle
range by a novel compression technique and the spectral range of out-
put frequencies could be extended from the mid-IR down to the ultraviolet
regime.

All these OPCPA parameter improvements provide a unique toolbox for
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future investigations of strong-field ionization processes at driving wave-
lengths from the ultraviolet up to the mid-IR regime. The high repetition rate
in combination with the excellent power stability, enables even the investi-
gation of physical effects with a very low interaction-cross sections such as
for instance the strong-field processes of laser induced electron diffraction
(LIED) or double ionization. An overview of all strong-field experiments,
which were enabled and driven by the presented OPCPA system is given
in the attachment A.

Specifically the high power, multi-color OPCPA system permits a variety
of ultraviolet to mid-IR time-resolved pump-probe experiments of highly
nonlinear and strong-field processes. The pump-probe experiments are
enabled by the low temporal jitter between the different color outputs, in-
troduced by the optical synchronization scheme, in combination with the
sub-110 fs pulse durations and the high peak power levels of all output
pulses. Such unique system enables also a new kind of UV pump, mid-
IR probe experiment in which the UV pulses - with high energy photons -
could be used to trigger dynamic structural changes of molecular gases,
while the mid-IR pulses probe the molecular structure via the LIED tech-
nique. The described concept could open a pathway towards achieving a
molecular movie, giving novel insight into the dynamics of photo-chemical
reactions. Additionally the near-IR output pulses at 800 nm or 1600 nm
wavelength could be used for the controlled preparation of the investigated
molecular sample via the molecular alignment method.

The GW-level peak power OPCPA upgrade should enable novel, mid-IR
driven strong-field experiments at high repetition rate, which require driv-
ing peak-intensities in the 1015-1016 GW/cm2 range, such as for example
the generation of X-ray radiation up to keV photon energies via high har-
monic generation. In contrast to previous realizations of mid-IR driven high
harmonic generation [24], our source exhibits a multiple order of magni-
tude higher repetition rate, which should potentially result in a much higher
photon-flux of the generated X-ray radiation.

Furthermore, the demonstrated few-cycle, mid-IR self-compression scheme
is a perfect tool for future strong-field physics or attoscience investigations,
whenever few-cycle or CEP dependent effects are studied. Especially the
high stability, transmission efficiency and focusability of the output pulses
make this method a suitable and widely usable, novel approach for few-
cycle compression of high repetition rate, mid-IR pulses in the µJ energy
range.
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Appendix A

Realized strong-field ionization
experiments driven by mid-IR
waveforms

The presented mid-IR OPCPA system has enabled a multitude of novel
investigations on strong-field ionization processes due to its outstanding
output pulse characteristics in the mid-IR spectral region. This chapter pro-
vides a brief overview of the experimental studies performed in the course
of this theses, where I was involved in [19,20,26,27,32,38,71,128,238]. An
in-depth description and analysis of most of the mentioned investigations
is given in the thesis of my colleague Benjamin Wolter [239].

For the realization of the strong-field experiments, the high power OPCPA
system was combined with a reaction microscope (REMI) detection sys-
tem, which enables the detection of the complete 3-dimensional momen-
tum vectors of all charged particles after the strong-field ionization pro-
cess. In the experiments, the OPCPA output pulses were tightly focused
onto a supersonic gas jet target inside the REMI device. After strong-
field ionization, the ejected electrons and the parent ions are separated by
an applied homogeneous electric field onto two separated, 2-dimensional
micro-channel plate (MCP) detectors. A simultaneously applied homoge-
neous magnetic field tailors the particle trajectory in order to allow the full
3-dimensional detection of emitted particles. The impact position on the
MCPs in combination with the measured time of flight allows the calcu-
lation of the full momentum distribution of all produced particles during
the strong-field ionization process. The detected electrons and ions are
measures event-based and in coincidence with each other to a) eliminate
background signal from unwanted processes and b) to allow the assign-
ment of electrons corresponding to different ion partners. Strong-field ion-
ization can result in different types of ionization processes such as single
ionization, double ionization or molecular dissociation. A detailed descrip-
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tion of the working principle of REMI devices can be found in [240] and
the experimental advantages of our high repetition rate OPCPA system in
combination with our REMI device are explained in detail in [32].

Most of the realized studies are performed by a collaboration of many sci-
entists, due to the complexity of the experimental realization, data analy-
sis and theoretical understanding of the investigated strong-field ionization
processes. For the different experiments the laser system was operated
by my colleagues A. Thai, M. Hemmer, H. Pires and myself. The operation
of the REMI setup as well as the data analysis and interpretation was per-
formed in the different studies by my colleagues B. Wolter, M. G. Pullen, M.
Sclafani, J. Dura and A. Britz under the supervision of J. Biegert. Addition-
ally, most of the strong-field investigations were performed in collaboration
with other scientific research groups. Some of the collaborators are N. Ca-
mus, A. Senftleben, C. D. Schröter, J. Ullrich, T. Pfeifer and R. Moshammer
from the Max-Planck-Institut für Kernphysik in Heidelberg, Germany; A.-T.
Le and C. D. Lin from the Kansas State University, United States; C. Lemell
and J. Burgdörfer from the Vienna University of Technology, Austria; X.-
M. Tong from the University of Tsukuba, Japan; K. Doblhoff-Dier from the
Leiden Institute of Chemistry, Netherlands; S. Gräfe from the Friedrich-
Schiller University Jena, Germany; O. Vendrell from the Aarhus University,
Denmark; X. Wang from the Kansas State University, United States and J.
H. Eberly from the University of Rochester, United States.

Transition from multi-photon to tunnel-ionization

Strong-field ionization can take place in the multi-photon ionization regime,
where multiple photons are absorbed by the target system (noble gas atoms
and small molecules) causing the electron ejection. Alternatively, tunnel
ionization can occur, is sufficiently tilted by the strong electric field of the
mid-IR laser pulse to enable tunneling of a valence electron throught the
Coulomb barrier. The Keldysh parameter γ gives a rough estimate, which
process is predominant for given laser conditions (multi-photon for γ > 1
and tunneling for γ � 1) [16]. Both regimes are experimentally clearly
distinguishable by the resulting shape of the kinetic energy distribution of
the ejected electrons. Multi-photon ionization causes the above threshold
ionization (ATI) peaks, for more photons absorbed than necessary to over-
come the ionization potential. The ATI peaks are energetically separated
by the driving photon energy. In contrast, tunnel ionization causes a rather
smooth, continuum-like electron kinetic energy distribution.
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APPENDIX A. REALIZED STRONG-FIELD IONIZATION
EXPERIMENTS DRIVEN BY MID-IR WAVEFORMS

Our multi-color OPCPA system is a perfect tool to investigate the transition
between both ionization regimes due to the inverse scaling of the Keldysh
parameter with the driving wavelength (γ ∝ 1

λ ). In the publication by Baud-
isch et al. [71] we performed strong-field ionization experiments of xenon
gas driven by the near-IR and mid-IR OPCPA output pulses. By using
driving wavelength at 800 nm, 1600 nm and 3100 nm, yielding respec-
tive Keldysh parameters of 1.47, 1.14 and 0.55, we could experimentally
demonstrate the transition from the multi-photon to the tunneling ioniza-
tion regime. Despite the fact that this transition had been studied previ-
ously [241, 242], we could show the first experimental investigation driven
by near-IR to the mid-IR pulses originating from a single light source. Fur-
thermore this experiment verified the capability of our multi-color OPCPA
to drive strong-field ionization experiments at various output wavelengths.

Low to zero kinetic energy structures

The REMI device is capable of detecting electrons over a very large ki-
netic energy range. On one side electron kinetic energies far below eV
levels and with meV resolution can be detected, while on the other side
measurements of kinetic energies up to hundreds of eV are enabled. The
measurement capabilities of very small kinetic energies allowed us to dis-
cover a novel structure, the so called zero kinetic energy structure (ZES) in
the electron energy and 3D momentum distribution of singly ionized atoms
and molecules.

In the article by Dura et al. [19] we reported for the first time the observa-
tion of this new ZES signature for mid-IR driven tunnel ionization of argon
atoms. In the article by Wolter et al. [128] we presented a follow-up, joint
experimental and theoretical study of the higher-order low-energy struc-
tures in strong-field ionization of argon. The ZES structure was identified
as high-lying Rydberg states, which are field ionized by the extraction field
of the ReMi. Furthermore the so-called very-low-kinetic energy structure
(VES) of strong-field ionized argon was investigated under the variation of
the driving mid-IR pulse duration from 4 to 14 optical cycles [128]. For
this investigation we exploited the pulse compression technique of self-
compression in solid media, which is highlighted in chapter 4. Afterwards,
in an article by Pullen et al. [20] we presented a comparative study of high
resolution electron momentum and energy distributions for strong-field ion-
ized argon and nitrogen, specially comparing the behaviours of the low-
kinetic-energy structures (LES), the VES and the ZES. In another study
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by Wolter et al. [32] we performed a similar investigation on singly ionized
xenon atoms, showing that the behavior of the kinetic energy structures are
universal hence target independent.

Mid-IR driven, strong-field double ionization

Aside from single ionization processes, also double or higher ionized atoms
and molecules can be investigated with the REMI device. The distinction
between the different ionization orders is given by the REMI detection. By
exploiting the combination of OPCPA and REMI, we could demonstrate
in [32] the first coincidence measurement of strong-field double ionized
xenon atoms driven by mid-IR electromagnetic fields. We also investigated
the correlated two-electron momentum distribution featuring a cross-like
shape.

In a further investigation of the double-ionized xenon in [238], we gained
deeper insight in the underlying double ionization process. Double ioniza-
tion can take place in the non-sequential regime or for higher driving peak
intensities in the sequential regime. In [238] we demonstrated experimen-
tally and theoretically for the first time the transition from non-sequential
to sequential double ionization of xenon atoms, which could never fully be
shown in strong-field ionization experiments driven by common 800 nm
laser fields. To probe this transition we investigated the ionization yield
and the correlated two-electron momentum distribution as function of the
driving peak intensities.

Resolving static and dynamically changing molecu-
lar structure

An electron, which is ejected during a strong-field ionization process can
be redirected by the driving laser field and scatter off the parent ion. The re-
scattered electron exhibits then structural information of the ionized, parent
atom or molecule in the far-field diffraction signal. Via this method of laser-
induced electron diffraction (LIED) the structural information of bond length
of small molecules can be extracted by an in-depth analysis of the detected
electron momentum distribution [243].

In [32] we demonstrated the feasibility of our detection setup for LIED mea-
surements by investigating the LIED signitures of gaseous xenon atoms.
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Additionally, in [26] we reported the first implementation of the LIED tech-
nique on a polyatomic molecule. Hereby we could obtain bond length in-
formation with few picometer resolution of the carbon-carbon and carbon-
hydrogen bonds of the investigated acetylene molecules (C2H2). A similar
technique to obtain molecular structural information is a Fourier analysis-
based 1D version of LIED, also called FT-LIED or FABLES [244]. In [38]
we investigated the structural information of diatomic O2 and polyatomic
C2H2 via a simple empirically background-subtracted FT-LIED methodol-
ogy. Furthermore we could prove the evidence that atomic-scale diffraction
imaging via FT-LIED does not require the alignment of the target molecule
like it was previously claimed by Xu et al. [244].

In a recent publication by Wolter et al. [27] we could further investigate a
dynamic dissociation process of double ionized acetylene. The LIED tech-
nique enabled us to track the cleavage of the C-H bond 9 femtoseconds
after double ionization. Furthermore, using molecular alignment by the
near-IR OPCPA output at 1600 nm wavelength, we could also demonstrate
the control over the ultrafast dissociation process and resolved different
bond dynamics in case of molecules aligned parallel versus perpendicular
to the mid-IR probe field.
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Appendix B

Pulse characterization

In this section we briefly describe the employed pulse characterization
techniques and setups which are used in the course of the presented
thesis. In detail, we used the methods of second harmonic generation
frequency-resolved optical gating (SHG-FROG), self-diffraction frequency-
resolved optical gating (SD-FROG) and two-photon absorption (TPA) au-
tocorrelation in order to cover all wavelengths emitted from the OPCPA
system, which range from the deep-UV up to the mid-IR regime.

SHG-FROG

In the frequency-resolved optical gating (FROG) method the investigated,
unknown electric field E(t) is gated by a gating-field g(t). Both fields E(t)
and g(t) are coupled via a nonlinear process (often χ2 or χ3) and the re-
sultant, nonlinear optical response is spectrally recorded for a varying time
delay τ between E(t) and g(t). The measured frequency-resolved intensity
trace, or Spectrogram SF (τ, ω) can be written as [245]:

SF (ω, τ) ∝
∣∣∣∣ ∫ ∞
−∞

E(t) · g(t− τ)e−iωtdt

∣∣∣∣2 (B.1)

In the case of SHG-FROG, the gating field is a copy of the unknown electric
field (g(t) = E(t)) and the nonlinear interaction is performed by second
harmonic generation. Therefore a SHG-FROG measurement is nothing
else than a spectrally resolved SHG-autocorrelation measurement.

In the course of the presented thesis, the SHG-FROG method is used to
characterize the OPCPA output pulses in the near-IR and mid-IR spec-
tral ranges. The employed SHG-FROG setup is specially designed for the
characterization of broadband, ultrashort pulses up to the mid-IR wave-
length regime (see detailed description by Bates et al. in [227]). The FROG
device (see figure B.1) features apart from a very thin pellicle beamsplitter

165



Figure B.1: SHG-FROG setup used for the electric field characterization
of the OPCPA output pulses in the visible to mid-IR spectral range.

only reflective optics in order to minimize additional dispersion on the inves-
tigated pulse. The incident pulse is replicated via a Michelson interferome-
ter and both pulses are spatio-temporally overlapped in a nonlinear crystal
by a off-axis parabolic gold mirror. The non-collinear focusing geometry
leads to a spatial separation of the generated SHG signal from the two
fundamental beams and the SHG spectrum can be measured by a grating-
based spectrometer in dependence of the time delay τ . An overview of
the SHG-crystals used for the characterization of the various OPCPA out-
put wavelengths is given in table B.1. Depending on the wavelengths of the
generated SHG signal, a Silicon-based spectrometer (HR4000 from Ocean
Optics Inc.) or an InGaSe-based spectrometer (NIR256 from Ocean Optics
Inc.) are used for the spectral measurement.

fundamental SHG- Crystal θ (deg) ∆λ (nm) used in
wavelength λ0 Crystal length (mm) section

3.2 µm AgGaS2 0.3 36.7 1560 2.2.6, 3.3.3, 4.3
1.62 µm BBO 1.0 19.8 1440 2.3.2
0.81 µm BBO 0.1 29.2 117 2.3.3

Table B.1: Overview of the SHG crystals used for the various output
wavelengths λ0 of the OPCPA system. Indicated are the crystal length,
the phase-matching angle θ and the phase-matching acceptance band-
width ∆λ, according to equation 2.31.
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SD-FROG

The above described SHG-FROG technique is normally unsuitable for the
characterization of ultraviolet pulses due to the onset of absorption of the
generated second harmonic and an unfavorable phase-matching scaling
for wavelengths close to the absorption limit. Alternative FROG methods
for this case use third-order nonlinearities of the nonlinear crystal such as
the self-diffraction (SD) or transient grating (TG) processes.

In the case of SD-FROG, the nonlinear interaction is a χ3 process, where
the interacting pulses induce a nonlinear refractive index grating in the
medium, which diffracts one of the pulses into a new direction off to the
side, at the wavevector ~kSD = 2~k1 − ~k2 + ∆~k. The self-diffracting process
requires compared to the SHG-process much higher driving peak inten-
sities, but has the advantage of no direction-of time ambiguity unlike the
SHG-FROG [246]. For a SD-FROG the spectrogram SF (ω, τ) can be writ-
ten as [245]:

SF (ω, τ) ∝
∣∣∣∣ ∫ ∞
−∞

E(t)2 · E∗(t− τ)e−iωtdt

∣∣∣∣2 (B.2)

The employed SD-FROG layout is illustrated in figure B.2. The home-build
setup is adapted from the SD-FROG scheme reported from Durfee et al.
[247].

Figure B.2: Setup scheme of the SD-FROG device used for the electric
field characterization of the ultraviolet OPCPA output pulses at 410 nm
center wavelengths.
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The two pulse replica are generated by the reflection of a split-mirror in-
stead from a Michelson interferometer. As a result, the setup is simplified
and no transmission optics are requires, which could introduce additional
dispersion onto the investigated electric field. After the split-mirror, the
two pulse replica are focused by a spherical, aluminium mirror and spatio-
temporal recombined in the third-order nonlinear material. For the char-
acterization of the ultraviolet OPCPA output pulses at 410 nm wavelength
(see section 2.3.4) a 0.2 mm thick BBO crystal is chosen for the nonlin-
ear interaction. The spectrum of the self-diffracted pulses are measured in
dependency of the FROG time delay τ with a silicon-based spectrometer
(HR4000 from Ocean Optics Inc.).
The interested reader can find an in-depth analysis and description of the
different FROG techniques in the book of one of the FROG inventors Rick
Trebino [246].

Two-photon absorption autocorrelation

In the course of this thesis, the two-photon absorption autocorrelator is
used to characterize the pulse duration of the ultraviolet output at 270
nm wavelengths emitted from the multi-color OPCPA upgrade (see section
2.3.4). In general, the technique of two-photon autocorrelation uses the
attenuation by two-photon absorption (TPA) of the incident beam on a thin
material plate. As requirement the photon energy of the investigated pulse
(Eph = ~ ·ω) has to be higher than half the energy of the material band gap
Egap and smaller as the band gap energy (1

2Egap < Eph < Egap). TPA au-
tocorrelators use usually photodiodes as detectors, where the strength of
the TPA absorption in the photodiode can be directly measured as current.
However, this technique cannot easily be adapted for the characterization
of ultraviolet pulses, since TPA photodiodes with band gaps below 200 nm
are still quite rare and difficult to produce [248,249].

Therefore we apply an alternative two-photon absorption autocorrelation
method proposed by Homann et al. [118], which measures the intensity-
dependent transmission through the TPA material, instead of the induced
current. The used TPA autocorrelation setup is illustrated in figure B.3. The
setup is very similar to the above presented SD-FROG scheme. The beam
to be characterized split by spatial cutting of the beam profile in a pump and
a probe beam via a split mirror. One half mirror can be moved by a delay
stage in order to record the autocorrelation trace. Both parts of the reflected
beam are focused by a spherical, aluminium mirror and spatio-temporally
overlapped in a 200 µm thick BBO crystal, which is used as TPA material.
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Figure B.3: Layout of two-photon absorption autocorrelator, which is
used for the characterization of the ultraviolet OPCPA output pulses at
270 nm center wavelength.

The transmitted probe beam is detected by a photodiode and provides the
signal for the autocorrelation trace. The signal-to-noise behaviour of the
setup can be further increased by installing a reference photodiode in the
unsplit beam and by choosing a high energy ratio between the pump and
the probe beam [118].

In contrast to the measurement with the SD-FROG device, which was not
possible at 270 nm due to insufficient peak intensities, the TPA autocorrela-
tor does not give any spectral or temporal phase information and provides
only limited information about the temporal pulse shape. Under the as-
sumption of a Gaussian-like pulse shape, the FWHM pulse duration τGauss
can be obtained from the autocorrelation width τAC by τGauss = τAC/

√
2.
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Appendix C

List of few-cycle, high energy,
mid-IR radiation sources

In table C.1 is given an overview of up-to-date existing, few-cycle, high en-
ergy mid-IR radiation sources suitable for strong-field experiments. Consid-
ered are only systems, which support sub-10 optical cycle pulse durations,
above 10 µJ pulse energies and center wavelengths beyond 3 µm.

The mid-IR sources can be divided in Ti:sapphire laser driven OPA/DFG
schemes, novel, mid-IR OPCPA architectures emitting radiation between 3
µm and 5 µm wavelengths and very recent OPA/OPCPA approaches emit-
ting wavelengths above 5 µm wavelengths. A more detailed discussion
about the different approaches is given in section 1.3.
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Acronyms

Al2O3 sapphire
AOPDF acousto-optic programmable dispersive filter
BaF2 barium fluoride
BBO beta barium borate
BiBO bismuth triborate
CaF2 calcium fluoride
CBO cesium triborate
CEP carrier-envelope phase
CPA chirped pulse amplification
DFG difference frequency generation
DOE diffraction optical element
DPSSL diode-pumped solid-state laser
Er erbium
FOD fourth order dispersion
FOPA frequency domain optical parametric amplification
FROG frequency-resolved optical gating
FTIR spectrometer Fourier transform infrared spectrometer
FT-LIED Fourier-transform laser-induced electron diffraction
Ge germanium
GDD group delay dispersion
GVD group velocity dispersion
HC-PCF hollow-core photonic crystal fibers
HHG high harmonic generation
KBBF potassium fluoroboratoberyllate
KDP potassium dihydrogen phosphate
KNbO3 potassium niobate
KTA potassium titanyl arsenate
KTP potassium titanyl phosphate
LBO lithium triborate
LIED laser-induced electron diffraction
LIO lithium iodate
MCP micro-channel plate
MgO magnesium oxide
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mid-IR mid-wave infrared
MOPA master oscillator power amplifer
Nd:YVO4 neodymium-doped yttrium orthovanadate
near-IR near infrared
NOPA non-collinear optical parametric amplification
OPA optical parametric amplification
OPCPA optical parametric chirped pulse amplification
PLL phase-lock loop
PM phase-matching
PP-LBGO periodically poled lanthanum boron germinate
PPLN periodically poled lithium niobate
PPLT periodically poled lithium tantalate
QPM quasi phase-matching
REMI reaction microscope
SD self-diffraction
SFG sum-frequency generation
SHG second harmonic generation
Si silicon
SPM self-phase modulation
TAPIR temporal allocation of pump intensity remainder
THG third harmonic generation
Ti:sapphire titanium-doped sapphire
TOD third order dispersion
TPA two-photon absorption
UV ultraviolet
YAG yttrium aluminium garnet
Yb:YAG ytterbium-doped yttrium aluminium garnet
ZnSe zinc selenide
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