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1 Introduction

1.1 Motivation and objective
Light sources, in particular lasers, have found a variety of applications over the past half-
century. The major application domains are manufacturing industries for processes like
cutting, welding, drilling, marking etc., medical fields such as ophthalmology, dentistry,
dermatology etc., and scientific areas such as spectroscopy, remote sensing, range finding,
atmospheric research, astrophysics and many others. These applications have triggered the
innovative development of laser systems demanding improved output characteristics at low
cost, small footprint and high efficiency. Outstanding high power, ultrafast laser sources
developed in the last decades have continuously found new applications too. In this way,
the development of high performance laser systems and their potential applications form
a closed-loop as schematically shown in Fig. 1.1.

The output characteristics of a laser system are often specified with respect to its applica-
tion. A wide variety of lasers are available that emit coherent radiation in continuous-wave
or pulsed mode in the spectral range from x-ray to the far-infrared. Output powers up
to the kilowatt-level and pulse energies up to several megajoules are possible. Pulses with
only a few optical cycles are routinely generated in laboratories. In addition, the possibi-
lity of tuning the central wavelength over a wide spectral range has extended the areas
of applications further. Among others, the rapid development of ultrafast lasers with high

Research and development
of lasers and amplifiers

Applications
in various fields

Results

Laser system
with variety of 

output characteristics

Improved
characteristics of
laser systems ?

Figure 1.1: Schematic picture of the interrelationship between laser development and applicati-
ons.
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peak power and very short pulses during the last two decades has revolutionized various
industrial and scientific applications.

Ultrafast lasers are mostly based on mode-locking [1] techniques, generating picosecond
or femtosecond pulses with pulse energies up to a few tens of microjoules. Among others,
mode-locked Ti:Sapphire oscillators are capable of producing pulses as short as 5 fs [2] with
several nanojoules pulse energies. But the low peak power of such pulses is not enough
for many applications, for example in strong field physics where the electric field of the
laser has to be comparable to the atomic field strength. The techniques of chirped pulse
amplification [3] and optical parametric chirped pulse amplification [4] allow a scaling of
the peak power. High peak power, ultrashort pulses have two-fold advantages. On the
one hand, very short pulse durations down to a single optical cycle offer high temporal
resolution, which is extremely useful to study ultrafast processes in atoms and molecules.
On the other hand, high peak intensities correspond to strong electromagnetic fields which
approach the binding Coulomb field inside atoms and can lead to various nonlinear and
strong field phenomena, such as high harmonic generation and the generation of attosecond
pulses [5].

High harmonic generation refers to an emission of extreme ultraviolet (XUV) radiation,
which occurs when energetic, ultrashort pulses are focused onto a gas target. The process
is described by a semiclassical three-step model, in which the strong electric field of the
ultrashort pulses is able to detach an electron from an atom by tunnel ionization (‘ioni-
zation’), the detached electron is accelerated in the laser field (‘acceleration’), and finally
the accelerated electron hits the parent atom when it returns leading to the recombination
of the electron with the parent atom (‘recombination’). The recombination results in the
emission of high energy photons corresponding to high harmonics of the incoming laser
frequency (note that during the return of the electron to the parent ion, the electron may
also scatter and there will be no emission of photons in this case). As the ionization pro-
cesses occur efficiently only for a short time around the maximum of the electric field, the
XUV photons are generated in short bursts around a zero crossing of the electric field with
a duration that is a small fraction of the optical cycle of the driver laser. This leads to the
generation of attosecond pulse trains, with two pulses per optical cycle [5]. The generation
of isolated attosecond pulses can be achieved by effectively limiting the number of optical
cycles at the fundamental frequency that produce XUV photons [6]. Therefore, ultrashort
pulses with only a few optical cycles within the envelope, which are often referred to as
few-cycle pulses, and with stable carrier envelope phase (the phase between the peak of
the envelope of the pulse and the nearest maximum of the carrier wave) are necessary for
the generation of isolated attosecond pulses. The parameters of the attosecond pulse trains
and isolated attosecond pulses are largely determined by the characteristics of the ultras-
hort pulses. Beside the above-mentioned characteristics, focusablity of ultrashort pulses is
another important parameter, which mainly depends upon the output beam quality and
the spatiotemporal properties.

Attosecond pulses in the XUV wavelength range and ultrashort pulses in the near-
infrared (NIR) wavelength range have been widely used in attosecond two-color (XUV+NIR)
pump-probe experiments (see Ref. [7] and references therein). In these experiments, an
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XUV (or NIR) pump pulse triggers atomic or molecular dynamics e.g. by photoionizati-
on/excitation of atoms or molecules, and the dynamics are probed by a NIR (or XUV)
pulse. The charged particles after photoionization are detected using various detectors
such as time-of-flight spectrometers, velocity map imaging spectrometers, and electron-ion
coincidence detectors, so-called ‘reaction microscopes’. Coincidence measurements (i.e. the
detected ions and electrons belong to the same parent atom or molecule) can provide 3D
momentum vectors of both electrons and ions in coincidence, supplying more insight into
the ionization process. The technique is also known as COLTRIMS (COLd Target Recoil
Ion Momentum Spectroscopy). For unambiguous identification of electrons and their ionic
partners, the number of ionization events per pulse has to be limited to � 1, on avera-
ge. This demands laser pulses at a high repetition rate � 10 kHz in order to speed up
the data acquisition and accordingly to increase the signal-to-noise ratio. In addition, the
low photon flux of high harmonic sources (due to the low conversion efficiency) can be
compensated by increasing the pulse repetition rate.

Therefore, a table-top laser system generating carrier envelope phase-stable few-cycle
pulses with millijoule-level pulse energy at a pulse repetition rate > 100 kHz and a high
spatiotemporal quality would be ideal for many applications in attosecond science [8, 9].
Indeed, in the last decade carrier envelope phase-stable, energetic few-cycle pulses in the
near-infrared and mid-infrared spectral range have not only advanced the study of ultrafast
dynamics via strong field ionization and pump-probe spectroscopy but have also boosted
the development of attosecond science. However, the pulse repetition rate has been limited
to a few kHz.

State-of-the-art few-cycle laser systems are mostly available in the near-infrared spectral
range due to well-established laser technologies. Various schemes based on nonlinear pulse
compression and optical parametric chirped pulse amplification (OPCPA) have been uti-
lized to generate high peak power, few-cycle pulses in the last decades, which are briefly
reviewed and schematically shown in Fig. 1.2, dividing them into two categories as follows.

Nonlinear compression of laser amplifiers: As previously mentioned, mode-locked
Ti:Sapphire oscillators can directly deliver 5 fs pulses. However, Ti:Sapphire amplifiers do
not support few-cycle pulses due to gain narrowing effects. High energy, high peak power
pulses with sub-30 fs pulse duration have been achieved with table-top Ti:Sapphire based
laser systems and are widely used in various scientific research areas. The generation of
few-cycle pulses has largely relied on spectral broadening in a hollow-core fiber and subse-
quent chirp compensation with chirped-mirrors [10,11]. This approach has been successful
and is dominantly used in scientific laboratories, in particular for the generation of attose-
cond pulse trains and isolated attosecond pulses. Despite supporting sub-two cycle, carrier
envelope phase-stable pulses with several millijoule pulse energies [12,13], this scheme suf-
fers from high transmission losses in the hollow fiber. Moreover, thermo-optical effects in
Ti:Sapphire amplifiers have limited the pulse repetition rate to a few kHz, and accordingly
an average power of a few tens of watts before nonlinear pulse compression.
Recently, nonlinear compression of Yb-doped fiber amplifiers has been considered as an
alternative to generate high power few-cycle pulses at high repetition rates. This approach
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uses gas-filled wave-guide capillaries for the spectral broadening of narrow band pulses from
amplifiers (often in multiple stages) and chirped mirrors for chirp compensation. Sub-10 fs
pulses with 216 W average power at a pulse repetition rate of 1.27 MHz have recently been
achieved [14]. However, carrier envelope phase (CEP) stability has not been demonstrated
yet.

Optical parametric amplification of broadband oscillator/supercontinuum: As
an alternative to nonlinear compression, optical parametric amplification of broadband pul-
ses from Ti:Sapphire oscillators has received an increasing interest [15–17]. This approach
utilizes a nonlinear wave mixing process, where a nonlinear crystal is used to transfer ener-
gy from energetic pump pulses to weak seed pulses achieving very high gain. The pump
pulses are typically produced by conventional laser amplification of either the same or a
different oscillator. Ytterbium-based laser amplifiers based on different technologies such
as fiber, thin-disk and Innoslab are often used as pump laser. Advantages of the parametric
amplification technique include a broad amplification bandwidth [18], allowing the ampli-
fication of few-cycle pulses, and highly reduced thermal effects compared to Ti:Sapphire

OPCPA

kmSubk5mfsmpulses
kmAdequatemaveragempowermE>m<:mWy
kmFewmmJmpulsemenergies
kmHighmrepetitionmratesmEupmtomfewmMHzy
kmCEPmstabilitympossible

Ybkbasedm
technology

km>m3::mfsmpulses
kmHighmaveragempowermEkWmrangey
kmMultikmJmpulsemenergies
kmHighmrepetitionmratesmEMHzmrangey
kmSubkL:mfsmpulsesmviamnonlinearmcompression
kmCEPmstabilitymnotmdemonstratedmyet

Ti:Sam
technology

km>m<5mfsmpulses
kmSubk5mfsmpulsesmviamnonlinearmcompression
kmLowmaveragempowermE<L:mWy
kmMultikmJmpulsemenergies
kmModeratemrepetitionmratesmE<mL:mkHzy
kmCEPmstabilitympossible

Figure 1.2: Schematic picture of schemes that have been utilized for the generation of few-cycle
pulses. The output parameters indicated in the figure are typical performance values. Ultrashort
pulses with > 25 fs pulse duration has been achieved with Ti:Sa amplifiers, while typical average
power and pulse repetition rates are limited to < 10 W and < 10 kHz respectively. Yb-based
technology is known for high pulse repetition rates in MHz range, and high average output
power upto a few kilowatts is possible, but not standard. Multi-mJ pulse energies have been
achieved with Yb-based amplifiers but at limited pulse repetition rates (not in MHz range). Both
Ti:Sa and Yb-based technologies have been combined with the optical parametric chirped pulse
amplification (OPCPA) technique which is most suitable for the amplification of high average
power, carrier envelope phase (CEP) stabilized few-cycle pulses at high repetition rates.
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amplifiers. Therefore, this scheme is scalable to high energy and high pulse repetition rate
(i.e. high average power), only limited by the available pump laser. In addition, stability
of the carrier envelope phase of the seed pulses is preserved during amplification. Many
advantages of the optical parametric amplification technique are due to the fact that ener-
gy is not stored in the crystal, in contrast with laser amplifiers, where the energy is stored
in a gain medium and non-radiative transitions dissipate a part of the stored energy as
heat, ultimately leading to detrimental thermal effects. However, in an optical parametric
amplifier, there are strong requirements on the pump laser because most of the characteri-
stics of the pump pulses are transferred to the amplified seed pulses. Additional challenges
of this scheme include parasitic nonlinear effects and temporal synchronization of the seed
and the pump.
Instead of a broadband Ti:Sapphire oscillator, supercontinuum generated in a hollow fiber,
or white light generated in a nonlinear medium have also been utilized as a seed in optical
parametric amplification, generating few-cycle pulses after compression [19–22]. Because
the seed and the pump pulses can in principle be derived from the same laser, this approach
of seed generation has been extensively used, in particular for seed spectral ranges different
from that of Ti:Sapphire lasers.

The above-mentioned two approaches i.e. nonlinear pulse compression and parametric
amplification, schematically summarized in Fig. 1.2 clearly indicate that there are two stra-
tegies one can follow up to now. On the one hand, one can work with the well-established
Ti:Sapphire technology that offers high pulse energies, few-cycle pulses (via nonlinear com-
pression) and the possibility of CEP stability, but at modest average output power and
moderate repetition rates (< 10 kHz). High average power and high repetition rates are
possible with Yb-based laser systems, but at the expense of pulse duration and CEP stabi-
lity. Even though, pulse duration can be reduced by nonlinear compression, CEP stability
has not been achieved yet. However, one can use the OPCPA technique that combines
the high average power and high repetition rates offered by Yb-based technology with
the broadband pulses and CEP stability offered by Ti:Sapphire technology. In that re-
spect, OPCPA is an attractive technique to generate CEP-stable, high energy few-cycle
pulses at high repetition rates. Indeed, there have been significant efforts to scale the pulse
energy and the pulse repetition rate of few-cycle laser systems based on OPCPA in recent
years [15–17,23]. This is of high significance in attosecond science, due to the fact that XUV
pump - IR probe experiments could be performed at high repetition rates with attosecond
time resolution and at the same time, with enhanced signal-to-noise ratio. Furthermore,
an increase in pulse energy in optical parametric chirped pulse amplifiers (OPCPAs) will
eventually lead to XUV pump - XUV probe experiments, which is, however, feasible with
currently available OPCPA-based laser systems only at the expense of a very significant
reduction of the repetition rate.

The development of the high repetition rate OPCPA-based laser source at the Max-
Born-Institute that is discussed in this thesis is largely aimed for attosecond experiments,
which utilize an electron-ion coincidence detector (‘reaction microscope’) [23]. As discussed
earlier, the high repetition rate is essential for such experiments. Therefore, an OPCPA
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system generating CEP-stable, few-cycle pulses at high repetition rates in the near-infrared
spectral range has been developed, where a broadband Ti:Sapphire oscillator and Yb-doped
fiber amplifier were used as seed and pump laser respectively. The laser source has already
been used for some strong field ionization experiments [24]. In order to utilize the laser
for high harmonic generation and to generate attosecond pulses, there are two important
aspects that need to be addressed. On the one hand, scaling of the pulse energy of the few-
cycle pulses is necessary. On the other hand, good spatiotemporal quality, and accordingly
good focusability of the pulses has to be ensured, which is crucial, in particular at high
repetition rates, due to the limited pulse energy. In the beginning of the project related to
this thesis, the few-cycle laser system had limited output pulse energy (12 µJ at a pulse
repetition rate of 400 kHz) due to the limited pump pulse energy available from fiber
amplifiers. Therefore, most of the work focused on the energy scaling of the pump lasers,
which can be used for pumping OPCPAs, and the spatiotemporal characteristics of few-
cycle pulses that are amplified by the OPCPA technique. Note that energy scaling of the
few-cycle laser system has recently been carried out by using thin-disk amplifiers as a pump
laser, producing CEP-stable, sub-7 fs pulses with 190 µJ pulse energy at a pulse repetition
rate of 100 kHz [25].

1.2 Project description and thesis outline
The work presented in this thesis was performed within the framework of the European
Industrial Doctorate (EID) program JMAP (Joint Max-Born-Institute Amplitude Phd Pro-
gram). The main collaborators were the Max-Born-Institute, Berlin (MBI) and Amplitude
Technologies, Paris (AT). In addition, there were three associated partners: Amplitude
Systèmes, Bordeaux (AS), Freie Universität Berlin, and University of Geneva. With an
objective of research and development of high power laser sources for the development of
attosecond and strong-field science, JMAP was structured in four different research pro-
jects. One of the projects was the development of high repetition rate optical parametric
amplifiers, which are useful to perform strong-field physics and attosecond experiments at
MBI as described earlier. The PhD program spanned a time duration of approximately
three years, during which half of the time had to be spent at Amplitude Systèmes and the
other half at the Max-Born-Institute. Considering the nature of the project, the research
activities presented here did not evolve in a monotonous way but form a group of slightly
different scientific works that are related to each other and to the laser development based
on the OPCPA technique. This thesis brings all the activities together. With regards to the
activities at the industrial partner, it should be mentioned that the work did not primarily
target the development of novel techniques, but rather focused on the further development
and use of a couple of existing techniques, in order to extend the range of output laser
parameters and make the lasers more reliable, as a commercial product would require.

The thesis is organized as follows. Chapter 2 presents the necessary theoretical back-
ground ranging from the fundamentals of lasers and amplifiers to the generation and
amplification of ultrashort pulses. The nonlinear optics of ultrashort pulses, in particu-
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lar second-order and third-order nonlinear interactions in a transparent optical medium
that are relevant to this work are reviewed. In addition, nonlinear propagation of ultras-
hort pulses in optical fibers is briefly discussed from the point of view of nonlinear pulse
compression.

The first part of this work was dedicated to the development of pump lasers aiming to
achieve a pulse energy > 1 mJ at a pulse repetition rate > 100 kHz. The laser develop-
ment was carried out at the research and development department of Amplitude Systèmes,
Bordeaux. The design and characterization of a high repetition rate, high energy, sub-
picosecond laser is presented in chapter 3. A passively mode-locked fiber oscillator was
amplified in a diode-pumped, Yb:YAG-based thin-disk regenerative amplifier, using the
chirped pulse amplification technique. Sub-picosecond pulses with >1.6 mJ energy were
generated at a pulse repetition rate of 10 kHz. Keeping the pulse energy at millijoule-level,
the repetition rate could be increased to 25 kHz. In addition, an average power of 35 W
was obtained at 100 kHz with a close to diffraction-limited beam quality. Second and third
harmonic generation of these pulses in beta barium borate (BBO) crystals was demons-
trated at different pulse repetition rates with high conversion efficiencies and a good beam
quality, which demonstrates that the laser is highly suitable for pumping OPCPA in the
visible and near-infrared. Additionally, nonlinear compression of the sub-picosecond pulses
was performed in an air-filled hollow-core Kagome fiber generating a broad spectrum that
supports sub-100 fs pulses with >50 µJ energy. Pulses as short as 130 fs were obtained after
dispersion compensation. These pulses at a pulse repetition rate of >10 kHz are highly
suitable for high harmonic generation.

The second part of this work focused on spatiotemporal characterization of the pulses
that are amplified in OPCPAs. Recently, spatiotemporal couplings in OPCPAs [26,27] have
been studied and the distortions in the amplified signal are emphasized, which are inher-
ent to the amplifier geometry and known since the introduction of the technique [28]. The
systematic study of these issues in a high repetition rate OPCPA is of high interest for the
applications in strong field physics and attosecond science, and is numerically performed
in this work. The results and analysis are presented in chapter 4. A numerical code called
Sisyfos [29] was utilized to simulate optical parametric amplifiers. Spatiotemporal distor-
tions in OPCPAs were systematically studied for a wide range of design parameters and
under different amplification conditions. The impacts of gain saturation and back conver-
sion from the signal beam to the pump beam were analyzed for different phase-matching
geometries. The simulation results indicate that high conversion efficiencies come at the
expense of high spatiotemporal distortions. For BBO-based noncollinear OPCPAs pumped
with picosecond pulses in the near-infrared spectral range, conversion efficiencies have to
be <20 % without strong back conversion if degradation of the pulses is to be minimized.

The last part of this work concentrates on one of the applications of few-cycle pulses in
strong field physics: electron interferometry. Strong field ionization experiments performed
by using the OPCPA-based, high repetition rate, few-cycle laser source developed at the
Max-Born-Institute [24] and corresponding numerical calculations led to an electron in-
terferometry experiment using near-infrared pump and probe pulses. A proof-of-principle
interferometric pump-probe experiment was carried out during this work (using a different
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laser system producing few-cycle near-infrared laser pulses) with the aim of characterizing
bound states of strong-field excited argon. Chapter 5 presents the experimental details and
the analysis of the experimental results, which are complemented by a set of numerical cal-
culations based on solution of the time-dependent Schrödinger equation. Finally, chapter
6 provides a summary and outlook.



2 Theoretical background

As previously discussed in the introduction, sources of high energy, few-cycle laser pulses
have found numerous applications in strong field physics and attosecond science. As most
of the work in this thesis focuses on the generation of few-cycle laser pulses, this chap-
ter discusses the basic theoretical background of laser physics and nonlinear optics that
underlie the routes to generate ultrashort laser pulses with high energy and high average
power. Since a thorough theoretical description of lasers and nonlinear optics can be found
in a number of textbooks and reviews, the aim of the chapter is to bring only those topics
into discussion, which are relevant to the experimental/numerical work presented in the
following chapters.

At first, a brief introduction to laser physics, including laser oscillators and amplifiers
is provided, along with a discussion about the generation and amplification of laser pul-
ses. Then, the limitations in the amplification of ultrashort pulses are reviewed. Next,
second-order nonlinear processes for frequency conversion and parametric amplification
are described in detail. In addition, the third-order optical nonlinearities that may impose
a limitation in the amplification of high peak power pulses are introduced. Finally, the
nonlinear propagation of laser pulses in optical fibers is presented from the point of view
of nonlinear pulse compression. The chapter is mainly based on Refs. [30–33].

2.1 Fundamentals of lasers
Laser is an acronym that stands for ‘Light Amplification by Stimulated Emission of Ra-
diation’. The concept of stimulated emission was introduced by Einstein in the early 20th

century while studying a collection of atoms in the form of a gas in thermal equilibrium
within a confined cavity that radiates electromagnetic radiation according to the law of a
blackbody radiator. Several radiative transitions can occur between the two energy levels
that represent an ideal atomic system and each transition is characterized by a rate or
coefficient, widely known as the Einstein coefficients.

In order to discuss the Einstein coefficients, let us consider a system with two nonde-
generate energy levels E1 and E2, with populations N1 and N2 respectively. A transition
from level 1 to 2 and vice versa is possible either by absorbing or emitting a photon respec-
tively, with an energy given by hν = E2 −E1, where ν is the frequency of the photon and
h is Planck’s constant. There exist three types of interaction between an electromagnetic
field and the atomic system: absorption, spontaneous emission and stimulated emission, as
indicated in Fig. 2.1.

If electromagnetic radiation characterized by energy density ρ(ν)dν, within a bandwidth
dν interacts with the system, originally in its ground state E1, part of the radiation can
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Figure 2.1: Sketch of (a) absorption, (b) spontaneous emission, and (c) stimulated emission
transitions that can occur in the interaction of electromagnetic fields and a simple two-level
atomic system. Adapted from Ref. [34].

be absorbed promoting the system to the excited state E2. When the system is in the
upper energy level it can spontaneously decay to the lower level emitting a photon with
frequency hν = E2 − E1. This is called spontaneous emission. The emission can also take
place induced by electromagnetic radiation with the appropriate frequency ν, and this is
called stimulated emission. Unlike spontaneous emission, which is incoherent and can occur
without the presence of an electromagnetic field, stimulated emission is a coherent process,
only occurs in the presence of a stimulating field and has the same polarization, spectral
and directional characteristics as the stimulating field. The population of the lower level
is depleted due to absorption, and that of the upper level is depleted by spontaneous and
stimulated emission.

Assuming that the total number of atoms in the two levels is constant (Ntot = N1 +N2),
the rate of change of lower and upper level populations can be expressed, by combining
absorption, spontaneous emission and stimulated emission as,

dN1

dt
= −dN2

dt
= B21ρ(ν)N2 −B12ρ(ν)N1 + A21N2. (2.1)

where B21, B12 and A21 are the Einstein coefficients. The factors B21ρ(ν) and B12ρ(ν) refer
to the probabilities per unit frequency that transitions are induced by the electromagnetic
field. The reciprocal of A21 corresponds to the lifetime for spontaneous emission from the
upper energy level. Under steady state conditions, dN1/dt = dN2/dt = 0 and therefore,
Eq. 2.1 becomes,

B12ρ(ν)N1 = A21N2 +B21ρ(ν)N2. (2.2)
For an atomic system in thermal equilibrium at temperature T , the populations of the
energy levels follow a Boltzmann distribution and the relative population is given by,

N2

N1
= g2

g1
exp

(
−E2 − E1

kT

)
, (2.3)

where g1 and g2 are the degeneracy of the lower and upper energy levels respectively. Note
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that g1 = g2 = 1 for the atomic system considered in Fig. 2.1. In thermal equilibrium
at any temperature T > 0, the ratio is always less than unity for E2 > E1, given that
g2/g1 ≤ 1.

If Eqs. 2.2 and 2.3 are combined to derive an expression for ρ(ν) and if this expression
is compared with Planck’s law for the electromagnetic radiation emitted by a blackbody
in thermal equilibrium, relations between the Einstein coefficients are obtained as [30],

A21

B21
= 8πν2hν

c3 , and B21 = g1B12

g2
, (2.4)

where c is the speed of light. This shows that for a given degeneracy of the energy levels and
for a given lifetime of the upper energy level, one can compute all the Einstein coefficients.

The stimulated emission process implies that light can be amplified. This is possible only
if the rate of stimulated emission is higher than that of absorption. For that to happen,
the population of the upper level must be bigger than that of the lower level as it will be
described in the next subsection. In fact, N2 >

g2
g1
N1 is an essential condition for amplifi-

cation, known as population inversion. But according to the Boltzmann distribution, N2 is
always less than N1 at thermal equilibrium, which rules out the possibility of population
inversion. However, inversion can be achieved by pumping or exciting the atoms from the
ground state to a higher energy level.

Absorption and gain

The two-level atomic system considered in the previous section assumes that the energy
gap between the levels is infinitely sharp. In reality, excited states have a finite radiative
lifetime, and as a result the transition has a finite linewidth, the so-called natural line-
width with a lineshape given by a Lorentzian function. In addition, there are a number
of line broadening mechanisms that contribute to the broadening of the transition line-
width, leading to different lineshapes. In general, the transition lineshape is a convolution
between the natural lineshape and the lineshape due to the broadening mechanism, and
is an important factor in defining the bandwidth of a laser pulse in combination with the
longitudinal cavity modes [see section 2.2].

The two-level atomic system can be extended further by considering a finite transition
linewidth so that the spectral distribution of atoms per unit frequency e.g. in the upper
laser level can be written as,

N(ν) = ζ(ν)N2, (2.5)
where ζ(ν) is called the atomic lineshape function, which depends on the line broadening
mechanisms.

Let us consider a beam with an intensity per unit frequency I(ν) at frequency ν i.e.
an energy density per unit frequency given by ρ(ν) = I(ν)/c that travels through a thin
absorbing medium of thickness dz. Assuming that the medium is characterized by a simple
two-level system, there are three possible interactions between the beam and the mate-
rial, namely absorption, spontaneous emission and stimulated emission. The number of
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transitions per unit volume per unit time corresponding to absorption is given by,

n1ρ(ν)dνB12ζ(ν) = n1B12ζ(ν)I/c. (2.6)

where n1 is the total number of atoms per unit volume in the lower energy level, and I
is the intensity given by I = I(ν)dν. Similarly, the number of transitions per unit volume
per unit time corresponding to spontaneous emission and stimulated emission are given by
n2A21ζ(ν) and n2B21ζ(ν)I/c respectively, with n2 as the total number of atoms per unit
volume in the upper energy level. When the beam travels through the thin medium with
cross-sectional area dA, the amount of energy per unit time added to the beam is given
by [32],

[I(z + dz)− I(z)]dA = [n2B21ζ(ν)I/c− n1B12ζ(ν)I/c]hνdAdz. (2.7)
The contribution due to spontaneous emission in the direction of the incident beam is
assumed to be negligible since the spontaneous emission is radiated in all directions. After
some rearrangements and using Eq. 2.4, Equation 2.7 becomes,

dI

dz
= B21ζ(ν)hν

c
I(n2 −

g2

g1
n1). (2.8)

The solution to Eq. 2.8 is,

I = I0 exp
[
B21ζ(ν)hν

c
(n2 −

g2

g1
n1)z

]
, (2.9)

where I0 is the intensity at z = 0. Equation 2.9 can be expressed in the form of I(z) =
I0 exp[g0(ν)z] with g0(ν) as a small-signal gain coefficient, which can be written as,

g0(ν) = B21ζ(ν)hν
c

(n2 −
g2

g1
n1) = σ21(ν)∆n. (2.10)

The factor B21ζ(ν)hν/c = σ21(ν) represents the cross section for radiative transitions from
the upper to the lower energy level, and is called the stimulated emission cross section.
∆n is the population difference per unit volume and represents the population inversion
if ∆n > 0. Equation 2.9 shows that the intensity of the radiation increases exponentially
during propagation for n2 > n1g2/g1. Indeed, this is an essential condition for optical
amplification, implying that there should be more atoms in the upper energy level than in
the lower level. In addition, for n2 < n1g2/g1 the intensity of the beam decreases due to
absorption.

Furthermore, the small-signal gain coefficient varies with stimulated emission cross sec-
tion, which depends on the lineshape function. As mentioned before, the lineshapes are
determined by line broadening mechanisms that are mainly classified into two categories:
homogenous and inhomogeneous.

In homogeneous line broadening, each atom has the same response to the applied radiati-
on and has the same probability function for a transition within the linewidth of the energy
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Figure 2.2: Level schemes for a (a) three-level and a (b) four-level laser. Taken from Ref. [34].

level. For sufficiently strong radiation, the atomic transitions saturate uniformly throug-
hout the linewidth. Several mechanisms such as lifetime broadening, collision broadening
and thermal broadening lead to homogeneously broadened atomic lineshapes. The lifetime
broadening occurs due to the radiative lifetime for spontaneous emission or fluorescence
processes. Collision between the atoms within the gain medium disturbs the radiative pro-
cesses in a random way, resulting in line broadening. Collision broadening occurs in a gas
medium at high pressures and it is also called pressure broadening. In addition, thermal vi-
brations of the lattice surrounding the active ions in a solid material introduce broadening.
All of these homogeneous broadening mechanisms lead to a Lorentzian lineshape.

In inhomogeneous line broadening, atoms have frequency responses at different center
frequencies, thereby leading to a broader transition lineshape compared to the broadening
due to individual atoms. Only those atoms with resonant frequencies close to the frequency
of the applied radiation take part in the interaction. Therefore, saturation in the case of a
strong signal occurs only in a narrow frequency window. Doppler broadening is one of the
inhomogeneous broadening mechanisms, which occurs due to the Doppler shift of resonance
frequencies of randomly moving atoms. The resulting lineshape is Gaussian. In addition,
line broadening due to crystal inhomogeneities or defects is also inhomogeneous. For the
details of broadening mechanisms, see Ref. [31].

Three-level and four-level laser schemes

In order to achieve population inversion, atoms from the lower energy level have to be
raised or pumped to the upper energy level. The pumping techniques in real laser systems,
together with absorption and emission processes encounter a complex structure of energy
levels of gain media. Despite the many-level energy diagram of laser materials, laser systems
can mainly be classified into two categories: three-level and four-level systems. The level
schemes for a three-level and four-level lasers are shown in Fig. 2.2 [34].

In a three-level scheme, absorption of pump photons raises atoms from the ground state
(level 0) to level 2. Most of the excited atoms are transferred into the upper laser level



22 2.1 Fundamentals of lasers

1 by non-radiative transitions (transitions that do not involve emission or absorption of
photons), dissipating energy as heat. The excited atoms return to the ground state by
emitting photons (radiative transitions). The radiative transitions occur via both sponta-
neous and stimulated emission. The latter process is responsible for the laser radiation.
It is necessary that the rate of non-radiative transitions from level 2 to 1 is faster than
the rate of spontaneous emission from level 2, and from level 1 to the ground state. This
implies that the lifetime of level 1 should be large compared to the relaxation time of the
2-to-1 transitions. A level with relatively long lifetime is called a metastable level. Since
the lower laser level (ground state) is highly populated, more than half of the atoms in
the ground state should be pumped to the upper laser level (1) for population inversion to
occur. If the lower laser level is close to the ground state such that there exists population
at the operating temperature, the system is said to be quasi-three level.

There exists another three-level scheme (not shown in the sketch) mainly in gas lasers,
where the upper energy level of the three levels is the upper laser level. The non-radiative
transitions occur from the lower laser level to the ground state.

In a four-level scheme, the lower laser level is not the ground state, rather it is situated
above the ground state with a relaxation time fast compared to the lifetime of the laser
transition (τ21). The lower laser level is much above the ground state such that its thermal
population is negligible and the population inversion can be achieved with a small pump
power, and lower pump rate compared to a three-level laser. The transitions between the
energy levels 3 and 2, and between levels 1 and 0 are mostly non-radiative and the energy
is dissipated as heat.

Gain saturation

Note that population inversion is not sufficient for laser operation. The inverted upper laser
level has to be depleted efficiently by stimulated emission. This implies that the gain should
exceed the losses in the laser medium. In principle, the condition gain>loss can be achieved
if the product of the small-signal gain and the length of the laser medium is sufficiently
high. This is fulfilled, in practice, by creating a positive feedback with an optical cavity or
resonator in such a way that the radiation passes multiple times through the gain medium
(essentially increasing the length of the laser medium). Then, the intensity of the laser
radiation increases exponentially until the gain saturates. After gain saturation, the gain
increases linearly. If I is an intensity at a point z within the gain medium, the equation
for the power density can be written as,

dI

dz
= (g − α)I, (2.11)

where α is a loss coefficient. g is the saturated gain coefficient defined as [30],

g = g0

1 + I/Is
. (2.12)
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The saturation intensity Is is the intensity at which the gain coefficient is reduced by 1/2.
By solving the differential equation 2.11, one can get I(z) = I(0) exp[(g − α)z] with I(0)
as the intensity at z = 0.

Altogether, there are three essential elements in a laser: the gain medium, the pump and
the resonator. The gain medium stores the energy provided by the pump and the resonator
determines the spatial and directional characteristics of the laser.

Laser resonator

A laser resonator typically consists of mirrors placed at the ends of a gain medium. The
configuration not only increases the effective length of the gain medium but also introduces
boundary conditions for the electromagnetic fields oscillating between the mirrors. Within
the resonator, a standing-wave pattern is established with each standing wave having a
different oscillation frequency. The standing waves are known as longitudinal modes. Si-
milarly, an optical resonator has transverse modes that are distinguished based on the
electromagnetic field distribution in a plane perpendicular to the direction of laser propa-
gation. A number of transverse resonator modes can cover the transverse cross section of
the gain medium. For a given transverse mode, there can be a number of longitudinal mo-
des that differ in oscillation frequency. The spectral characteristics of a laser is determined
by the longitudinal modes, where the bandwidth set by the atomic transitions may cover a
very large number of longitudinal modes, whereas the spatial characteristics of a laser such
as the beam diameter and beam divergence, and the energy distribution are determined
by transverse modes.

The transverse mode of a laser with a Gaussian intensity profile is called the ‘fundamental
mode’. Higher-order modes correspond approximately to the fundamental mode modulated
by polynomial functions of the transverse coordinates x and y. The intensity profile of a
Gaussian beam is given by,

I(x, y) = I0 exp
[
−2(x2 + y2)

w2

]
, (2.13)

where w is the beam radius corresponding to a radial distance at which intensity is de-
creased to 1/e2 of its maximum value I0. During the propagation of the Gaussian beam,
the distribution acquires a minimum beam radius w0 (known as beam waist) with planar
wavefront. At a distance z from the beam waist, the beam radius is given as,

w(z) = w0

√√√√1 +
(
λz

πw2
0

)2

, (2.14)

where λ is the laser wavelength. The half divergence angle for the fundamental mode can
be obtained as,

θ = lim
z→∞

w(z)
z

= λ

πw0
. (2.15)
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If the fundamental mode of the laser is not a perfect Gaussian, a factor (also known as
beam quality factor or beam propagation factor) M2 is included in the expression of the
beam divergence according to,

θ′ = M2 λ

πw′0
, (2.16)

where θ′ and w′0 refer to the half-divergence angle and the beam waist of the beam that
is not diffraction-limited. This implies that the M2 factor is 1 for a Gaussian beam. For
beams which are not diffraction-limited, the M2 factor is always larger than 1.

A calculation of the round-trip propagation of a laser beam through various optical
components within a resonator provides an expression for the beam size and the radius
of curvature of a particular transverse mode at each position within the resonator. The
calculation is often performed using an ABCD matrix formalism, where the effect of an
optical component on the linear propagation of a laser beam can be represented by an
ABCD matrix or ray matrix. The ABCD matrix is a 2×2 matrix defined under the paraxial
approximation i.e. it is assumed that all light rays propagate at a very small angle δ with
respect to the optical axis of the system such that sin δ ≈ tan δ ≈ δ. The matrix can be
used to calculate the influence of the optical component on the incoming ray position r
and the propagation angle δ with respect to the propagation axis leading to an outgoing
ray position r′ and propagation angle δ′ according to,[

r′

δ′

]
=
[
A B
C D

] [
r
δ

]
(2.17)

For the propagation of a Gaussian beam, a complex q-parameter, which provides informa-
tion about the beam radius and the radius of curvature of the wavefronts (R) is used and
given by,

1
q

= −i λ

πw2 + 1
R
. (2.18)

An optical element, represented by an ABCD matrix modifies the q-parameter according
to,

q′ = Aq +B

Cq +D
. (2.19)

Since any optical resonator can be represented by a set of ABCD matrices, the characte-
ristics of the beam inside the cavity can be calculated at each position inside the resonator.
This is extremely useful to design an optical resonator, where one needs to decide the beam
size at specific optical components (e.g. in the gain medium) beforehand. The details about
optical resonators, including the longitudinal and the transverse modes can be found in
Refs. [30, 32].
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2.2 Pulsed lasers
Pulsed lasers emit radiation in the form of optical pulses rather than in a continuous-
mode. An optical pulse is characterized by various parameters such as pulse duration,
pulse energy, pulse repetition rate, spectral bandwidth and central emission wavelength.
For plane waves, the electric field associated with optical pulses propagating along the
z-direction can be written as,

E(z, t) = 1
2A(z, t) exp[i(k0z − ω0t)] + c.c., (2.20)

where A(z, t) represents the pulse envelope, k0 is the wave vector at center frequency ω0,
and c.c. stands for complex conjugate. The electric field can also be expressed in terms of
its Fourier components according to,

E(z, t) = 1
2π

∫ ∞
−∞

E(z, ω) exp(−iωt)dω, (2.21)

where
E(z, ω) =

∫ ∞
−∞

E(z, t) exp(iωt)dt, (2.22)

The spectral intensity S(ω) and the spectral phase ϕ(ω) at a given position can be calcu-
lated as,

S(ω) ∝ |E(ω)|2, (2.23)
ϕ(ω) = Arg[E(ω)]. (2.24)

Due to the properties of Fourier transformation, there exists a relation between the
temporal and spectral width of a pulse. The relation is called time bandwidth product and
given by,

∆ν∆τ ≥ K, (2.25)
where ∆ν and ∆τ are the spectral and temporal widths, expressed as full width at half
maximum (FWHM), and K is a constant. The value of K depends upon the pulse shape,
for example, K is 0.441 for a Gaussian pulse and 0.315 for a hyperbolic secant square pulse.

Ultrashort pulses

Optical pulses are said to be ultrashort if the pulse duration is on the order of femtoseconds
or picoseconds. It is clear from the time-bandwidth relation that the generation of ultras-
hort pulses requires a broad bandwidth. For example, a Gaussian pulse with a duration
of 25 fs needs a spectrum with FWHM bandwidth of 17.64 THz i.e. 37.66 nm at a center
wavelength of 800 nm, compared to 0.441 THz (0.94 nm at a center wavelength of 800 nm)
for a pulse with FWHM pulse duration of 1 ps.

Ultrashort pulses with only a few optical cycles under the pulse envelope are often called
few-cycle pulses. In that case, the carrier envelope phase, i.e. the phase between the peak of
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Figure 2.3: Calculated electric field of a Gaussian-shaped few-cycle pulse with a carrier envelope
phase (a) φ = 0, and (b) φ = π/2. The blue curves correspond to the electric field whereas the
red curves are the pulse envelopes.

the envelope of the pulse and the nearest maximum of the carrier wave has to be considered
as well. Few-cycle pulses of 6 fs duration (FWHM) with carrier envelope phases of φ0 = 0
and φ0 = π/2 are shown in Fig. 2.3. It is clearly visible that the strength of the electric
field at time t = 0 is significantly different for the two pulses (see blue curves).

Dispersion

When an optical pulse propagates through a dispersive medium, the characteristics of the
pulse are altered. In particular, the spectral phase is modified due to the frequency depen-
dent refractive index of the medium. After propagation through a transparent medium of
length L that introduces a spectral phase ϕ(ω), the optical pulse in the spectral domain
can be written as,

E(L, ω) = E(0, ω) exp[iϕ(ω)] = E(0, ω) exp[ik(ω)L], (2.26)

where k(ω) is the frequency-dependent propagation wave vector in the medium that has
the frequency-dependent refractive index n(ω).

k(ω) = ω

c
n(ω). (2.27)

In order to describe the influence of dispersion on the pulse duration, the spectral phase
can be expressed as a Taylor expansion around a central frequency ω0 [35],

ϕ(ω) = ϕ0 + ∂ϕ

∂ω

∣∣∣∣∣
ω0

(ω − ω0) + 1
2
∂2ϕ

∂ω2

∣∣∣∣∣
ω0

(ω − ω0)2 + 1
6
∂3ϕ

∂ω3

∣∣∣∣∣
ω0

(ω − ω0)3 + ..., (2.28)
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where ϕ0 is the zero-order phase given by,

ϕ0 = k0L, (2.29)

which is the carrier envelope phase as introduced earlier. It doesn’t have any influence on
the pulse propagation but changes the carrier envelope phase. This is due to the fact that
the phase velocity of the carrier wave and the group velocity of the pulse envelope can
be different during the propagation of a pulse in a transparent optical medium. The first
derivative in the second term of the right hand side of Eq. 2.28 is known as group delay
(tg), which can be written as,

tg = ∂ϕ

∂ω
= L

∂k

∂ω
= L

vg
, (2.30)

with vg as group velocity of the pulse envelope. The group delay introduces a time delay
of the pulse and doesn’t influence the pulse duration either. The second-order derivative
in the third term of the right hand side of Eq. 2.28 is known as group delay dispersion
(GDD), which alters the pulse duration. The second-order dispersion (ϕ2) can be written
as,

ϕ2 = ∂2ϕ

∂ω2 = L
∂2k

∂ω2 , (2.31)

where ∂2k
∂ω2 is known as the group velocity dispersion (GVD). In some cases, the second-

order dispersion is expressed as the derivative of the group delay with respect to wavelength
according to,

ϕ′2 = ∂

∂λ

(
∂ϕ

∂ω

)
= −2πc

λ2
∂2ϕ

∂ω2 , (2.32)

with the basic unit of s/m. The basic units of GDD and GVD are s2 and s2/m. If the pulse
is initially Fourier-transform limited and the GDD>0, the low frequency components travel
faster than high frequency components and the dispersion is known as normal (or positive)
dispersion. Similarly, GDD<0 refers to anomalous (or negative) dispersion, and describes
a situation where the lower frequency components move slower. The third-order derivative
in the fourth term of the right hand side of Eq. 2.28 is called third-order dispersion (TOD),
which alters not only the pulse duration but also the pulse shape during propagation.

Generation of ultrashort pulses

The longitudinal modes of a laser resonator are amplified if the modes lie within the
spectral region where the gain of the laser medium is higher than the resonator losses. For
an optical resonator of length L, the frequency spacing between the longitudinal modes
is given by ∆νm = mc/2nL (i.e. ∆λm = mλ2/2nL), with n as the refractive index of the
medium inside the resonator and m an integer [Fig. 2.4(a)]. For a gain bandwidth ∆νL of
the laser medium [Fig. 2.4(b)], only a limited number of longitudinal modes falls within
the gain profile, which is determined by the net gain i.e. the difference between the gain
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and the resonator losses. If N is the number of modes that overlap with the gain profile
and the gain exceeds the losses,

(N − 1) c

2nL = ∆νL. (2.33)

This situation is schematically shown in Fig. 2.4(c).
Since a decrease in the resonator length increases the mode spacing and vice versa, the

number of longitudinal modes within the gain bandwidth changes accordingly. Similarly, a
broad gain bandwidth incorporates a large number of longitudinal modes, which is essential
for the generation of ultrashort pulses.

If there are many longitudinal modes oscillating independently in the resonator with
randomly distributed phases, the laser output in the time domain will have the characteri-
stic of noise i.e. intensity fluctuations over time. But modes with a fixed phase relationship
with respect to each other lead to a well-defined output in the time domain in the form of a
short pulse [Fig. 2.4(d) and (e)]. The laser is then said to be phase-locked or mode-locked.
There are several ways of maintaining a fixed phase relation between the modes and the
process in general is known as mode-locking. Indeed, mode-locking has been established as
a technique to generate ultrashort pulses, and few-cycle pulses have been directly generated
from an oscillator. The discussion of various mode-locking techniques, which can be found
elsewhere [30,35] is beyond the scope of the thesis.

2.3 Laser pulse amplification
Laser oscillators are capable of producing short pulses but with low pulse energies i.e. with
low peak power. But many applications of pulsed lasers need high energy and high peak
power or high peak intensities, for example, experiments in strong field physics.

Amplification of laser pulses can be explained using the same concept as laser operation,
namely the creation of population inversion and stimulated emission within a gain medium.
In a laser oscillator the photons generated by spontaneous emission are amplified as long as
the gain exceeds the losses while in a laser amplifier seed pulses from an oscillator extract
the energy stored in the gain medium.

2.3.1 Amplification parameters
For the amplification of a single laser pulse, the pulse energy (E), the fluence (J- energy
per unit area) and the small signal gain coefficient (g0) are the most important parameters
to consider. The relation between these parameters in a gain medium of length L can be
written as [30],

Jsto
Jsat

= g0L, (2.34)

with
Jsto = hν∆nL, (2.35)
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Figure 2.4: Schematic picture of the process of generating ultrashort pulses from a laser oscillator
(adapted from Ref. [30]). The combination of the longitudinal modes of an optical resonator (a),
the gain profile of the laser medium (b), and the net gain determines the number of modes
oscillating in a laser cavity (c). If the modes are locked in phase as shown by the constant phase
line in panel (d), there is an ultrashort pulse in the time domain with a FWHM pulse duration
defined by ∆tp (e).
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Jsat = hν/σ21, (2.36)
where Jsto is the stored energy per unit area in the gain medium, Jsat is the saturation
fluence, h is Planck’s constant, ν is the laser frequency, ∆n is the population difference
per unit volume [see Eq. 2.10], and σ21 is the stimulated emission cross section of the gain
medium. The evolution of the fluence within the gain medium for a low seed energy is
given by,

dJ

dz
= g0J. (2.37)

The solution of Eq. 2.37 provides an expression for the output pulse energy in terms of the
saturation fluence and the stored fluence,

Eout = Ein exp(g0L) = Ein exp
(
Jsto
Jsat

)
. (2.38)

This implies that the output energy increases exponentially over the length of the laser
medium.

For a large seed energy i.e. Jin ≈ Jsat, the evolution of the energy density is described
by,

dJ

dz
= g0Jsat, (2.39)

and the solution can be written as,

Eout = Eing0L. (2.40)

This means that the increase in energy is linear.
The amplification in the intermediate range of seed energy is given by the Franz-Nodvik

equation as,
Jout = Jsat ln

[
exp

(
Jsto
Jsat

){
exp

(
Jin
Jsat

)
− 1

}
+ 1

]
. (2.41)

The gain and extraction efficiency of the amplifier can be calculated by Jout/Jin and (Jout−
Jin)/Jsto respectively. As an example, the evolution of the gain and the extraction efficiency
as a function of Jin/Jsat is shown in Fig. 2.5.

This shows that the saturation fluence is an important parameter for amplification. Solid
state gain media have higher saturation fluence than gases and liquids [36], which leads
to low gain. Therefore, in solid state laser amplifiers, multiple passes of the seed pulses
through the gain medium are necessary in order to increase the extraction efficiency. This
is possible by using amplifier architectures, widely known as multipass and regenerative
amplifiers. In a multipass amplifier, seed pulses pass through the gain medium several times,
which is geometrically arranged by folding the seed beam using highly-reflective mirrors. A
regenerative amplifier can be considered as a particular type of multipass amplifier, where
multiple passes of the seed pulses through the gain medium are achieved in an optical
resonator or cavity with low losses in which the gain medium is located. Injection of the
seed and ejection of the amplified pulses are realized through optical switching. The main
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Figure 2.5: Evolution of the gain and extraction efficiency as a function of Jin/Jsat, calculated
using the Franz-Nodvik equation 2.41 for a small signal gain of 3. As can be seen, high gain comes
at the cost of extraction efficiency and vice versa.

advantage of a regenerative amplifier is that the amplification is almost independent of the
single pass gain and the spatial properties of the amplified beam are largely determined
by the resonator, independently of the seed beam. The setup of a multipass amplifier is
typically simpler than that of regenerative amplifiers but highly sensitive to misalignment.
In the case of high power amplifiers, it is common to utilize both architectures, where a
regenerative amplifier is used to obtain high gain and a multipass amplifier is used to boost
the output of the regenerative amplifier, achieving high extraction efficiency. The following
section briefly reviews the regenerative amplification technique, which is utilized to build
a high power, high energy ultrafast amplifier, described in section 3.4.

2.3.2 Regenerative amplifier
A typical regenerative amplifier consists of an optical resonator, an optical switch to couple
the beam in and out of the cavity, and an optical arrangement to separate the seed and the
amplified pulses. The optical arrangement is similar to an optical isolator and the optical
switch consists of a polarizer, a quarter-wave plate, and a Pockels cell driven by a quarter-
wave high voltage (see appendix for the details about optical isolators and Pockels cells).
The amplification occurs in an optical resonator similar to an oscillator. Unlike the laser
resonator where a pulse oscillates inside the cavity and only a part of the energy leaks out
of an end mirror or output coupler during each round trip, the seed pulses are coupled into
the resonator of the regenerative amplifier and are trapped inside the cavity for a certain
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period of time for amplification. Inside the cavity, the seed pulses pass through the gain
medium several times extracting the energy that is stored by optical pumping. The pulses
are ejected out of the cavity once amplified.

The operation of a regenerative amplifier can be described by dividing it into three
phases [30]: pump, amplification and cavity dump. During the pump phase, the high voltage
to the Pockels cell is switched off, and the energy is stored in the gain medium. In the
amplification phase, a seed pulse is trapped inside the cavity by applying the high voltage
to the Pockels cell. The seed pulse circulating inside the cavity is amplified during a certain
number of round trips. In the case of a continuous-wave pump, pumping is present even in
the amplification phase. Once the energy of the circulating pulse reaches a maximum, the
high voltage to the Pockels cell is switched off, ejecting the pulse out of the cavity. This is
called cavity dumping.

The main advantage of the regenerative amplifier is that the spatial profile of the am-
plified pulses is determined by the transverse spatial modes supported by the resonator
which is typically close to the diffraction-limit. In addition, a high amplification factor can
be achieved despite the low single-pass gain by choosing the appropriate number of round
trips of the pulses inside the cavity. However, the gain dynamics can be complex depen-
ding upon control parameters such as pulse repetition rate, upper state lifetime of the gain
material, number of round trips etc. In a CW-pumped regenerative amplifier operating at
a pulse repetition rate higher than the reciprocal of the upper state lifetime, the amplifica-
tion of a subsequent pulse is significantly affected due to the gain depletion by the current
pulse [37]. This may induce instability of the output pulse energy of the amplified pulse
train. Such instabilities are represented by a bifurcation diagram showing variations in pul-
se energy e.g. period doubling and chaotic behaviour [37]. Period doubling is the simplest
bifurcation, which refers to a situation in which every second pulse has the same pulse
energy, and chaotic behaviour refers to the fluctuations of the pulse energy of subsequent
pulses, where the output pulse energies can not be predicted. These behaviours have been
reported in the literature in experiments as well as simulations [37–43]. The gain dynamics
and the associated bifurcation characteristics of a Yb:YAG thin-disk regenerative amplifier
are briefly discussed as follows.

The evolution of the intracavity pulses, the high voltage signal applied to Pockels cell,
and the gain are schematically shown in Fig. 2.6 (not to scale) for the case of a CW-pumped
regenerative amplifier. The amplification time window is defined by tG (also called gate
length) whereas the repetition rate of the amplified pulses is given by dumping period
tD. Therefore, the number of round trips is given by the round-trip time tR and the gate
length. Note that if the pump source is pulsed and the time between consecutive amplified
pulses in the train is much longer than the lifetime i.e. tD � τL, any surviving population
in the upper laser level after pulse amplification will decay before a new pump pulse, and
a new amplification cycle begins. At every new amplification cycle, there is no population
inversion from the previous cycle and the gain starts from zero. This implies that there will
be no influence of gain depletion from one amplification cycle to other. When the pulse
repetition rate is on the order of the reciprocal of the lifetime of the upper laser level,
CW pump sources are used and the extraction of the stored energy happens before the
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Figure 2.6: Schematic picture of the three phases of regenerative amplification. The high voltage
signal determines the amplification time window or gate length (tG) and the dumping period (tD).
In the amplification phase, the intracavity pulses (black line) separated with a round-trip time
tR extract the stored energy and the gain decreases (blue line). The switching of the high voltage
signal to zero dumps the amplified pulse out of the cavity (red line). g1 and g2 refer to the initial
and final gain values in the pump phase. Adapted from Ref. [38].

population inversion saturates. Therefore, the residual inversion from a previous cycle will
affect the stored energy and accordingly the initial gain in the next amplification cycle. As
a result, energy of the amplified pulses may vary from cycle to cycle. The variations may
get worse when the pulse repetition rate further increases, beyond the reciprocal of the
lifetime of the upper laser level. In addition, the number of round trips influences the gain
depletion within an amplification cycle, affecting the initial gain for the subsequent cycle
and the corresponding amplified pulse energy.

The evolution of the gain and the intracavity pulse energy can be described by rate
equations [38], which are different for the pump and the amplification phase. During the
pump phase, there is no lasing and the gain varies according to [38],

dg

dt
= g0 − g

τL
, (2.42)

where g0 and τL are the small signal gain and the lifetime of the upper laser level. Note that
the small signal gain is proportional to the absorbed pump power [44]. Given the initial
gain g1 at t = tG, Eq. 2.42 can be solved analytically and the solution can be written as,

g = g0 + (g1 − g0) exp
[
−(t− tG)

τL

]
. (2.43)

Then, the gain g2 at t = tD is given by,

g2 = g0 + (g1 − g0) exp
[
−(tD − tG)

τL

]
. (2.44)

In the amplification phase, the gain is reduced by stimulated emission thereby increasing
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Table 2.1: Parameters for the simulation of bifurcation characteristics of a Yb:YAG regenerative
amplifier.

Parameter Value
Center wavelength 1030 nm
Emission cross section 2.1× 10−20 cm2

Absorption cross section 0.1× 10−20 cm2

Upper state lifetime 1 ms
Saturation fluence 8.78 J/cm2

Laser beam waist radius 1 mm
Seed pulse energy 200 pJ
Cavity losses 0.02
Cavity round-trip time 15 ns
Small signal gain 0.3

the intracavity pulse energy. Therefore, an additional term corresponding to amplification
has to be included in Eq. 2.42 and the evolution of the gain is governed by [38],

dg

dt
= g0 − g

τL
− gE

EsattR
, (2.45)

and the variation of the intracavity energy E is given by,

dE

dt
= E

tR
(g0 − l), (2.46)

where Esat and l are the saturation energy (the energy for which the gain is reduced to
half of its initial value) and cavity losses respectively. Equations 2.45 and 2.46 have to be
solved numerically because analytical solutions are not possible. The boundary conditions
are given by g(tD) = g2 and E(tD) = Es, with the energy of the seed pulse Es. For a given
set of parameters as shown in Tab. 2.1, Eqs. 2.45 and 2.46 were solved using a fourth-order
Runge-Kutta method. More than 300 amplification cycles were considered to ensure that
a steady state solution was reached. For a given gate length i.e. number of round trips, the
pulse energy of the amplified output pulse was recorded for the last 10 amplification cycles
so that the pulse instabilities can be observed if there are any. The calculation was repeated
for a set of gate lengths. The output pulse energies are plotted as a function of gate length
as shown in Fig. 2.7, which is known as a bifurcation diagram. It is clearly visible that the
bifurcation occurs around the gate length of 2.1 µs, where every second pulse has the same
pulse energy. Beyond the gate length of 2.5 µs, the chaotic regime occurs, where the pulse
energy of the many consecutive pulses fluctuates in an unpredictable way.

It is known that the bifurcation occurs for pulse repetition rates higher than the reci-
procal of the upper state lifetime [38]. In addition, bifurcation characteristics depend upon
the absorbed pump power (i.e. small-signal gain) for a given number of round trips. For
details, see Refs. [37,39,41].
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Figure 2.7: Calculated bifurcation diagram with respect to the gate length for a given set of
parameters shown in Tab. 2.1. At each gate length, 10 consecutive pulse energies are displayed.
The regime of single, double and unpredictable pulse energies are clearly visible.

2.3.3 Amplification of ultrashort pulses
For the amplification of ultrashort pulses, handling the large bandwidth and high peak
intensities is crucial. The gain bandwidth of the amplification medium has to be broad
enough to preserve the seed bandwidth during amplification. Since the gain profile of the
laser transition is not spectrally flat, the frequencies of the seed spectrum that fall at the
center of the gain profile experience higher gain compared to the other frequencies. As a
result, the spectral bandwidth of the amplified pulses is much narrower than that of the
seed pulses. The effect is widely known as gain narrowing.

In addition, the high peak power of ultrashort pulses may induce nonlinear effects during
propagation through the gain medium and optical components. One of the dominant non-
linear effects is the Kerr effect, which occurs due to an intensity dependent refractive index
of the medium when a beam with high intensity is propagated. The change in refractive
index can be expressed to first order by the equation,

n = n0 + n2I, (2.47)

where n0 is the linear and n2 is the nonlinear refractive index, and I is the intensity of the
beam. The corresponding propagation phase for a medium of length L can be written as,

ϕ = 2π
λ

(n0 + n2I)L. (2.48)

When ultrashort pulses with high peak intensity propagate through the medium, the
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change in refractive index and the corresponding phase depend upon the intensity pro-
file and affect both the spatial and spectral characteristics of the pulses. In the spatial
domain, the high intensity beam undergoes self-focusing whereas in the spectral domain,
the spectrum of the pulses is broadened by self-phase modulation [the optical Kerr effect,
self-focusing and self-phase modulation are briefly discussed in section 2.5.1].

The nonlinear phase introduced due to the Kerr effect, and in general by nonlinear
propagation of ultrashort pulses in an amplifier is quantified by a parameter, the so-called
B-integral. It is defined by the equation,

B = 2π
λ

∫
n2I(t, z)dz, (2.49)

where n2I(t, z) accounts for the change in refractive index due to the pulse intensity I(t, z)
at a position z along the propagation direction and λ is the laser wavelength. The B-integral
value during amplification is typically kept < 1 rad in order to avoid nonlinear effects.

In order to limit the B-integral value, the intensity of ultrashort pulses has to be redu-
ced during amplification. This can be realized in principle, by increasing the beam sizes.
However, the increase in the beam size is often limited e.g. by the transverse size of the
gain medium. An elegant technique was introduced by Strickland and Mourou [3], known
as chirped pulse amplification. The pulses are temporally stretched prior to amplificati-
on using dispersive elements and compressed afterwards by compensating the dispersion
equivalent to that introduced by the stretcher. The technique enabled the development of
high energy and high peak power ultrafast lasers. Modern high power laser amplifiers are
almost always based on the chirped-pulse amplification technique in which the stretcher
and compressor are key components to manipulate the spectral phase of the pulses.

Stretcher

The pulse duration of ultrashort pulses can be increased by introducing dispersion i.e. by
changing the spectral phase, which is typically achieved with dispersive bulk materials, or
with a special arrangement of optical components such as gratings, prisms, and chirped
mirrors. The ultrashort pulses in modern laser systems are mostly stretched by using
grating stretchers, chirped-fiber Bragg gratings, and chirped-volume Bragg gratings [45–
47].

In particular, the chirped-fiber Bragg grating (CFBG) allows a conventional large grating
stretcher to be replaced by a short fiber, which can be integrated in an all-fiber oscillator
leading to a compact seed source (except for the case of ultrabroadband pulses, given the
limited bandwidth (typically < 30 nm) supported by the CFBG [48]). The Bragg gratings
are written inside the core of an optical fiber with an aperiodic modulation of the refractive
index over a certain length. For the incident radiation to be reflected from the grating, the
Bragg condition, which includes both energy and momentum conservation is to be fulfilled.
The momentum conservation implies that the sum of the wave vector of the incident wave
and the grating wave vector is equal to the diffracted wave vector. Since the diffracted wave
vector is equal and opposite to the incident wave vector, the momentum conservation can
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Figure 2.8: (a) Sketch of a chirped-fiber Bragg grating. ng, nair, ncl and nco are the refractive
indices of the grating, air, the fiber-cladding and the fiber-core respectively. Λ is the grating
period, which varies along the propagation direction z. λ1 and λ2 correspond to shorter and
longer wavelengths within the input spectrum. (b) Schematic layout of a Treacy-type grating
pair compressor.

be expressed as,
2
(2πng
λB

)
= 2π

Λ , (2.50)

where ng and Λ are the effective refractive index of the grating and the grating period
respectively. λB is the reflected wavelength, known as Bragg wavelength and is given by
2ngΛ [cf. Eq. 2.50]. As schematically shown in Fig. 2.8(a), the grating period varies along
the fiber length and the Bragg wavelength accordingly as well. This means different wa-
velengths are reflected at different positions within the grating and the grating is said to
be chirped. The wavelength-dependent group delay offered by such a CFBG can provide
both positive and negative dispersion depending on the periodicity of the index modulati-
on. For ultrashort pulses, the reflectivity and the group delay have to be optimized for a
broad spectral range. In addition, it is important to have low insertion loss, and to mini-
mize the ripples in the group delay. For optimal dispersion compensation in chirped-pulse
amplification, the phase function has to be matched with that of the compressor.

The choice of a stretcher depends on the required stretch factor, which is determined
in such a way that the nonlinear phase shift accumulated during the amplification is kept
small (B-integral value < 1).

Compressor

After amplification, the chirp introduced by the stretcher has to be reversed in order to
obtain short pulses. The dispersion introduced by the CFBG stretcher can be compensated
by a grating pair compressor, which is widely used in high energy and high power laser
systems based on the chirped-pulse amplification technique.

In 1969, E. Treacy introduced an arrangement of two gratings that can provide negative
dispersion [49]. The schematic of the grating pair compressor is shown in Fig. 2.8(b).
The beam is angularly dispersed by the first grating and the second grating is used to
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compensate the angular dispersion, introducing spatial chirp i.e. the central frequency
varies as a function of position within the beam profile. The spatially chirped beam is then
reflected backwards by an end mirror. The second pass through the pair of gratings removes
the spatial chirp. The amount of negative dispersion depends on the distance between the
gratings and their groove density. The second and third order dispersion coefficients of a
Treacy-type grating pair, as introduced before, are given by [50],

GDD = −λ3D

2πc2d2 cos3 α
, (2.51)

TOD = 3λ4D

4π2c3d2 cos3 α

(
1 + λ sinα

d cos2 α

)
, (2.52)

where α is the angle of diffraction at a given wavelength λ [see Fig. 2.8(b)], D is the
separation of the gratings measured parallel to their surface normals and d is the spacing
of the grating rulings.

Thermal effects

Chirped pulse amplifiers have been very successful in scaling the peak power of ultrashort
pulses. However, high energy, short pulses have mostly been achieved at a pulse repetition
rate < 10 kHz. Scaling the repetition rate while keeping the pulse energy high (i.e. high
average power) is limited by thermal effects that arise due to the heat deposited within
the gain medium.

There are several mechanisms that cause a deposition of heat in an optically pumped
gain medium. The non-radiative transitions described in section 2.1 are the main source
of heat load. This source is quantified by a parameter, known as quantum defect. The
quantum defect is given by the difference in photon energies between the pump and the
laser. It is also defined as the fractional difference of photon energies between the pump
and the laser according to,

QD = Ep − El
Ep

= 1− λp
λl
, (2.53)

where Ep and El are the pump and laser photon energies at pump and laser wavelengths
of λp and λl respectively. Other less important mechanisms such as lifetime quenching,
excited-state absorption and cross relaxation are not discussed here and the details can be
found in Refs. [30,51].

In order to remove the heat load in high power amplifiers based on solid state gain
media, active cooling of the gain medium is necessary. For efficient cooling, a gain material
with high thermal conductivity is preferable. The cooling architecture depends upon the
geometry of the gain medium. For example, in the case of end-pumped rod amplifiers, the
rod is usually cooled from the edges/side surfaces. This means that heat flows in the radial
direction inducing radial temperature gradients. Such a temperature distribution changes
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the refractive index of the medium according to,

∆n(r) = dn

dT
∆T (r), (2.54)

where n is the refractive index of the gain medium, r is the radial coordinate, ∆T is the
change in temperature in radial direction, and dn/dT is the thermo-optic coefficient of the
gain material. The change in refractive index is higher at the rod center and decreases
slowly at positions away from the center and towards the edges. The induced variation
of the refractive index effectively creates a thermal lens, introduces wavefront distortions,
and can cause focusing of the beam.

In addition, the material expands or contracts when the temperature varies. The tension
or compression of the material, which depends upon the coefficient of thermal expansion,
may not be uniform in different directions along the material. This induces mechanical
stress in the gain medium. Since the area under tension and compression can have different
changes in refractive index, the thermally-induced stress creates birefringence. As a result,
a linearly polarized beam propagating through the rod undergoes depolarization. Increase
in heat load beyond the level where the thermal stress exceeds the tensile strength of the
material leads to fracture of the material.

There have been several solutions proposed and utilized to tackle thermal effects in
high power amplifiers, reducing the heat load, removing the heat efficiently to reduce
temperature gradients, and compensating the thermal-induced optical distortions. Design
considerations of high average power laser systems are mainly concentrated on removing
the heat efficiently, thereby reducing thermal effects. The techniques utilized to reduce the
temperature of the gain medium determine the architecture of a high power laser system,
e.g. using different geometries of the laser gain medium such as rod-type, fiber, Innoslab,
and thin-disk.

2.4 Second-order nonlinear processes
2.4.1 Wave equation for nonlinear media
An electromagnetic field propagating in any material induces a polarization of the material
that can be expanded in a power series of increasing powers of the field. The polarization
depends on a property of the material known as electric susceptibility. The polarization
induced in the material, P(r, t) is typically expressed as a sum of linear, Pl(r, t) and
nonlinear, Pnl(r, t) terms given by,

P(r, t) = Pl(r, t) + Pnl(r, t) = ε0χ
(1)E(r, t) + ε0[χ(2)E2(r, t) + χ(3)E3(r, t) + ...]. (2.55)

where E(r, t) is the electric field with r as spatial and t as temporal co-ordinates. ε0 corre-
sponds to the permittivity of free space and the χ(n) are tensors of rank n+ 1, commonly
referred as nth order susceptibility. The symbols in bold mean the quantities are vectors,



40 2.4 Second-order nonlinear processes

and Em refers to an operation of order m, where m is an integer.
The propagation of electromagnetic waves, that can be derived from the Maxwell equa-

tions [33] is represented by,

∇×∇× E(r, t) + 1
c2
∂2E(r, t)
∂t2

= − 1
ε0c2

∂2P(r, t)
∂t2

, (2.56)

This is the most general form of wave equation including nonlinear processes. It can be
simplified by reasonable assumptions in order to study specific nonlinear interactions. From
vector calculus,

∇×∇× E(r, t) = ∇(∇.E(r, t))−∇2E(r, t). (2.57)
The term ∇.E(r, t) vanishes for the linear, isotropic media (without source charge). In
nonlinear media, ∇.E(r, t) doesn’t vanish but is very small and can safely be neglected in
many cases [33]. By introducing the linear and nonlinear polarization terms on the right
hand side of Eq. 2.56 and substituting the linear polarization by ε0χ

(1)E(r, t), the wave
equation 2.56 can be simplified to,

∇2E(r, t)− ε(1)

c2
∂2E(r, t)
∂t2

= 1
ε0c2

∂2Pnl(r, t)
∂t2

, (2.58)

where ε(1) = 1 + χ(1). The simplified wave equation 2.58 can be used to describe various
nonlinear optical interactions. For example, the second-order nonlinear processes such as
sum frequency generation (SFG), second harmonic generation (SHG) and difference fre-
quency generation (DFG) are considered if the nonlinear source term contains only the
second-order susceptibility (χ(2)) such that Pnl(r, t) = ε0χ

(2)E2(r, t).
If we consider two electric fields of frequency ω1 and ω2 interacting in a nonlinear medium

to produce a new optical field at the sum frequency ω3 = ω1 + ω2, the process is called
SFG. Similarly, the interaction is known as DFG if the frequency of the new field is the
difference of the input frequencies. The difference between the second-order processes can
be clearly visualized in the virtual energy-level diagram that follows the conservation of
energy as shown in Fig. 2.9. In SFG, two photons of different frequencies are annihilated
to create a new photon with a frequency given by the sum of the input frequencies. SHG
is a particular case of SFG where two photons of the same frequency are converted into a
photon of twice the input frequency. In DFG, the interaction of two photons at different
frequencies creates a photon at the difference frequency. DFG typically occurs when the
input fields are of comparable intensities. If the low frequency field is much weaker than the
high frequency field, the weak field gets amplified by the DFG process and the phenomenon
is known as optical parametric amplification. Even if the low frequency field is not present,
there will be two photons created in the DFG by spontaneous two-photon emission from a
virtual energy level and the phenomenon is known as parametric fluorescence.
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Figure 2.9: Energy-level diagram of second-order nonlinear processes: (a) Second harmonic
generation, (b) Sum-frequency generation (SFG) and (c) Difference frequency generation (DFG).
Optical parametric amplification is a particular case of DFG where a weak field with lower
frequency ω2 is amplified by a nonlinear interaction with a strong field of higher frequency ω3.

2.4.2 Sum frequency generation
A simplified representation of a laser electric field that is propagating along the z direction
with a propagation wave vector k can be written as,

E(z, t) = 1
2A(z) exp [i(ωt− kz)] + c.c., (2.59)

where the field is quasi-monochromatic with frequency ω and linearly polarized, and the
envelope A(z) is separated from the rapid oscillating term. Assuming a lossless nonlinear
medium with collimated, quasi-monochromatic, continuous wave input beams and under
the slowly varying envelope approximation [A(z) is changing slowly with z compared to
the carrier wave i.e. ∂2A

∂z2 � k ∂A
∂z

], a set of coupled-wave equations that represents the
evolution of the amplitudes of the interacting electric fields can be derived. The coupled-
wave equations for sum frequency generation are given by [33],

dA1

dz
= −iω1deff

n1c
A2A3 exp(i∆kz), (2.60)

dA2

dz
= −iω2deff

n2c
A1A

∗
3 exp(−i∆kz), (2.61)

dA3

dz
= −iω3deff

n3c
A1A

∗
2 exp(−i∆kz), (2.62)

where A1, A2 and A3 are the electric field amplitudes of the three interacting waves of
frequencies ω1, ω2 and ω3 with corresponding refractive indices n1, n2 and n3 respectively.
deff is the effective nonlinear optical coefficient of the medium and c is the speed of light.
∆k = k1 − k2 − k3 is the wave-vector mismatch (also called phase mismatch factor).

An analytical solution of the coupled-wave equation for the sum frequency field is possible
within an assumption that the amplitudes A1 and A2 are constants. The intensity of the
output field I3 at the frequency ω3 for a nonlinear medium of length L can then be written
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as,

I3 = 2d2
effω

2
3I1I2

n1n2n3ε0c2L
2 sinc2

(
∆kL

2

)
, (2.63)

where I1 and I2 are the intensities of the input waves, calculated from the field amplitudes
as,

I(z) = 1
2nε0c |A(z)|2 . (2.64)

Equation 2.63 clearly indicates that the efficiency of the frequency mixing process is largely
determined by wave-vector mismatch. The efficiency decreases when ∆k increases. An
efficient mixing of the frequencies requires to fulfill the condition ∆k = 0, which is known as
the perfect phase-matching condition. This can be considered as a momentum conservation
condition, similar to the energy conservation. Both conditions can be expressed as,

~k3 = ~k1 + ~k2 (2.65)

ω3 = ω1 + ω2 (2.66)

2.4.3 Phase-matching
The perfect phase-matching condition for three collinearly propagating waves (ω1 ≤ ω2 <
ω3) can be written as,

ω3n3 = ω1n1 + ω2n2. (2.67)
From Eqs. 2.66 and 2.67,

n3 − n2 = (n1 − n2)ω1

ω3
. (2.68)

It is clear that for the perfect phase-matching condition, n2 has to be smaller than both
n3 and n1, which is not possible in optical materials with normal dispersion (refractive
index increases with frequency). Equation 2.68 can be satisfied by utilizing the natural
birefringence of uniaxial or biaxial crystals, where the refractive index also depends on
the polarization direction of the incident beam. For a given propagation direction, there
exist two refractive indices corresponding to two orthogonally polarized beams known as
ordinary beam (polarized perpendicular to the plane containing the optical axis of the
crystal and the propagation direction) and extraordinary beam (polarized in the plane
containing the optical axis of the crystal and the propagation direction). The refractive
index of the extraordinary beam varies with the propagation direction with respect to the
optical axis of the crystal. Therefore, the perfect phase-matching condition can be obtained
by choosing the polarization direction and the direction of propagation appropriately [see
Tab. 2.2].

Depending upon the polarization of the lower frequency waves, the phase-matching con-
figuration is often classified into two types: type I and type II. Type I refers to the case
where the two lower frequency waves have the same polarization and Type II corresponds
to the case where the lower frequency waves are orthogonally polarized. Both configurations
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Table 2.2: Phase-matching configurations for uniaxial crystals: o: ordinary beam, e: extraordina-
ry beam, ω1, ω2: frequencies of input beams, and ω3: frequency of output beam (ω1 ≤ ω2 < ω3).

Negative uniaxial
ne < no

Positive uniaxial
ne > no

ω1 ω2 ω3 ω1 ω2 ω3
Type I o o e e e o
Type II e o e o e o

are summarized in Tab. 2.2 in the case of uniaxial crystals. The ordinary and extraordinary
beams are represented by o and e respectively.

There are three major approaches to achieve phase-matching in nonlinear crystals as
follows:

a) Critical phase-matching: This is the most common phase-matching technique utilized
in birefringent crystals in which the phase-matching condition is satisfied by selecting
an appropriate crystal orientation with respect to the propagation direction for one
of the interacting waves and the technique is also known as angular phase-matching.
For a uniaxial crystal, the refractive index of a wave with extraordinary polarization
is given by,

1
n2
e(θ)

= cos2 θ

n2
o

+ sin2 θ

n2
e

, (2.69)

where ne(θ) is the refractive index of the extraordinary polarized beam at an angle
θ between the propagation wave vector and the optical axis of the crystal. no is the
ordinary refractive index, which doesn’t depend on θ and ne is the extraordinary
refractive index for θ = 90◦, which equals no at θ = 0◦. The angle θ can be adjusted
to obtain the value of ne(θ) for which the phase-matching condition is satisfied.
As an example of the sum frequency generation process, where three waves propagate
collinearly through a negative uniaxial crystal, the perfect phase-matching condition
in Type I phase-matching can be expressed as,

ω3ne(ω3, θ) = ω1no(ω1) + ω2no(ω2). (2.70)

A major drawback of critical phase-matching is spatial walk-off of the extraordinary
polarized beam i.e. the Poynting vector (the vector that defines the rate of energy
transfer per unit area) subtends an angle with the propagation wave vector if θ 6= 90◦.
Due to the walk-off, the interacting waves with ordinary and extraordinary polariza-
tion separate from each other after propagating a certain distance within the crystal,
resulting in a reduction of the conversion efficiency.

b) Noncritical phase-matching: In this technique, the temperature of the birefringent
crystal is adjusted, instead of the propagation angle, in order to change the refractive



44 2.4 Second-order nonlinear processes

indices of the interacting waves thereby changing the phase velocities and minimizing
the wave-vector mismatch. Therefore, it is also called temperature-controlled phase-
matching. While changing the temperature of the crystal, the angle θ is fixed at 90◦.
As a result, there are no spatial walk-off effects. The term ‘noncritical’ refers to the
fact that this phase-matching approach is relatively insensitive to slight misalignment
of the propagating waves.

c) Quasi-phase-matching: This approach uses a nonlinear material with spatially mo-
dulated nonlinear properties, unlike the homogenous material that is used in other
techniques. The phase-matching is mostly achieved by using an alternating sign of
the effective nonlinear optical coefficient along the propagation length in periodically
poled crystals. In contrast to critical phase-matching, the interacting waves can have
the same polarization states, and the approach is sometimes called type 0 phase-
matching.

2.4.4 Second harmonic generation
In second harmonic generation, the incident field at frequency ω interacts with a χ(2)

nonlinear medium generating radiation at the second-harmonic frequency 2ω. Similar to
the coupled-wave equations for sum frequency generation [Eqs. 2.60, 2.61 and 2.62], the
coupled differential equations for the fundamental and second harmonic field can be written
as [33],

dAω
dz

= −iωdeff

nωc
A2ωA

∗
ω exp(i∆kz), (2.71)

dA2ω

dz
= −i ωdeff

2n2ωc
A2
ω exp(−i∆kz), (2.72)

where ∆k = 2kω − k2ω is the wave-vector mismatch. Aω and A2ω are the amplitudes of the
fundamental and second-harmonic fields respectively propagating along the z-direction,
with corresponding refractive indices of nω and n2ω respectively.

The coupled-wave equations 2.71 and 2.72 can be solved analytically for the intensity
of the second-harmonic field I2ω under an approximation of Aω ≈ constant (undepleted
pump approximation) over a crystal length of L. The solution is given by the equation,

I2ω(L) = 2ω2d2
effIω(0)2

ε0c3n3 L2 sinc2
(

∆kL
2

)
, (2.73)

where Iω(0) is the intensity of the fundamental field at z = 0 and n = nω ≈ n2ω. For a
given crystal and a given fundamental wavelength, the conversion efficiency depends on
the wave-vector mismatch, length of the crystal and the intensity of the fundamental field.
The factor sinc2(∆kL/2) is often called the phase-mismatch factor. An increase in the
crystal length increases the phase-mismatch factor and therefore, decreases the conversion
efficiency.

For more accurate calculations of the conversion efficiency, pump depletion and real
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Figure 2.10: Schematic diagram of optical parametric amplification in a nonlinear medium.
The signal and pump waves propagating along z direction interact nonlinearly in the medium
amplifying the signal wave and generating an idler wave.

beams (instead of plane waves) have to be taken into account. Additional parameters,
which influence the second harmonic generation are laser characteristics such as the beam
divergence and spectral width, and parameters related to the harmonic generation process
such as angular, thermal and spectral sensitivities to the phase-matching condition [30].
For example, a large beam divergence increases the phase-mismatch factor while the perfect
phase-matching is only possible over a narrow spectral range. Any variations of the phase-
matching angle and temperature of the crystal increase the phase-mismatch factor, limiting
the conversion efficiency. The limitations associated with both the laser and harmonic
generation parameters are well-understood and the details can be found in Refs. [30,52].

2.4.5 Optical parametric amplification
Optical parametric amplification (OPA) is a particular case of difference frequency gene-
ration where energy of an intense field at a high frequency is transferred to a field with low
frequency i.e. the low frequency field is amplified, generating a new field whose frequency
is the difference between the frequencies of the two input fields. The high frequency input
field is called pump whereas the low frequency input field and the newly generated field
are called signal and idler respectively (sometimes signal and idler are interchanged). The
energy and momentum conservation for OPA are given by,

ωp − ωs = ωi (2.74)

~kp − ~ks = ~ki (2.75)
The subscripts p, s and i are used for pump, signal and idler respectively.

Coupled-wave equations

If the three waves are propagating along the z-axis in a lossless nonlinear medium with
second-order nonlinear susceptibility as schematically shown in Fig. 2.10, the coupled-wave
equations for parametric amplification under the slowly varying envelope approximation
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can be written as [53],
dAp
dz

= −iωpdeff

npc
AsAi exp (i∆kz), (2.76)

dAs
dz

= −iωsdeff

nsc
ApA

∗
i exp (−i∆kz), (2.77)

dAi
dz

= −iωideff

nic
ApA

∗
s exp (−i∆kz), (2.78)

where ∆k = kp − ks − ki is the wave-vector mismatch that determines the nonlinear
interactions among the pump, signal and idler, and An with n = p, s and i corresponds to
the amplitude of the electric field defined as,

E(z, t) = Re {A(z) exp [i(wt− kz)]} . (2.79)

The analytical solutions of the coupled-wave equations under the assumption of undeple-
ted pump (Ap ≈ constant) for OPA are available elsewhere [53]. The solutions are briefly
discussed here. After a propagation distance of z along the crystal, the solutions for the
signal and the idler intensities are given by,

Is(z) = Is(0)
[
1 + Γ2

g2 sinh2(gz)
]
, (2.80)

Ii(z) = Is(0)ωi
ωs

Γ2

g2 sinh2(gz), (2.81)

where the small signal gain g is defined as,

g =

√√√√Γ2 −
(

∆k
2

)2

, (2.82)

with Γ as the small signal gain for perfect phase-matching given by,

Γ2 = 2ωsωid2
eff

c3ε0ninsnp
Ip. (2.83)

The parametric gain G in a crystal of length L is given by,

G(L) = Is(L)
Is(0) = 1 + Γ2

g2 sinh2(gL). (2.84)

In the approximation of large parametric gain (gL� 1), Eq. 2.84 reduces to,

G(L) ≈ Γ2

g2
exp(2gL)

4 . (2.85)
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This is the expression for parametric gain in the case of monochromatic waves under
the approximation of no depletion of the pump. Despite the restrictive approximations, it
provides insight into the factors governing or influencing the parametric gain. Furthermore,
if the phase-matching is perfect i.e. ∆k = 0 and g = Γ, Eq. 2.85 reduces to,

G(L) = 1
4 exp(2ΓL). (2.86)

It can be seen from the Eqs. 2.82, 2.83 and 2.84 that the parametric gain mainly depends
on the effective nonlinear optical coefficient, the pump intensity, the crystal length and the
wave-vector mismatch. The most critical parameter to achieve large parametric gain is the
wave-vector mismatch. Once the mismatch reduces to zero, the gain varies exponentially
with the effective nonlinear optical coefficient, crystal length and the square root of the
pump intensity. This suggests that pump pulses with high peak power and long crystals
with large deff are essential for large parametric gain and/or high conversion efficiency, once
the phase-matching condition is satisfied.

So far the interacting waves are assumed to be monochromatic, continuous-wave fields.
This can be extended to the interaction of pulses, the electric field of which can be written
as,

E(z, t) = Re {A(z, t) exp [i(ωt− kz)]} , (2.87)
where A(z, t) is the pulse envelope. The nonlinear wave equation, if solved for the electric
field of the pulses, provides a new set of coupled-wave nonlinear equations. Compared to
the coupled-wave equations in the case of monochromatic waves, additional terms appear
which represent dispersion effects. The general coupled-wave equations for ultrashort pulses
are given by [54],

dAp
dz

+
∞∑
n=1

(−i)n−1

n! k(n)∂
nAp
∂tn

= −iωpdeff

npc
AsAi exp (i∆kz), (2.88)

dAs
dz

+
∞∑
n=1

(−i)n−1

n! k(n)∂
nAs
∂tn

= −iωsdeff

nsc
ApA

∗
i exp (−i∆kz), (2.89)

dAi
dz

+
∞∑
n=1

(−i)n−1

n! k(n)∂
nAi
∂tn

= −iωideff

nic
ApA

∗
s exp (−i∆kz), (2.90)

where k(n) is the nth order dispersion coefficient described in section 2.2. Different group
velocities of the pump, signal and idler as well as group velocity dispersion effects, that
appear in the coupled-wave equations via dispersion coefficients, influence the performance
of an OPA. The equations can be simplified if the interacting pulses are longer (�100 fs
transform-limited) by approximating the dispersion coefficient to the first order i.e. ne-
glecting the pulse broadening during propagation through the crystal. Unlike the case of
monochromatic waves, wave-vector mismatch depends upon frequency which largely deter-
mines the phase-matching bandwidth. The analytical solution of the set of Eqs. 2.88, 2.89
and 2.90 is not possible in the general case and it is challenging even in the undepleted
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pump approximation. Therefore, the equations have to be solved numerically which will
be discussed in chapter 4.

Phase-matching bandwidth

For waves with spectral bandwidth ∆ω, the wave-vector mismatch can be expressed in a
Taylor series (up to second-order terms only) around a central frequency ω0 as:

∆k = kp + ∂kp
∂ω

∣∣∣∣∣
ωp0

∆ωp + ∂2kp
∂ω2

∣∣∣∣∣
ωp0

(∆ωp)2 − ks −
∂ks
∂ω

∣∣∣∣∣
ωs0

∆ωs

− ∂2ks
∂ω2

∣∣∣∣∣
ωs0

(∆ωs)2 − ki −
∂ki
∂ω

∣∣∣∣∣
ωi0

∆ωi −
∂2ki
∂ω2

∣∣∣∣∣
ωi0

(∆ωi)2 − ...
(2.91)

If the pump is assumed to be quasimonochromatic (∆ωp ≈ 0), ∆ωs = −∆ωi. Excluding
the second-order terms in the expansion, Eq. 2.91 becomes,

∆k = kp − ks − ki −

 ∂ks
∂ω

∣∣∣∣∣
ωs0

− ∂ki
∂ω

∣∣∣∣∣
ωi0

∆ωs. (2.92)

Assuming a perfect phase-matching at the central frequencies i.e. (kp = ks + ki) and using
group velocities, the expression for wave-vector mismatch becomes,

∆k =
(

1
vgi
− 1
vgs

)
∆ωs. (2.93)

Equation 2.93 refers to a broadband phase-matching condition and indicates that wave-
vector mismatch strongly depends upon the difference between the group velocities of the
signal (vgs) and the idler (vgi). phase-matching occurs over a broad spectrum when vgs =
vgi. This is inherently achieved in a degenerate OPA where the central frequency of the
pump is twice the central frequency of the signal and the idler has the same spectrum as the
signal. Perfect phase-matching up to the first order increases gain bandwidth significantly.

Within the large gain approximation, the full width at half maximum (FWHM) phase-
matching bandwidth is given by [55],

∆ν = 2
√

ln 2
π

√
Γ
L

1∣∣∣ 1
vgi
− 1

vgs

∣∣∣ . (2.94)

This expression shows that the phase-matching bandwidth has a singularity when the OPA
is at degeneracy or if the group velocities of the idler and the signal are matched. Under
these conditions, the gain bandwidth is maximized and will ultimately be determined by
higher-order terms in the expansion of the wave-vector mismatch.

If vgi = vgs, Eq. 2.94 has to be extended to include at least the second-order term in the
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Figure 2.11: Illustration of (a) collinear and (b) noncollinear phase-matching along with the
(c) schematic of the noncollinear case. θ: phase-matching angle between the pump wave vector
(kp) and the optical axis of the crystal, α: noncollinear angle between the pump and signal wave
vector (ks), Ω: angle between the signal and the idler wave vector (ki).

expansion of the wave-vector mismatch. In that case, the gain bandwidth is given by [55],

∆ν = 2(ln 2) 1
4

π

(
Γ
L

) 1
4 1√∣∣∣∣∂2ks

∂ω2
s

+ ∂2ki

∂ω2
i

∣∣∣∣
. (2.95)

In collinear OPA, the propagation direction of the pump and the signal are chosen
in order to satisfy phase-matching, which fixes the signal and the idler group velocities.
The constant difference in the group velocities ultimately determines the phase-matching
and gain bandwidth. When the signal and the idler propagate along the same direction
through the crystal with different group velocities, they get quickly separated as a result
of which the bandwidth is reduced. A particular configuration where pump and signal
propagate at an angle with respect to each other allows group-velocity matching leading
to broadband phase-matching. This type of phase-matching geometry, widely known as
noncollinear phase-matching, is discussed in the following section.

2.4.6 Noncollinear-phase-matching
As discussed in the previous section, a broad parametric gain bandwidth can only be
achieved if the group velocities of the signal and the idler are matched. This can be achieved
in a noncollinear configuration in which the pump and the signal propagate at an angle
with respect to each other. As a result the projection of the idler group velocity along the
signal propagation direction can be chosen so that it matches the group velocity of the
signal. The concept, first introduced in optical parametric generation [28], is widely known
as noncollinear optical parametric amplification (NOPA).

A schematic of noncollinear phase-matching is shown in Fig. 2.11(c). The orthogonal
components of the wave-vector mismatch ∆k can be written as,

∆k‖ = kp cosα− ks − ki cos Ω, (2.96)
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∆k⊥ = kp sinα− ki sin Ω, (2.97)
where α is the angle between the pump and the signal wave vector, called noncollinear angle
and Ω is the angle between the signal and the idler wave vector which varies according to
the signal wavelength. For perfect phase-matching, both ∆k‖ and ∆k⊥ vanish which gives,

k2
p − 2kskp cosα + k2

s − k2
i = 0. (2.98)

Let us discuss how one can calculate the phase-matching angle in a negative uniaxial
crystal such as BBO in a type I phase-matching configuration for a given set of pump
and signal wavelengths, and a given noncollinear angle. In this case, the signal and idler
wave vectors can be calculated from the refractive indices for ordinary polarization at
their respective wavelengths that are obtained according to conservation of energy. For
a given noncollinear angle, Eq. 2.98 can be solved for kp which then provides a value of
the extraordinary refractive index for the pump (np) that is necessary to satisfy perfect
phase-matching, according to

np = kpc

ωp
. (2.99)

where c and ωp are the speed of light and the pump frequency respectively. Then, the
phase-matching angle θ can be calculated by,

1
n2
p(θ)

= cos2 θ

n2
o

+ sin2 θ

n2
e

, (2.100)

where no and ne are the ordinary and extraordinary refractive indices at the pump fre-
quency respectively. np(θ) is the refractive index of the extraordinary polarized pump beam
that corresponds to perfect phase-matching i.e. np(θ) = np.

The above-mentioned procedure allows to calculate the phase-matching angle if the
noncollinear angle is given, which does not necessarily correspond to the maximum gain
bandwidth. In case of broadband phase-matching, a different procedure can be followed to
calculate the noncollinear angle and the phase-matching angle. In this case, the spectral
bandwidth of the signal pulses has to be taken into account. For this, the wave-vector
mismatch in both directions can be expanded in Taylor series around the central frequency
up to first order as,

∆k‖ ≈
∂ks
∂ωs

∆ω + ∂ki
∂ωi

cos Ω∆ω − ki sin Ω ∂Ω
∂ωi

∆ω, (2.101)

∆k⊥ ≈
∂ki
∂ωi

sin Ω∆ω + ki cos Ω ∂Ω
∂ωi

∆ω, (2.102)

where the pump is assumed to be quasimonochromatic (∆ωp ≈ 0) and ∆ω is the spectral
bandwidth of the signal which means the spectral bandwidth of the idler ∆ωi = −∆ω.
Broadband phase-matching implies that ∆k‖ = 0 and ∆k⊥ = 0. Under these conditions,
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Figure 2.12: (a) Calculated phase-matching angles in a BBO crystal for a broad signal spectrum
pumped at 515 nm for different noncollinear angles, including the broadband noncollinear angle
corresponding to each signal wavelength (indicated as ‘magic’ in the legend). (b) Variation of the
wave-vector mismatch when the noncollinear angle is detuned from broadband phase-matching.

the solution of Eqs. 2.101 and 2.102 is given by,

vgs = vgi cos Ω. (2.103)

In addition, from the triangular arrangement of the pump, signal and idler wave vectors
corresponding to the respective central frequencies as shown in Fig. 2.11(c) for perfect
phase-matching, one can write

tanα = ki sin Ω
ks + ki cos Ω , (2.104)

kp sinα = ki sin Ω. (2.105)
where Ω refers to the angle between the signal and the idler wave vector at the correspon-
ding central wavelengths. Equations 2.103 and 2.104 can be solved for the noncollinear
angle α if the pump and signal central frequencies are given. The noncollinear angle calcu-
lated in this way corresponds to perfect phase-matching up to the first order which leads to
a broad gain bandwidth. Note that the noncollinear angle at which the gain bandwidth is
maximum is widely referred in the literature as the ‘magic angle’. Then, the refractive in-
dex at the central frequency of the extraordinary polarized pump np, which corresponds to
broadband phase-matching can be calculated from Eqs. 2.105 and 2.99. Furthermore, the
phase-matching angle θ is found from Eq. 2.100 utilizing np(θ) = np. The noncollinear angle
and the phase-matching angle computed in this way serve as broadband phase-matching
angles in the type I configuration based on a uniaxial crystal.

The above-mentioned procedure can be followed to calculate phase-matching angles for
any set of pump, signal and idler frequencies. Figure 2.12(a) shows the calculated phase-
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Figure 2.13: Influence of the noncollinear angle and the phase-matching angle on the wave-
vector mismatch. (a) Detuning the noncollinear angle keeping the phase-matching angle constant
and (b) Detuning the phase-matching angle keeping the noncollinear angle constant.

matching angles in a BBO crystal for a broad range of signal wavelengths pumped at 515 nm
for five different noncollinear angles including the magic angle for each signal wavelength
[cf. Legend]. For example, broadband phase-matching between 515 nm pump and 850 nm
signal corresponds to a noncollinear angle of 2.5◦ and a phase-matching angle of 24.45◦
which leads to a broad gain bandwidth in the spectral range from ∼ 700 nm to ∼ 950 nm.

If the noncollinear angle is detuned from the magic angle (2.5◦), the phase-matching
is no longer broadband. The phase-matching angle has to be adjusted to achieve perfect
phase-matching for a given noncollinear angle at particular pump and signal frequencies.
As can be seen clearly in Fig. 2.12(b), detuning introduces wave-vector mismatch and
accordingly will reduce the gain bandwidth. Perfect phase-matching is possible only at a
particular signal wavelength and the wave-vector mismatch is significantly minimized over
a certain range of signal spectrum only if the noncollinear angle is close to the magic angle.

Any detuning that doesn’t maintain perfect phase-matching strongly degrades the perfor-
mance of NOPCPAs. Figure 2.13(a) depicts the effect of detuning the noncollinear angle
without maintaining perfect phase-matching. The wave-vector mismatch is significantly
changing over the signal spectrum and far away from the broadband phase-matching. This
indicates that the gain bandwidth as well as the gain/conversion efficiency drops accor-
dingly. In addition, if the phase-matching angle is slightly detuned from the broadband
condition keeping the noncollinear angle fixed at magic angle [Fig. 2.13(b)], the wave-
vector mismatch is uniformly moved away from the case of broadband phase-matching.
This will decrease the gain/conversion efficiency without affecting the bandwidth.
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2.5 Third-order nonlinear processes
This section focuses on third-order nonlinear processes. The third-order nonlinearity is the
lowest order nonvanishing nonlinearity for centrosymmetric materials, where all the even-
order nonlinear susceptibilities are zero because of symmetry [33]. Excluding the second-
order nonlinearity, the expression of the induced polarization given by Eq. 2.55 reduces
to,

P(r, t) = ε0χ
(1)E(r, t) + ε0χ

(3)E3(r, t), (2.106)
Considering an incident scalar electric field propagating along the z-direction,

P (z, t) = ε0χ
(1)E(z, t) + ε0χ

(3)E3(z, t). (2.107)

If E(z, t) is assumed to be a monochromatic field of frequency ω with an amplitude A(z)
such that E(z, t) = A(z) cos(ωt), the expression for the induced polarization (Eq. 2.107)
reduces to,

P (z, t) = ε0χ
(1)A(z) cos(ωt) + ε0χ

(3)A3(z)
[1
4 cos(3ωt) + 3

4 cos(ωt)
]
. (2.108)

The second term in the right hand side of Eq. 2.108 corresponds to the process of third
harmonic generation, where an incident field at frequency ω interacts with the nonlinear
medium generating a field at frequency 3ω. The third term refers to a nonlinear contribution
to the induced polarization at the frequency of the incident field. Therefore, the term
describes a nonlinear change in the refractive index that is experienced by the field at
frequency ω. Such a nonlinear variation of the refractive index for the incident field because
of the intensity of the field itself is known as the optical Kerr effect.

2.5.1 Kerr effect
The Kerr effect is a nonlinear optical effect in which a high intensity light beam modifies
the refractive index of the medium through which it propagates. The change in refractive
index ∆n for the high intensity beam itself is typically expressed as,

∆n = n2I (2.109)

where I is the intensity and n2 is the nonlinear refractive index of the medium. In order to
calculate the expression for ∆n, let us consider the nonlinear contribution to the induced
polarization that is responsible for the nonlinear refractive index (the third term of Eq.
2.108),

P3(z, t) = 3
4ε0χ

(3)A3(z) cos(ωt). (2.110)
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Using the expressions for the electric field E(z, t) and the nonlinear polarization P3(z, t)
in the wave equation 2.58, where ∇2 is replaced by d2/dz2,

d2A

dz2 −
1
c2

(
ε(1) + 3

4χ
(3)|A|2

)
d2A

dt2
= 0. (2.111)

Equation 2.111 provides an expression for the refractive index as,

n =
√
ε(1) + 3

4χ
(3)|A|2 = n0

√√√√1 + 3
4
χ(3)|A|2
n2

0
, (2.112)

where n0 is the linear refractive index such that n2
0 = ε(1) = 1 + χ(1) . If the expression for

the refractive index n is expanded in a Taylor series assuming that the second term within
the square root is very small,

n ≈ n0

(
1 + 3

8
χ(3)|A|2

n2
0

)
. (2.113)

As the intensity of the incident wave can be expressed as,

I = 1
2cεn0|A|2, (2.114)

Equation 2.113 is reduced to,

n ≈ n0

(
1 + 3

4
χ(3)I

cε0n3
0

)
, (2.115)

implying that n2 is given by,

n2 = 3
4
χ(3)

εcn2
0
. (2.116)

The nonlinear effects associated with the optical Kerr effect or the intensity-dependent
refractive index such as self-focusing and self-phase modulation are briefly discussed in the
following section.

Self-focusing

Self-focusing refers to the focusing of a high intensity beam propagating through a medium
due to the beam itself changing the refractive index of the medium. The profile of the
refractive index follows the intensity profile of the beam leading to a refractive index
gradient in space, and in the case of pulsed lasers, in time. The high intensity part of
the beam slows down due to the larger change in the refractive index compared to the
low intensity part. This means that the medium acts like a lens (also called Kerr-lens),
distorting the wavefronts and focusing the beam. The focusing makes the beam more
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intense and therefore, the Kerr-lens stronger. Depending upon the length of the medium,
the process continues until the material is ionized. This can ultimately lead to a catastrophic
damage of the medium.

The upper limit of the peak power beyond which self-focusing occurs is typically defined
as the critical power (Pcr) by the equation [35],

Pcr = 3.77λ2

8πn0n2
, (2.117)

Self-phase modulation

Self-phase modulation refers to the modulation of the nonlinear phase of an optical pulse
by its intensity via the nonlinear change in the refractive index of the medium. In order
to calculate the expression for the nonlinear phase, let us consider the electric field of an
optical pulse,

E(z, t) = 1
2A(z, t) exp[i(k0z − ω0t)] + c.c.. (2.118)

The intensity of the pulse I(z, t) is,

I(z, t) ∝ |A(z, t)|2, (2.119)

and the propagation constant k0 at center frequency ω0 is,

k0 = ω0

c
n(t) = ω0

c
[n0 + n2I(t)]. (2.120)

Then, the expression for the intensity-dependent phase is,

φ(t) = ω0t−
ω0

c
n0z −

ω0

c
n2I(t)z. (2.121)

The third term in Eq. 2.121 corresponds to the intensity-dependent nonlinear phase. As
can be seen, the nonlinear phase has the same temporal shape as the intensity. The instan-
taneous frequency can be written as,

ω(t) = dφ(t)
dt

= ω0 −
ω0

c
n2
dI

dt
z. (2.122)

Therefore, the pulse experiences a frequency shift in the instantaneous frequency given by,

∆ω(t) = −ω0

c
n2
dI

dt
z. (2.123)

This means that the leading edge of the pulse (rising intensity) introduces a red shift
towards the lower frequency range whereas the trailing edge (falling intensity) introduces a
blue shift towards the higher frequency range. Indeed, the self-phase modulation generates
new frequency components, the spectrum gets broadened and the pulse is chirped. A pair
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Figure 2.14: (a) Intensity profile of a Gaussian pulse, and (b) the instantaneous change in
frequency as a function of time due to the Gaussian pulse propagating through an optically
transparent medium (taken from Ref. [34]). On the leading edge of the pulse the frequency
is lowered whereas on the trailing edge it is increased, resulting in a broadening of the pulse
spectrum.

of equal frequencies will be generated at times t1 and t2 as shown in Fig. 2.14. As the
phase difference between the components depends upon (t2− t1), constructive interference
occurs for ω0∆t = 2πm, with m an integer, and destructive interference occurs for ω0∆t =
(2m + 1)π. The interference effects lead to modulations in the output spectrum. As an
example, let us consider an ultrashort pulse of 1 ps FWHM duration with a pulse energy
of 1 µJ at a central wavelength of 1030 nm propagating through a single mode, solid-core
optical fiber with a fundamental mode field diameter of 30 µm. For a fiber length of 5 cm,
the spectrum is broadened from 1.56 nm to 16.81 nm as shown in Fig. 2.15. The dispersion
is not included in the calculation, assuming that the effect for the 1 ps pulse within the
short fiber is negligible. The pulse propagation was simulated in the software ‘fiberdesk’
(DEMO version 4) [56], considering only self-phase modulation.

2.5.2 Nonlinear pulse propagation in fibers
Let us consider an optical pulse propagating through an optical fiber, which is quasi-
monochromatic i.e. the spectral width ∆ω is much smaller than the central frequency ω0
(∆ω/ω0 � 1). The electric field of the pulse, in the slowly varying envelope approximation
(the pulse envelope is slowly varying over time relative to the optical cycle), can be written
as [57],

E(r, t) = 1
2 x̂{F (x, y)A(z, t) exp[i(β0z − ω0t)] + c.c.}, (2.124)
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Figure 2.15: Calculated spectrum of an ultrashort pulse of 1 ps FWHM duration at the input
and the output of a single mode, solid-core optical fiber with a fundamental mode field diameter
of 30 µm and a length of 5 cm. The input pulse energy is 1 µJ and the spectrum is centered at
a central wavelength of 1030 nm. The spectral broadening and the modulations in the output
spectrum are due to self-phase modulation.

where x̂ is the polarization unit vector, A(z, t) is the slowly varying pulse envelope, F (x, y)
is the modal distribution of the fiber, and β0 is the mode-propagation constant1 at frequency
ω0. Similar to the case of propagation wave vector, β(ω) can be expanded in a Taylor series
around ω0 according to,

β(ω) = β0 + β1(ω − ω0) + 1
2β2(ω − ω0)2 + 1

6β3(ω − ω0)3 + ..., (2.125)

where β1 and β2 correspond to the group velocity and group velocity dispersion of the fiber,
and β3 refers to the third-order dispersion.

The propagation equation for the pulse envelope A(z, t) can be derived from the wave
equation 2.58. Considering only the third-order nonlinear polarization, and dispersion terms
up to the second-order, the propagation of the pulses is given by the equation,

∂A

∂z
+ α

2A+ β1
∂A

∂t
+ i

β2

2
∂2A

∂t2
= iγ|A|2A, (2.126)

where the term with attenuation coefficient α includes fiber losses and the terms with β1
and β2 represent dispersion effects. The nonlinearity of the fiber is included by the right
hand side of the equation with γ known as the nonlinear coefficient of the fiber, which is

1The propagation constant of a mode in a fiber is a parameter which describes the evolution of the
amplitude and phase of the light with a given frequency along the propagation direction.
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defined as,
γ = n2ω0

cAeff
, (2.127)

with n2 as the nonlinear refractive index of the fiber core, c the speed of light, and Aeff the
effective mode area. For a Gaussian mode distribution of mode-field radius w, the effective
mode area is given by πw2.

If a frame of reference moving with the pulse at the group velocity vg is assumed according
to T = t− z/vg ≡ t− β1z, and the attenuation constant is assumed to be zero, Equation
2.128 can be reduced to [57],

i
∂A

∂z
− β2

2
∂2A

∂T 2 + γ|A|2A = 0, (2.128)

which describes the propagation of pulses in single-mode fibers and is referred to as the
nonlinear Schrödinger equation (NLSE). This is the fundamental equation for the nonlinear
propagation of optical pulses in fibers.

Depending upon the initial pulse duration and peak power of the pulse, either the disper-
sion term or the nonlinear term or both dominates during the pulse propagation through
the fiber. Therefore, the nonlinear pulse propagation is often classified into different regi-
mes based on two length scales known as the dispersion length and the nonlinear length.
The dispersion length (LD) is defined as,

LD = τ 2
0
|β2|

, (2.129)

where τ0 is the initial pulse duration. Similarly, the nonlinear length (LNL) is defined as,

LNL = 1
γP0

, (2.130)

where P0 is the initial peak power of the pulse. Based upon the length of the fiber L, the
following four regimes can be encountered.

1. L� LD, L� LNL: The pulse propagates without distortions.

2. LD � L� LNL: The temporal profile is affected by the dispersion but the nonlinea-
rity doesn’t have any influence. The spectrum remains unchanged.

3. LD � L� LNL: Nonlinearity dominates and the spectrum gets broadened.

4. L� LD, L� LNL: Both nonlinearity and dispersion affect the pulse propagation.

Nonlinear pulse compression

Nonlinear pulse compression refers to a technique of generating very short pulses with high
pulse energy/high average power, which is otherwise limited by the available gain band-
width of ultrafast amplifiers via gain narrowing. It is a two-step process as schematically
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Figure 2.16: Schematic diagram of nonlinear pulse compression along with a sketch of the
temporal and spectral profile of the optical pulse (taken from Ref. [35]). The input spectrum is
broadened in a nonlinear medium by self-phase modulation. Then, the nonlinear chirp is com-
pensated using a dispersive delay line leading to a compressed pulse.

shown in Fig. 2.16. First, the spectrum of the high energy/high power pulses is broadened
in a χ(3) nonlinear medium with normal dispersion due to self-phase modulation as descri-
bed earlier. Because of the increased bandwidth, the optical pulses can be compressed in
time. This is only possible if the nonlinear chirp acquired by the pulses due to self-phase
modulation is compensated. The dispersion compensation, which is the second step of non-
linear pulse compression, is performed by using dispersive elements such as chirped mirrors
or grating pairs. Since the nonlinear pulse propagation in a normally dispersive medium
introduces positive chirp (up-chirp), a dispersive delay line providing negative chirp leads
to the compression of pulses.

Optical fibers or waveguides are often utilized as nonlinear medium due to the fact that
the guided-wave geometry ensures that the nonlinear phase shift and thereby the spectral
broadening is uniform over the transverse spatial profile. Additionally, the available input
pulse energy and peak power determine the characteristics of the nonlinear medium. For
low peak power pulses with energy less than a few microjoules, solid core fibers [58,59] or
bulk dielectrics [60] have been used. These are limited by self-focusing when the peak power
increases. For example, for fused silica the power is limited to ∼4 MW for linearly polarized
light. The self-focusing threshold can be increased by using noble gases as nonlinear medium
in hollow capillaries. Gas-filled glass fiber capillaries have been widely used for spectral
broadening of millijoule-level ultrashort pulses [11, 61]. However, the large core size of
capillaries - necessary for low transmission loss - requires high peak power for efficient
spectral broadening. Therefore, solid core fibers and gas-filled capillaries are not suitable
for sub-picosecond pulses with a pulse energy in the range of 10 µJ to 200 µJ.

Gas-filled hollow-core photonic crystal fibers provide simultaneous reduction of the core
size and the transmission loss over a broad bandwidth. In particular, the recent development
of hollow-core Kagome-type fibers has enabled pulse compression with moderate pulse
energies and at high average power. Kagome-type fibers are based on an inhibited coupling
guiding mechanism [62] in which the overlap between the optical field of the core modes
and the cladding modes is strongly reduced. This mechanism is different from the photonic
bandgap-guiding in which the coupling of the core modes with the cladding is avoided due
to the absence of cladding modes at the frequencies and the effective refractive indices of
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the core modes.
In recent years, Kagome-type fibers have offered very low loss, broadband transmission,

ultra-low dispersion and highly reduced optical field overlap with the surrounding silica
material [63–65]. These excellent features have been exploited in several pulse compression
experiments [66–72], showing its potential for the compression of sub-picosecond pulses
with moderate peak power. Remarkable achievements include a large pulse compression
factor of 18 [67], sub-10 fs few-cycle pulses [73] and gigawatt level peak power [70]. It is
worth to mention that Kagome-type fibers have been found very useful for ultrashort pulse
delivery. These fibers are capable of transporting ultrashort pulses with high average power
up to 100 W and pulse durations of 300 fs [74] as well as 600 fs pulses with millijoule-level
pulse energies [75]. This is of great importance for fiber-based beam delivery in industries
where handling high pulse energy and high average power of ultrashort pulses is challenging.



3 Development of a sub-ps, mJ-level pump laser

As discussed in the introduction, optical parametric chirped-pulse amplification (OPCPA)
is the technique of choice for the amplification of few-cycle pulses at high repetition rates,
and the scaling of the pulse energy and the average power is limited by the pump lasers.
Therefore, a significant part of the thesis was focused on the development of a highly
stable, high energy and high average power ultrafast laser in the near-infrared, providing
sub-picosecond pulses with millijoule-level pulse energy at a repetition rate > 100 kHz. The
laser development work was carried out at the research and development department of
Amplitude Systèmes, Bordeaux, France, and the major goal of the research was to build
a compact, highly stable industrial laser rather than the demonstration of cutting-edge
laser technology and a state-of-the-art laser system. The development was based on the
established laser technology focusing on compactness and stability. For this reason, the
reported laser characteristics are not expected to compete with record laser parameters.

Beginning with a brief overview of the limitations in the amplification of high energy, high
power ultrafast pulses, this chapter presents a table-top, millijoule class, sub-picosecond in-
dustrial laser system at a center wavelength of 1030 nm based on thin-disk technology. The
excellent characteristics of the laser have been preserved in the highly efficient frequency
conversion, generating second and third harmonic wavelengths, which indicate the suita-
bility of the laser to pump an optical parametric amplifier in the visible and near-infrared
spectral range. In addition, the laser source was used in nonlinear pulse compression in a
hollow-core Kagome fiber to reduce the pulse duration.

3.1 Background
The primary goal of the laser development work was to scale the pulse energy and average
power of ultrafast amplifiers. It has been known for a long time that simultaneous scaling of
the pulse energy and the repetition rate (i.e. the average power) of ultrafast laser amplifiers
has to overcome twofold limitations. On the one hand, high peak power pulses suffer from
nonlinear propagation effects such as self-focusing and self-phase modulation [see chapter
2] during the propagation through optical components including the gain medium. These
effects can introduce distortions in the pulses, and in extreme cases, lead to damage of the
gain medium and/or other optical components. On the other hand, thermal effects such as
thermal lensing and thermal-induced birefringence arising due to the heat generated in the
gain medium of the amplifiers, as discussed in chapter 2 limit the average output power.
Therefore, simultaneous scaling of the pulse energy and average power of ultrafast lasers
requires the management of thermal and nonlinear effects.

There have been extensive studies on the techniques that can be employed to minimize
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the impacts of nonlinear and thermal effects. The management techniques ultimately de-
termine the architecture of a laser system. The chirped pulse amplification technique, as
discussed in chapter 2, is an elegant solution to avoid optical nonlinearities, whereas the
thermal issues are tackled to some extent by using different laser geometries, where the
increased surface-to-volume ratio of the gain medium eases the heat removal. Based on the
geometry of the laser gain medium, laser architectures are classified into different categories
such as rod-type, fiber, Innoslab, thin-disk etc. (see Refs. [76,77] and references therein for
details of these laser geometries). In recent decades, thin-disk technology utilizing Yb:YAG
crystal as a gain medium has been very successful for average power scaling of ultrafast
laser systems in the near-infrared spectral range, and is considered as a potential technique
for scaling the pulse energy [78, 79]. Therefore, this work utilized a thin-disk architecture,
which is briefly described in the following section.

3.1.1 Thin-disk geometry
In a thin-disk laser architecture, a doped material of few hundreds micron thickness is
used as the active medium. The material is coated for high reflection of the pump and
laser wavelengths on the back side, and anti-reflection coated for both on the front side.
The disk is then soldered to a heat sink in such a way that the heat flow is approximately
along the direction of the laser beam propagation as shown in Fig. 3.1. Since the disk
is very thin, the heat is generated close to the surface of the disk and the cooling is
efficient, leading to a significantly reduced thermal load. The disk also acts as a reflecting
mirror in a laser cavity or amplifier. The main advantage of the thin-disk geometry is
that scaling of the average power is possible by increasing the pump beam cross-section,
keeping the intracavity intensity constant and without increasing the brightness1 of the
pump diodes. Similarly, the large transverse mode sizes of the laser, compared to the
longitudinal extension of the gain medium, helps to minimize nonlinear effects such as
self-phase modulation, thus allowing the amplification of high energy and high peak power
pulses (unless the pulses have to pass through the gain medium several times, for example,
in a regenerative amplifier). However, because of the very thin gain medium, multiple passes
of the pump beam through the disk are necessary to achieve a high population inversion,
which is typically done with a proper arrangement of folded prisms.

In a thin-disk geometry, the thickness of the gain medium is typically in the range of
100 µm to 400 µm. Despite its importance from the thermal management point of view, the
thin gain medium has two major drawbacks: a low pump absorption efficiency and a low
single-pass gain. Nevertheless, there have been elegant solutions to these problems. On the
one hand, the problem of low pump absorption efficiency is alleviated by using multiple
passes of the pump beam. On the other hand, the overall gain of the amplifier is enhanced
by using either a regenerative amplifier cavity or a multipass configuration. Modern high
power thin-disk amplifiers often consist of a regenerative amplifier, which amplifies weak

1The brightness of a laser source is typically defined as the power divided by the product of the mode area
at the focal plane and the solid angle in the far-field.
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Figure 3.1: Schematic of a thin-disk laser. The front and back surface of the thin-disk are coated
for anti-reflection (AR) and high reflection (HR), respectively, of the pump and laser wavelengths.
The disk is then soldered to a water-cooled heat sink. The pump beam is imaged into the disk
using a parabolic mirror, and multiple passes of the pump beam are realized by using folded
prisms. The laser cavity is formed between the highly reflective mirror HR and the partially
reflective output coupler OC, through which the laser beam is coupled out of the cavity.

pulses from an oscillator with high gain, and a multipass amplifier in order to boost the
output power/pulse energy with high extraction efficiency, as discussed in chapter 2.

More than 2 kW average power and 6.7 mJ pulse energy with a few picoseconds pulse
duration at a central wavelength of 1030 nm have recently been achieved in a multipass
configuration [80]. Further scaling of both the average power and the pulse energy is mainly
hindered by thermal distortions of the disk as well as nonlinear effects due to the high peak
intensity. In the near-infrared spectral range, the thin-disk geometry utilizing an Yb:YAG
gain medium has been found successful in scaling of the average power and pulse energy of
laser amplifiers [78,81]. The following section briefly reviews the important characteristics
of the Yb:YAG as a laser gain medium.

3.1.2 Yb:YAG as gain medium
Ytterbium is used as an active dopant in its trivalent form (Yb3+) in several host materials
such as glasses and crystals. Yttrium Aluminum Garnet (YAG, Y3Al5O12) is one of the
most common host materials which, after doping with ytterbium ions, is widely used as
gain medium in solid state laser amplifiers.

The energy level structure of the ytterbium ion consists of two manifolds; the ground ma-
nifold 2F7/2 with four Stark-shifted levels and the excited manifold 2F5/2 with three Stark
levels, as shown in Fig. 3.2(a). The two manifolds are well-separated and their spectros-
copy is simple compared to other rare-earth ions. Figure 3.2(b) shows the absorption and
emission cross sections of a Yb:YAG crystal at room temperature. Some of the common
absorption- and emission-wavelengths are indicated in the energy level diagram. The main
emission peak is around 1030 nm. There are three major absorption peaks around 915 nm,
940 nm and 969 nm which are suitable for diode-pumping. The absorption and emission
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Figure 3.2: (a) Energy level structure of Yb3+ at room temperature [82], and (b) typical absorp-
tion and emission cross sections of Yb:YAG crystals [83]. The highest emission cross section is at
1030 nm whereas the absorption peaks are at 915 nm, 940 nm and 969 nm. The broad absorption
peak around 940 nm is more suitable for diode-pumping due to the reduced constraints on the
wavelength stability of the pump diode.

peak at 969 nm arises from the transition between the Stark levels a and e (so-called
zero-phonon line due to the fact that there is no phonon involved during the absorpti-
on/emission of photons). However, the detailed absorption and emission spectra depend
on the temperature and doping concentration due to the fact that the transition linewidths
are broadened due to collision broadening. If the temperature decreases, the excitation of
the lattice vibrations is reduced resulting in narrower linewidths and larger emission cross
sections. Therefore, the absorption and emission cross sections are enhanced significantly
at cryogenic temperatures.

Yb:YAG as an active medium has several advantages, and as a result it is widely em-
ployed to build solid state lasers and amplifiers in the spectral range around 1 µm. Some
of the important reasons behind the choice of Yb:YAG as gain medium, with laser diodes
as pump are the followings [84,85]:

• The electronic structure is relatively simple which eliminates parasitic processes such
as excited-state absorption2 that reduce the gain.

• The quantum defect is low, which reduces thermal effects. For a pump wavelength
of 940 nm and laser wavelength of 1030 nm, the quantum defect is only 8.7 %, much
lower compared than 24 % in the case of a Nd:YAG laser for the pump and laser
wavelengths of 808 nm and 1064 nm respectively.

• The emission spectrum is broad (∼6 nm), which allows the generation and amplifica-
2Absorption of photons by atoms or ions in an excited electronic state
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tion of sub-picosecond pulses (6 nm corresponds to a Fourier-transform limited pulse
duration of 260 fs for a Gaussian pulse).

• The absorption spectrum is broad, in particular around 940 nm, which reduces the
constraints on pump diodes. As an example, pump diodes without highly stabilized
emission wavelength can be utilized.

• The lifetime of the upper laser level is long (around 1 ms) which allows to store large
amounts of energy.

• The host material YAG offers a high thermal conductivity and a high tensile strength3.

• High doping levels are possible for high gain, which allows the use of short crystals.

Despite the above-mentioned advantages of Yb:YAG crystals as laser gain medium, the
population of the lower laser level depends upon the temperature and therefore the material
corresponds to a quasi-three level laser at room temperature. For this reason, it requires
high pump power densities (>1.5 kW/cm2) to reduce re-absorption of the laser wavelength.
However, high pump power densities are possible due to the availability of high power pump
diodes at the absorption bandwidth around 940 nm.

3.2 System block diagram
In this work, the well-established approach of a regenerative amplifier, in combination with
the chirped-pulse amplification technique was adopted in order to amplify pulses from a
fiber oscillator. The block diagram of the system is shown in Fig. 3.3. The stretched seed
pulses from the front-end were amplified in a regenerative amplifier based on a Yb:YAG
thin-disk laser architecture, and compressed using a grating compressor. The compressed
pulses (at a central wavelength of 1030 nm) were frequency-upconverted in order to achieve
radiation at shorter wavelengths (515 nm and 343 nm), which is necessary if the laser is
to be used for pumping optical parametric amplifiers [see section 2.4.5] in the visible and
near-infrared spectral range. In addition, nonlinear pulse compression was carried out in
a Kagome fiber in order to shorten the pulse duration towards 100 fs, which will be useful
e.g. to generate high harmonic radiation at high repetition rates.

3.3 Front end
The front end, provided by Amplitude Systèmes was an all-fiber laser system. It consists of
a passively mode-locked Yb-doped fiber oscillator, a chirped-fiber Bragg grating stretcher
and an Yb-doped fiber pre-amplifier. The stretched pulses at the output of the system
directly seed the regenerative amplifier. Such a seed source is compact, highly stable and
3The tensile strength is defined as the maximum force per unit area that a material can support without
fracture when it is stretched.
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Figure 3.3: Representative block diagram of the laser system developed during this work. The
front end, which is provided by Amplitude Systèmes, consists of a fiber oscillator, a stretcher
and a fiber pre-amplifier. The output parameters of the front-end are presented in section 3.3.
The design and characteristics of the regenerative amplifier developed within this work using
a Yb:YAG thin-disk as a gain medium are presented in section 3.4. The amplified pulses are
compressed in a grating compressor [section 3.4.6]. The compressed output is characterized at
different pulse repetition rates and the results are presented in section 3.5. Second and third
harmonic generation of the amplified pulses are reported in section 3.6. In addition, nonlinear
compression of the sub-picosecond pulses from the amplifier system are carried out in a Kagome
fiber, and is discussed in section 3.7. The dotted block represents a proposed way of scaling the
average power of the regenerative amplifier.

alignment-free, and has been widely used in the last decade as a source of sub-picosecond
pulses, to seed high energy, high power ultrafast amplifiers.

The nominal output average power of the front end was ∼10 mW at a pulse repetition
rate of 40.7 MHz. This corresponds to a pulse energy of 0.25 nJ. The output spectral profile
was measured using a spectrometer (AVANTES) with a spectral resolution of 0.06 nm, and
is shown in Fig. 3.4. The spectral width is ∼11.8 nm (FWHM). Since the second-order
dispersion introduced by the chirped-fiber Bragg grating stretcher was 35 ps/nm, which is
equivalent to a group delay dispersion of 19.7 ps2 at a center wavelength of 1030 nm(see
Eq. 2.32), the stretched pulse duration was ∼ 400 ps (the specifications were provided by
the company).

3.4 Yb:YAG thin-disk regenerative amplifier
3.4.1 Schematic of the amplifier system
A regenerative amplifier similar to the standard regenerative amplification scheme [86] was
built with a thin Yb:YAG disk as gain medium. The schematic of the experimental set
up is shown in Fig. 3.5. The output of the front end was collimated by using a lens. The
half-wave plate (HWP1) was used to adjust the plane of polarization of the seed pulses.
In the Faraday isolator (see Appendix for details) ISO the pulses traveling in the direction
from the oscillator to the amplifier are allowed to pass while those coming back in the
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Figure 3.4: Spectral profile at the output of the front-end.

direction of the front-end are rejected.
The combination of a thin-film polarizer (TFP1), a half-wave plate (HWP2) and a Fa-

raday rotator were used to separate the output pulses from the input based on the pola-
rization so that the amplified pulses will not return to the front end. The high-reflective
plane mirror PM3 and the high-reflective convex spherical mirror CM5 were used as the
end mirrors of the optical cavity (see section 3.4.3 for the design of the cavity). The seed
pulses enter into the cavity and the amplified pulses leave the cavity through the thin-film
polarizer TFP2. This operation was controlled by an optical switch, which consisted of the
combination of the polarizer TFP2, the quarter-wave plate (QWP), the plane mirror PM3
and the Pockels cell PC (see Appendix for details). The Pockels cell had a beta-barium
borate (BBO) crystal, with a clear aperture of 4 mm and length of 30 mm. Because of the
high damage threshold of the BBO crystal, it is preferred for high average power and high
repetition rates.

A thin-disk pump module, which was provided by the Institut für Strahlwerkzeuge
(IFSW) Stuttgart, was utilized to mount an Yb:YAG thin-disk that was soldered on a
copper mount. The copper mount was cooled with water. The disk was 200 µm thick, with
a doping concentration of 7 at.%4. The front and rear surfaces of the disk were coated
for anti-reflection and high reflection of the pump and laser wavelengths respectively. The
pump beam was focused by a parabolic mirror of 32.5 mm focal length onto the thin disk.
24 passes (12 reflections) of the pump beam through the thin-disk were realized by using
folded prisms in combination with the parabolic mirror.

The disk was pumped with a laser diode, that delivered a maximum continuous-wave
power of 200 W through a single mode fiber with a 600 µm mode field diameter. The emis-
sion spectrum was centered at 940 nm, exactly at the broad absorption peak of Yb:YAG.
The collimated output of the pump-delivery fiber was imaged onto the disk with a spot size

4 ‘at.%’ refers to the atomic percentage of the dopant e.g. ytterbium ions in Yb:YAG which refers to the
fraction of yttrium ions Y 3+ in YAG that have been replaced with ytterbium ions.
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Figure 3.5: Schematic layout of the regenerative amplifier. After collimating the output of the
front end by using a lens, a half-wave plate (HWP1) adjusts the plane of polarization. The
isolator (ISO) prevents optical feedback from the amplifier to the front end. The combination of
a thin-film polarizer (TFP1), a half-wave plate (HWP2) and a Faraday rotator (FR) separates
the amplified pulses from the seed pulses based on their polarization. Similarly, the combination
of a thin-film polarizer (TFP2), a quarter-wave plate (QWP), a Pockels cell (PC) and a plane
mirror (PM3) couples the seed pulses into the cavity and the amplified pulses out of the cavity.
The plane mirror PM3 and the curved mirror CM5 are the end mirrors of the cavity. The plane
mirrors PM5 and PM6 are used to make a second pass through the disk. The ‘Disk’ corresponds
to a Yb:YAG thin-disk, which is pumped by a laser diode with an emission wavelength of 940 nm.
A photodiode (PD) monitors the evolution of the intracavity pulses during the amplification.

of 2.2 mm (full width at 1/e2 of peak intensity). This corresponds to a maximum intensity
of 5.26 kW/cm2. For this set of parameters, ≈ 94 % of the incident pump power was absor-
bed in 24 passes, which corresponds to a stored fluence of ∼ 0.688 mJ/cm2 (calculations
were performed using the equations given in Ref. [87]). Note that this work focused on
experiments rather than numerical analysis of the amplification process considering the
fact that similar regenerative amplifier configurations have been extensively studied both
experimentally and numerically in the last decades.

3.4.2 Working principle
The working principle of regenerative amplifiers is explained elsewhere [86]. For comple-
teness, the principle is described here with respect to the schematic shown in Fig. 3.5. The
amplifier is divided into three blocks based on their roles and the function of each block is
summarized as follows.
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1. Separation of input and output pulses: After passing through the isolator (ISO)
[see Appendix], the p-polarized seed pulses pass through the thin-film polarizer TFP1.
The half-wave plate HWP2 is adjusted in such a way that the polarization direction
of the pulses is rotated by 45◦ counter-clockwise. Then the Faraday rotator changes
the polarization direction by 45◦ in the clockwise direction. This means that after
the Faraday rotator the seed pulses are still p-polarized and can pass through the
thin-film polarizer TFP2 entering into the cavity.
After amplification inside the cavity the pulses are coupled out through the polarizer
TFP2 (see the second block for the details). The p-polarized amplified pulses, while
propagating back through the Faraday rotator, are rotated by 45◦ clockwise as be-
fore. Then, the polarization state of the amplified pulses after the half-wave plate is
changed to s-polarization. In this way, the polarization state of the amplified pulses
is orthogonal to that of the input pulses. The amplified pulses are then reflected by
the polarizer TFP1 and directed towards the compressor.

2. Coupling the pulse into and out of the cavity: When there is no high voltage
applied to the Pockels cell, the p-polarized seed pulse, after passing through the
polarizer (TFP2), Pockels cell (PC) and quarter-wave plate (QWP), is reflected back
by the end mirror (PM3). After going through the quarter-wave plate twice, the
polarization plane is rotated by 90◦. The s-polarized pulse is then reflected by the
thin-film polarizer towards the gain medium. The pulse is returned to the switching
elements again after one round trip. If the voltage is kept OFF, the polarization
state of the reflected pulse from the end mirror after passing through the quarter-
wave plate twice is changed back to p-polarization and the pulse is transmitted
through the polarizer. This way, the seed pulse makes only one round trip. However,
if the voltage is turned ON so that the Pockels cell acts as a quarter-wave plate, the
polarization plane of the returning pulse from the gain medium is the same as the
input pulse even after the reflection from the end mirror. This is possible due to the
combination of a single reflection and a double pass through the two quarter-wave
plates, which altogether act as a full-wave plate and rotate the polarization plane
by 180◦. Therefore, the s-polarized seed pulse is trapped inside the cavity as long as
the quarter-wave voltage signal is ON. During this time, the subsequent p-polarized
seed pulses from the front end pass through the switching elements twice keeping the
polarization fixed and are ejected out of the cavity without reaching the gain medium.
The time during which the high voltage signal is ON defines the amplification window
for the trapped seed pulse.
To eject the pulse out of the cavity after amplification, the voltage is switched back to
zero. Then, the polarization plane of the amplified pulse after reflection from the end
mirror and passing through the quarter-wave plate is rotated by 90◦. The p-polarized
amplified pulse passes through the polarizer TFP2 and travels towards the Faraday
rotator on the same path via which the seed came in. The thin-film polarizer TFP1
separates the amplified pulse from the input seed pulse because of their different
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polarization.

3. Amplification: Once the seed pulse is trapped inside the cavity, it passes through
the gain medium. The number of passes depends upon the chosen configuration e.g.
two in each reflection and four in each round trip. By implementing an additional
reflection from the thin-disk within a round trip (using the two plane mirrors PM5
and PM6 in the case of the configuration shown in the schematic 3.5), the number of
passes through the gain medium can be doubled (eight in one round trip) keeping the
passes through the Pockels cell constant (thus minimizing the losses). This increases
the round-trip net gain and ultimately reduces the number of round trips that is
necessary to extract the stored energy efficiently. By controlling the number of round
trips via the switching time window of the Pockels cell, the maximum possible energy
is extracted from the gain medium and the amplified pulse is coupled out of the
cavity by switching the quarter-wave voltage signal of the Pockels cell back to zero.
The numerical modeling of the laser dynamics of a regenerative amplifier (see Refs.
[86,88–90]) can be utilized to estimate the relevant amplification parameters.

3.4.3 Cavity design
The cavity was designed with the help of an open-source simulation software- reZonator.
It calculates the beam propagation with the ABCD matrix formalism, as mentioned in
chapter 2, where each optical component and the distance between the components are
represented by corresponding square matrices. The mode size of the laser at the thin disk
was chosen so that the laser modes were matched with the pump beam size. For a pump
spot size of 2.2 mm, a laser mode field diameter of 2 mm was chosen at the disk. The
position of the switching elements was chosen close to the end mirror of the cavity (PM3
in Fig. 3.5) where the beam is expected to be collimated and the size is big enough to
minimize nonlinearities for pulse energies up to few millijoules. The selection of mirrors,
the distances between them and the evolution of the beam radius across the cavity are
shown in Fig. 3.6. The radii of curvature of the mirrors were selected and the separation
distances were adjusted to achieve the pre-defined beam sizes at the disk and Pockels cell,
ensuring that the cavity is stable within a certain range (few centimeters) if the actual
distances between the components in the experiment differ from the simulated ones.

The B-integral during amplification was estimated by using nonlinear refractive indices
and pulse peak intensities for a given laser beam size in the Yb:YAG crystal and in the
BBO-based Pockels cell. For the calculation of B-integral, an extreme case was considered
such that the pulse energy that will be extracted from the cavity can be as high as 5 mJ
(not higher than this since the idea was to achieve a high average power at the same time)
and the spectral bandwidth of the intracavity pulses may be significantly reduced due to
gain narrowing, let’s assume down to ∼ 1.4 nm (this assumption was based on the spec-
tral widths that have been achieved experimentally in a similar amplifier configuration).
This led to a pulse duration of ∼ 50 ps. The nonlinear refractive index was taken to be
7.3× 10−16 cm2/W for Yb:YAG [91] and 5.1× 10−16 cm2/W [92] for BBO. For beam ra-
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Figure 3.6: Simulation of a regenerative cavity with reZonator. The optical components and the
separation distances are given in the left side while the beam evolution across the cavity is shown
in the right side. Experimental parameters might slightly differ.

dii of 1 mm in the crystal and 750 µm in the Pockels cell [see Fig. 3.6], the accumulated
nonlinear phase shift in the cavity i.e. B-integral value per round trip was estimated to be
1.8 rad. In such an extreme case, nonlinear distortions are expected in the spectral as well
as spatial profiles.

3.4.4 CW operation
At first, the cavity was operated in continuous-wave (CW) operation to extract the maxi-
mum possible power with a diffraction-limited beam. If there are no seed pulses and the
high voltage signal of the Pockels cell is switched off, the resonator acts like a CW laser
where the quarter-wave plate (QWP) and the polarizer (TFP2), which together work as a
variable output coupler, can be adjusted to optimize the output power.

For a pump power of 155 W, 37 W CW power was extracted, which corresponds to an
optical-to-optical conversion efficiency5 of 24 %, including the losses due to switching ele-
ments. The beam propagation factor M2 (see chapter 2) of the output beam was measured
to be <1.1 in both axes as shown in Fig. 3.7, which indicates that the beam is close to the
diffraction-limit. The measurement was carried out by using a beam profiling CCD camera
and software from DataRay Inc.

5Optical-to-optical conversion efficiency refers to the efficiency by which the pump power is converted to
the laser average power.
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Figure 3.7: M2 measurement of continuous-wave output of 37 W average power. Inset: near field
beam profile.

3.4.5 Pulse amplification
For the amplification of seed pulses, the quarter-wave plate was properly adjusted and a
high voltage signal (∼ 3 kV) was applied to the Pockels cell, to operate as a polarization
switch as described in section 3.4.2. The seed pulses were aligned into the cavity. The pulse
repetition rate of the amplified pulses could be varied from a few kHz up to 300 kHz, only
limited by the switching of the Pockels cell. At first, the amplifier was optimized for a
repetition rate of 100 kHz to achieve high average power. Figure 3.8 depicts the evolution
of the intracavity pulses and the amplified output pulse, measured by a photodiode that
was placed behind the curved mirror CM2 [see Fig. 3.5]. The width of the amplification
window was set so that maximum possible pulse energy could be achieved from regenerative
amplification before the losses overcome the gain.

Figure 3.8: Photodiode-trace of the intracavity pulses (red) and the amplified output pulse
(blue).
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Figure 3.9: (a) Seed spectrum and the amplified output spectrum corresponding to the 39 W
average power at a pulse repetition rate of 100 kHz. The output spectrum is significantly narrower
than the input seed spectrum due to gain narrowing effect.

A pulse energy of 390 µJ was extracted for a pump power of 180 W, with an output
average power of 39 W. This was achieved with 108 cavity round trips corresponding to a
1800 ns wide amplification window. Further increase of the average power was only limited
by the available pump power. Because of gain narrowing, the output spectrum was much
narrower than the seed spectrum as shown in Fig. 3.9(a). The 11.8 nm wide seed spectrum
centered at 1030 nm was reduced to 1.97 nm. Nevertheless, the amplified spectrum supports
a Fourier transform-limited pulse duration of 526 fs at FWHM. The output near field beam
profile was close to diffraction-limited with a beam propagation factor similar to that of
the CW output in both axes.

Next, the pulse repetition rate was changed to 10 kHz to extract a higher pulse energy.
For 39 round trips corresponding to 650 ns of amplification, a maximum energy per pulse
of 2 mJ was extracted, corresponding to 20 W average power. With this pulse energy, no
spectral or spatial distortions were observed. The pulse repetition rate was not decreased
further, despite the possibility of extracting more energy from the gain medium at lower
repetition rates, as the primary focus was to achieve high average power.

The performance of the amplifier was characterized for four arbitrary pulse repetition
rates of 10 kHz, 25 kHz, 50 kHz and 100 kHz, for corresponding amplification time windows
of 650 ns, 900 ns, 1500 ns and 1800 ns respectively. Figure 3.10 shows the variation of the
average output power as a function of input pump power for the four different repetition
rates. At each repetition rate, the input pump power was varied keeping the amplification
time window constant. A slope efficiency6 of 29.5 % was obtained at 100 kHz which decreases
to 22.3 % for a repetition rate of 10 kHz. The difference in slope efficiency for different
repetition rates was mainly due to the optimization of the number of round trips, which

6Slope efficiency is defined as the slope of the curve obtained by plotting the laser output power as a
function of the input pump power once the laser starts lasing.
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Figure 3.10: Output power as a function of the pump power at four different pulse repetition
rates. The slope efficiency at each repetition rate is mentioned in the legend. The relatively lower
slope efficiency of Yb:YAG thin-disk regenerative amplifier is attributed to the high threshold
pump power due to the fact that Yb:YAG is a quasi-three level gain medium at room temperature.
The decrease in slope efficiency for lower repetition rates was due to optimization of the number
of round trips, which was necessary to ensure pulse-energy stability as described in the text.

was necessary to ensure pulse-energy stability as described in the following paragraph.
This range of slope efficiency is common in thin-disk regenerative amplifiers [39,93], due to
the high threshold pump power required to overcome the cavity losses and the high pump
intensity necessary to achieve population inversion in quasi-three level gain media.

For a given pump power, the number of round trips at each repetition rate was carefully
chosen in order to avoid bifurcations namely period doubling and chaotic behavior as
described in chapter 2. For a pump power up to 180 W, bifurcations were not observed
at a repetition rate of 100 kHz, however, were visible at lower repetition rates of 10 kHz
to 25 kHz. The regime for this behavior was carefully examined by monitoring the pulse
energies with a photodiode while varying the pump power for a given number of round
trips and vice versa. The stable operation was ensured by adjusting the number of round
trips (i.e. the gate length as described in chapter 2) for the maximum pump power, which
limited the number of round trips leading to a reduction of the extracted energy and
average power. This ultimately led to a reduction of the slope efficiency of the amplifier
at lower repetition rates (compare the slope efficiencies shown in Fig. 3.10). Even though
there is a possibility to operate such a regenerative amplifier in a stable regime of period
doubling [39], no effort was made to operate the amplifier in a bi-stable regime (at half of
the possible pulse repetition rate) since the stability of the amplifier was one of the major
concerns in order to utilize the amplified output for nonlinear pulse compression and/or
for pumping OPCPAs.

The amplified output spectrum at all repetition rates suffered from gain narrowing.
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Figure 3.11: Output spectral profiles at four different repetition rates [cf. legend]. In each case,
the FWHM spectral bandwidth is reduced to < 2 nm due to gain narrowing, and is much narrower
than the spectral width of the seed (11.8 nm). The impact of gain narrowing is slightly larger for
lower repetition rates because of the higher gain.

Output spectra for the four different repetition rates are shown in Fig. 3.11. It can be
seen that the gain narrowing is relatively stronger for higher gain e.g. in the 10 kHz case.
Nevertheless, each spectrum supports sub-picosecond Fourier transform-limited pulses.

3.4.6 Grating compressor
After amplification, the amplified beam was magnified (×1.5) with a telescope in order to
reduce the peak intensity on the gratings. This is important in the case of high energies at
lower repetition rates. Then, the pulses were compressed by a single transmission grating
in folded configuration. The schematic of the compressor set up is shown in Fig. 3.12. After
the telescope, the beam passes through the grating. The diffracted beam is sent back to the
grating at the same height by using a retro-reflector(H), where H refers to the horizontal
plane. The output beam, which is spatially chirped, is sent to the grating again but at a
different height by using the retro-reflector(V), where V refers to the vertical plane. The
retro-reflector(H) folds the beam and makes the beam pass a fourth time through the
same grating, thereby eliminating angular dispersion and spatial-chirp. As the heights of
the incoming and outgoing beams are different, a high-reflective plane mirror (often D-cut
mirror) is used to select the compressed output beam. The configuration is equivalent to
the grating pair compressor discussed in section 2.

Thanks to the high diffraction efficiency of multilayer dielectric gratings with groove
density of 1750 lines/mm, a compressor throughput as high as 80 % was achieved. For the
maximum pump power of 190 W, a compressed average power of 35.5 W was obtained at a
pulse repetition rate of 100 kHz. The pulse duration was monitored by using an intensity
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Figure 3.12: Optical layout of the grating compressor utilizing a single grating in folded con-
figuration. Two retro-reflectors (H) and (V) fold the beam in the horizontal and vertical planes
respectively so that the beam passes four times through the transmission grating at different
positions.

autocorrelator (APE) and the spacing between the grating and the retro-reflector(H) was
varied. An optimum separation of 32 cm between the virtual gratings (i.e. the propagation
distance between the two passes through the grating via the retro-reflector(H)) compressed
the pulses down to 940 fs at FWHM assuming a sech2 shape as shown in Fig. 3.13(b). This
corresponds to a group delay dispersion of 20.2 ps2 (or 35.8 ps/nm at 1030 nm). However,
the 1.88 nm wide output spectrum as shown in Fig. 3.13(a) supports Fourier transform-
limited pulse duration of 550 fs. The discrepancy might be due to the mismatch of higher
order dispersion coefficients of the CFBG stretcher and the grating compressor. There is
a possibility to optimize the compression, reducing the pulse duration close to the Fourier
limit if the CFBG stretcher is customized to match the dispersion coefficients of the grating
compressor.

(a) (b)

Figure 3.13: (a) Output spectrum and (b) autocorrelation measurement of the compressed pulse
with 35.5 W average power at a pulse repetition rate of 100 kHz.
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Figure 3.14: M2 measurement of the compressed output with 35.5 W average power at a pulse
repetition rate of 100 kHz. Inset: near field beam profile.

Note that in the case of thin-disk regenerative amplifiers using Yb:YAG crystal as gain
medium, the pulse duration of the amplified pulses after the compressor is often in the
range of sub-ps to few picoseconds, which is mainly due to the gain narrowing effect arising
from the limited gain bandwidth of the Yb-doped gain medium, and the high gain of the
amplifier.

The diffraction-limited beam quality offered by the regenerative cavity was preserved
after the compression. A beam propagation factor of M2<1.3 was measured in both axes
as shown in Fig. 3.14, along with an excellent near field beam profile.

The performance of the grating compressor at various pulse repetition rates was exami-
ned by measuring the output pulse energy, output spectrum, compressed pulse duration
and power stability (or average power drift) over a long time. No misalignment or drifts
were noticed for several hours while running the amplifier with high average power as well
as high energy. The complete characterization of the amplifier system is summarized in the
following section.

3.5 Output characteristics
In this section, output characteristics of the laser are presented in detail. Since the stability
of the laser is very important if it is used for nonlinear pulse compression or for pumping
OPCPA, pulse-to-pulse stability, beam pointing as well as power stability were measured
for long periods of time. Variation of the output average power, pulse duration and M2

parameter as a function of pulse repetition rate were recorded.
Figure 3.15(a) shows the variation of the average power and pulse energy when the

pulse repetition rate is changed. As expected, higher pulse energy can be extracted at
low repetition rates. For a nominal pump power of 150 W, a pulse energy of 1.6 mJ was
obtained at 10 kHz whereas an average power of 28.5 W was achieved at 100 kHz after
compression. In order to optimize the average power and pulse energy simultaneously, the
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(a) (b)

Figure 3.15: Variation of (a) average output power and pulse energy, and (b) pulse duration
and spectral width with the pulse repetition rate.

pulse repetition rate was set to a moderate value e.g. 25 kHz at which 0.94 mJ pulses can
be obtained after the compressor, corresponding to 23.5 W average power. When the pump
power was increased to 180 W, the average power could be increased to 28 W, corresponding
to 1.1 mJ energy per pulse.

Despite strong gain narrowing, the amplified spectrum supports sub-picosecond Fourier
transform-limited pulses at all repetition rates of interest. Autocorrelation measurements
of the compressed pulses indicated that pulse durations were in the range of 850 fs to 950 fs
at all repetition rates as shown in Fig. 3.15(b).

Similarly, the beam quality was also monitored over the range of repetition rates. Figure
3.16 shows the M2 measurement along with the near field beam profile after compression.
It can be seen that the beam after the compressor is not far from the diffraction limit and
no sign of spatial distortions were observed even for the highest pulse energy, meaning that
nonlinear effects seem to play no role. In other words, the B-integral of the amplifier is not
significant.

Furthermore, the output power stability (or the power drift) at the highest average
power as well as the highest pulse energy were monitored for several hours by measuring
the average power after the compressor using a power meter (Ophir, NOVA II). Excellent
power stability was recorded at an average power close to 28 W with root mean square
deviation less than 0.2 % over 6 hours as shown in Fig. 3.17(a). Similarly, the power drift
corresponding to the maximum pulse energy of 1.6 mJ was monitored over 2.5 hours. As can
be seen in Fig. 3.17(b), the laser output was very stable with root mean square deviation
less than 0.4 %.

In addition to the power stability, beam pointing is a key parameter for many appli-
cations. At a pulse repetition rate of 100 kHz, the beam pointing of the laser system was
measured by focusing the beam with a lens of 75 mm focal length and by placing a beam
profiler CCD camera at the focus. The centroid of the focused beam was monitored over
several hours. Figure 3.18 shows a screenshot of the measurement for more than 2 hours.
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(a) (b)

Ep = 1.6 mJ Ep = 0.94 mJ

Ep= 0.56 mJ Ep = 0.29 mJ

Figure 3.16: Measurement of (a) M2 parameter and (b) near field beam profiles measured after
the compressor at four different repetition rates 10 kHz, 25 kHz, 50 kHz and 100 kHz. The highest
pulse energy of 1.6 mJ corresponds to the lowest repetition rate of 10 kHz and so on. Close to
diffraction-limited beam qualities were observed in all cases.

The variations of the centroid along both x and y-axes were monitored with respect to a
reference point. From the root mean square deviation of 1.35 µm, the pointing stability was
characterized by 18 µrad whereas the maximum deviation of 2 µm corresponds to a pointing
variation of 26.7 µrad. These values indicate that the pointing stability of the high power
beam is not far from values (sub-10 µrad) reported in the literature [93,94].

(a) (b)

RMS < 0.2% RMS < 0.4%

Figure 3.17: Power stability measurement at a pulse repetition rate of (a) 100 kHz and (b) 10 kHz
corresponding to high average power and high pulse energy after the compressor respectively.

Another key parameter of the amplified pulses to characterize is the stability from pulse
to pulse. This can usually be characterized by monitoring the variation of the peak height
or intensity of the pulse with a fast photodiode and an oscilloscope. In this work, a fast pho-
todiode (DET10A from Thorlabs) and a 2.5 GHz, 40 GS/s digital oscilloscope (DPO7254C
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Figure 3.18: Screenshot of the beam pointing measurement with a beam profiling camera from
DataRay Inc. The beam with 28 W average power at a pulse repetition rate of 100 kHz was focused
with a 75 mm lens.

from Tektronix R©) were used to track the maximum amplitude of the pulses in the pulse
train. The amplitude variations from shot to shot were measured to be within a root mean
square value of 0.9 % which indicates excellent pulse-to-pulse stability. This is comparable
to the pulse-to-pulse stability reported in the literature for similar regenerative amplifiers
e.g. see Ref. [39].

Finally, the performances of the diode-pumped Yb:YAG thin-disk regenerative amplifiers
reported in the literature in recent years have been summarized in Tab. 3.1. Given the
limited pump power, the output characteristics of the amplifier is comparable to that
of Yb:YAG based thin-disk regenerative amplifiers demonstrated in recent years, where
optical-to-optical efficiency <35 % has been achieved with an output spectral bandwidth
<2.4 nm. With increased pump power, pulse energy of 30 mJ at a repetition rate of 10 kHz
i.e. the average power of 300 W has been demonstrated with regenerative amplification
using an Yb:YAG thin-disk as gain medium.
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Table 3.1: Performances of diode-pumped Yb:YAG thin-disk regenerative amplifiers reported
in recent years. Pin: input pump power, Ep: output pulse energy, fp: pulse repetition rate, ∆λ:
FWHM spectral bandwidth, ∆τ : FWHM pulse duration, η: optical-to-optical conversion efficien-
cy, Pavg: average output power after the compressor, P0: peak power, rms: root mean square,
na: not available. * refers to the pulse-to-pulse energy fluctuations instead of power drift and **
refers to the power drift measured at an average power of ∼28 W.

Ref. Pin
(W)

Ep
(mJ)

fp
(kHz)

∆λ
(nm)

∆τ
(ps)

η
(%) M2 Power

drift rms(%)
Pavg
(W)

P0
(GW)

[95] 172 17 3 2 0.615 29.7 <1.5 0.8* 51 27.6
[39] 274 25 3 1.02 1.6 26 <1.1 0.7* 75 15.6
[96] 280 20 5 1.6 1 35.7 <1.1 0.5 100 20
[78] 640 30 10 1.6 1 47 na 1.5* 300 30
This work 190 0.35 100 1.97 0.94 18.7 <1.25 0.2** 35 0.37
[93] 375 0.8 100 0.8 1.9 21.3 na na 80 0.42
[97] 370 0.3 300 2.3 0.79 27 <1.35 0.8 100 0.38
[98] 500 0.2 800 2 0.75 32 <1.2 na 160 0.27

3.6 Frequency conversion
The performance of the laser reported in the previous section demonstrates its capability
to pump OPCPA systems in the near-infrared and the visible spectral ranges. This requires
the generation of low-order harmonics e.g. the second and third harmonic, which is often
performed in nonlinear crystals. There are several nonlinear crystals available for harmonic
generation. Among others, beta barium borate (BBO) and lithium triborate (LBO) are
most commonly used for frequency upconversion of 1 µm-lasers. In this work, BBO was
chosen due to its higher nonlinearity compared to LBO and was set up in critical phase-
matching (see chapter 2 for details about phase-matching).

3.6.1 Second harmonic generation
For second harmonic generation, BBO was used in type I phase-matching (the configuration
in which the polarization of the input fundamental beam is perpendicular to that of the
output beam). The crystal was manufactured given the expected phase-matching angle of
23.4◦ for a conversion of the input laser beam at 1030 nm into 515 nm, according to Eq.
2.70. A half-wave plate and a thin-film polarizer were used in order to regulate the laser
power going into the conversion stage as shown in Fig. 3.19. The beam size was decreased
to 2.2 mm by using a telescope with demagnification factor of 1.5. For a maximum pulse
energy of 1.6 mJ and 1 ps pulse duration, the peak intensity in the crystal was 84.2 GW/cm2,
which is significantly less than the damage threshold (> 200 GW/cm2 for ∼ 1 ps pulses).
The polarization plane of the fundamental beam was adjusted by using a half-wave plate
before the crystal. In addition, as the crystal cut is never perfect in practice, the angle of
the crystal was adjusted to maximize the conversion efficiency. After conversion, the second
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Figure 3.19: Optical layout for second harmonic generation. A part of the s-polarized laser
output is reflected from the thin-film polarizer (TFP) depending upon the rotation of the half-
wave plate (HWP1), and is used for second harmonic generation. A telescope is used to reduce
the beam size and accordingly to increase the intensity. After the conversion in the crystal, the
second harmonic beam is separated from the fundamental power using four dichroic mirrors. The
spatial profile of the leakage from the third dichroic mirror is recorded using a beam profiler CCD
camera. HR: high reflector.

harmonic power was separated from the residual near-infrared (IR) power by using four
dichroic mirrors. Leakage from the third mirror was sent to a beam profiler CCD camera
to monitor the second harmonic beam.

At first, the beam diameter was set to ∼2.2 mm (full width at 1/e2 of peak intensity). For
an input average power of 25 W at a pulse repetition rate of 100 kHz, the peak intensity is
then around 13.2 GW/cm2. The length of the BBO crystal was 1.5 mm. The conversion was
optimized by adjusting the plane of polarization using the half-wave plate, and the angle of
the crystal. The second harmonic power was measured as a function of input IR power as
shown in Fig. 3.20(a). A maximum output power of 12.7 W was achieved with a conversion
efficiency of 51 %. The beam quality of the input laser beam was almost preserved with an
M2 parameter of ∼ 1.3 along both axes as shown in Fig. 3.20(b). Because the conversion is
still growing without beam degradation, further increase in second harmonic power with
higher conversion efficiency seems possible without compromising the beam quality. This
can be achieved by increasing the input intensity as can be seen in Eq. 2.73. Note that
increase in crystal length may increase conversion efficiency but only with the expense of
phase-mismatch factor, which can degrade other characteristics e.g. the bandwidth of the
second harmonic pulses.

Next, the repetition rate of the laser was changed to 50 kHz keeping the beam size and
crystal length constant so that the pulse energy and accordingly the peak intensity was
almost doubled. As expected, the conversion efficiency was increased and a maximum value
of 67 % was achieved with 16 W average power in the second harmonic as shown in Fig.
3.21(a), along with a good near field beam profile. As can be seen clearly, the conversion is
still growing but slowing down at higher peak intensities. Nevertheless, a good beam quality
close to that of the fundamental beam was observed even at high conversion efficiency, as
can be seen in the M2 measurement of the green beam at 16 W average power (or 320 µJ
pulse energy) shown in Fig. 3.21(b).
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Figure 3.20: Second harmonic generation at a pulse repetition rate of 100 kHz. (a) Evolution
of the average second harmonic (SH) power and conversion efficiency as a function of the input
IR power [inset: near field beam profile measured at maximum power], and (b) M2 measurement
of 12 W second harmonic beam. A maximum conversion efficiency of 51 % is achieved with an
average second harmonic power of 12.7 W. Further increase in conversion efficiency seems possible
as the conversion is increasing with increase in the input fundamental power.

Figure 3.21: Second harmonic generation at a pulse repetition rate of 50 kHz. (a) Variation of
the average second harmonic (SH) power and conversion efficiency as a function of the input IR
power [inset: near field beam profile measured at maximum power], and (b) M2 measurement of
16 W second harmonic beam. The decrease in pulse repetition rate from 100 kHz to 50 kHz i.e.
increase in intensity by a factor of 2 led to an increase in conversion efficiency from 51 % to 67 %.

A maximum second harmonic power close to 17 W was achieved for an input IR power of
25 W. The average output power of the second harmonic beam was measured for an hour
and it is shown in Fig. 3.22. The variation was characterized by a root mean square (RMS)
value of 0.7 %, which is comparable to the power drift reported in the literature e.g. RMS
value of 0.5 % [16]. The excellent output characteristics of the second harmonic demonstrate
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Figure 3.22: Power stability measurement of the second harmonic (SH) beam at a pulse repe-
tition rate of 50 kHz.

that the beam is highly suitable for pumping OPCPA e.g. with a seed spectrum centered
around 800 nm.

Finally, the repetition rate was set at 25 kHz in order to study the conversion at higher
pulse energies. The IR beam diameter and the crystal length were kept constant at 2.2 mm
and 1.5 mm respectively. For an input IR power of 21 W, a second harmonic power of 14.8 W
was generated which corresponds to a pulse energy of 590 µJ and a conversion efficiency
of 70 %. The second harmonic beam at maximum power had a close to diffraction-limited
beam quality as indicated by the measurement of the beam propagation factor shown in
Fig. 3.23(b). The evolution of the average second harmonic power and conversion efficiency
are shown in Fig. 3.23(a). Compared to the experiments at higher pulse repetition rates, the
conversion efficiency is noticeably slowing down beyond 50 % which indicates that further
optimization of the conversion without compromising the beam quality is not possible.

The high conversion efficiency of the second harmonic generation of Yb:YAG thin-disk
regenerative amplifiers is due to the relatively narrow spectral bandwidth (∼ 2 nm) of the
amplified pulses, which implies that phase-matching is achieved over the whole bandwidth.
Second harmonic conversion efficiencies around 70 % have recently been reported in the
literature [16,81,96] for similar regenerative amplifier systems.

3.6.2 Third harmonic generation
Yb-doped laser sources, after upconversion to the third harmonic are useful for pumping
OPCPAs in the visible spectral range. Therefore, the output of the thin-disk regenerative
amplifier was also converted to the third harmonic by using two BBO crystals. The sche-
matic of the conversion set up is shown in Fig. 3.24. The fundamental beam was converted
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Figure 3.23: Second harmonic generation at a pulse repetition rate of 25 kHz. (a) Variation of
the average second harmonic (SH) power and conversion efficiency as a function of the input IR
power [inset: near field beam profile measured at maximum power], and (b) M2 measurement of
14.8 W second harmonic beam. Compared to the conversion at higher pulse repetition rates, the
conversion efficiency is increased to 70 %.

to the second harmonic in the crystal BBO1 as described in the previous section. Then,
the second harmonic beam interacted with the fundamental beam in the crystal BBO2 via
a sum-frequency mixing process, generating the third harmonic beam at a wavelength of
343 nm.

HR-1030nm

Dump

TFP Power-meter

Laser
input

2×HR-515nmBBO1

HWP

Telescope BBO2

α-BBO

2×HR-343-nm
camera

Figure 3.24: Optical layout for third harmonic generation. TFP: thin film polarizer, HWP: half-
wave plate, HR: high reflector. BBO1 and BBO2 are BBO crystals for second and third harmonic
generation respectively.

As discussed in section 2.4, frequency conversion is an instantaneous process and there-
fore the fields have to overlap in space and time. Because of the group velocity mismatch
during propagation in one crystal, the different frequency components are not overlapped
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in time while entering the second crystal. This would lead to a reduced conversion efficien-
cy, or no frequency conversion at all in the worse case, and for that reason, it is necessary
to reverse the temporal walk-off between the pulses at the fundamental (1030 nm) and se-
cond harmonic (515 nm) wavelengths originating in the first crystal. This was achieved by
using an alpha-BBO (α-BaB2O4) birefringent crystal, which is a negative uniaxial crystal
similar to beta-BBO except for a vanishing second-order nonlinearity due to the centro-
symmetry in its crystal structure. The high birefringence of the alpha-BBO crystals make
them preferable for the time delay compensation. After the third harmonic generation, two
dichroic mirrors that reflect the third harmonic, and transmit the second harmonic and the
IR wavelength, were used to separate the third harmonic beam. The reflection from a thin
wedge placed after the second dichroic mirror was used to characterize the third harmonic
beam. The second harmonic power was also monitored by using two dichroic mirrors that
reflect the second harmonic and transmit the IR wavelength whereas the IR power was
estimated from the residual power measurement after the thin film polarizer. The sum
frequency generation process was carried out in both a type I and type II phase-matching
configuration as described in section 2.4.3 in order to optimize the conversion efficiency.

At first, the repetition rate was set to 50 kHz where the maximum average power of the
second harmonic was achieved with the 1.5 mm long BBO crystal as described in section
3.6.1. The residual IR beam was p-polarized whereas the second harmonic beam was s-
polarized. Therefore, type II phase-matching was utilized for the sum-frequency mixing by
using a 1 mm long BBO crystal, generating a third harmonic beam that is polarized in the
same plane as the fundamental beam. Phase-matching was achieved with the crystal cut at
an angle of 40.1◦ i.e. the fundamental and the third harmonic beams were propagating at
that angle with respect to the crystal axis (extraordinary beams) and the second harmonic
beam was propagating along the crystal axis (ordinary beam) [see section 2.4.3]. A 1 mm
long α-BBO crystal was found to be optimum for the compensation of the group delay
between the IR and second harmonic pulses, which ultimately helped to maximize the
conversion efficiency.

For an input IR power of 24 W, an average third harmonic power of 9.5 W was obtained
which corresponds to a 39.5 % conversion efficiency. The evolution of the output power and
conversion efficiency at the third harmonic wavelength of 343 nm with respect to the input
IR power is shown in Fig. 3.25. It can be seen that a maximum conversion efficiency of
41 % was achieved for an input IR power of 19 W. Beyond this input power, the conversion
efficiency decreases with increase in input IR power. This can be explained by the coupled-
wave equations for sum frequency generation as discussed in section 2.4, where the source
term in the nonlinear equations contains both input and output interacting fields [see Eqs.
2.60, 2.61 and 2.62]. This means that when the energy is transferred from the intense
input fields to the output during the conversion process, at some point the energy flow
is reversed when the output field is intense enough. In particular, this does not happen
homogeneously, but rather where the spatiotemporal distribution is most intense, giving
rise to distortions in the spatiotemporal distributions and degradation of the peak power.
Such a process, often known as back-conversion, can significantly degrade the output beam
quality. In this case, the degradation is visible in the near field beam profile at 9.2 W third
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Figure 3.25: Third harmonic generation in type II phase-matching at a pulse repetition rate of
50 kHz. (a) Variation of the average third harmonic (TH) power and conversion efficiency with
respect to the input IR power, and (b) near field beam profiles at three different third harmonic
average powers. The conversion is slightly saturated and spatial narrowing is visible at high
conversion efficiencies, which is mainly due to the non-uniform profile of the IR beam (note the
beam profile at 9.2 W third harmonic power).

harmonic power, compared to the beam profiles for lower third harmonic powers as shown
in Fig. 3.25(b). In particular, a spatial narrowing of the third harmonic beam occurs, which
is mainly due to the non-uniform spatial profile of the IR beam.

Next, the length of the crystals BBO1 and BBO2 were changed to 3 mm and 1.5 mm
respectively and the phase-matching configuration in the BBO2 crystal was changed to
type I i.e. the fundamental beam and the second harmonic beam were polarized in the
same polarization plane. This was accomplished by adjusting the polarization plane of
the input beam with a half-wave plate placed before the crystal BBO1 [see Fig. 3.24]
so that the IR power was divided into two orthogonal polarization directions during the
propagation through the crystal. The s-polarized part of the IR power was converted to
second harmonic while the p-polarized part was preserved. That means that after the
second harmonic generation, both the fundamental and the second harmonic beams had
the same polarization, which interacted in the BBO2 crystal for sum frequency mixing,
generating the third harmonic of the fundamental beam. The nonlinear interactions are
governed by Eqs. 2.60, 2.61, and 2.60. The second crystal BBO2 was cut at a phase-
matching angle of 32.5◦ for type I, which was adjusted in such a way that the input beams
were ordinary (o) and the third harmonic beam was extraordinary (e). As explained in the
previous section, a 1.5 mm long alpha-BBO crystal was used for the compensation of the
group delay between the IR and second harmonic pulses.

The variation of the third harmonic output power with respect to the input IR power
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Figure 3.26: Third harmonic generation in type I phase-matching at a pulse repetition rate of
50 kHz. (a) Variation of the average third harmonic (TH) power and conversion efficiency with
respect to the input IR power, and (b) near field beam profiles at three different third harmonic
average powers. Back-conversion of the third harmonic to IR occurred for higher input average
power as can be seen in the evolution of the conversion efficiency. The back-conversion introduced
spatial distortions, which are visible in the beam profile at 10 W third harmonic power, compared
to the others for lower output powers.

is shown in Fig. 3.26(a), along with the conversion efficiency. For average third harmonic
powers higher than 8 W, back-conversion of the third harmonic to the IR beam was observed
as clearly visible in the conversion efficiency. The spatial profile of the third harmonic
beam at 10 W output power shows some structures compared to that at lower average
powers [Fig. 3.26(b)], which is mostly due to the back-conversion. This can be avoided by
decreasing either the intensity or the crystal length. Excluding the back-conversion regime,
a maximum conversion efficiency of 54 % with an average third harmonic power of 7 W was
achieved with type I phase-matching. This implies that type I phase-matching offers more
efficient third harmonic generation compared to type II. This is due to the fact that the
IR radiation used for the third harmonic generation in the type I configuration has clean
spatial and temporal profiles unlike the depleted profiles of the residual IR radiation from
the second harmonic stage in the case of a type II configuration.

Finally, the repetition rate was increased to 100 kHz keeping the crystal lengths and
the phase-matching configuration constant in order to avoid back-conversion. Indeed, the
decrease in pulse energy and thus peak intensity minimized the back-conversion which can
be seen in Fig. 3.27(a), both in the evolution of the conversion efficiency and the near field
beam profile corresponding to the maximum conversion efficiency (shown in the inset). A
third harmonic average power of 13 W was achieved for an input IR power of 24.5 W which
corresponds to 53 % conversion efficiency. The M2 parameter, measured at 11 W third
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Figure 3.27: Third harmonic generation in type I phase-matching at a pulse repetition rate of
100 kHz. (a) Variation of the average third harmonic (TH) power and conversion efficiency with
respect to the input IR power [inset: near field beam profile at maximum conversion efficiency], and
(b) M2 measurement at 11 W third harmonic power. As expected, an increase in pulse repetition
rate while keeping all other parameters constant and thus decreasing the peak intensity avoided
the saturation and back-conversion significantly. A conversion efficiency as high as 53 % was
achieved.

harmonic power and shown in Fig. 3.27(b), indicates that the third harmonic beam was
not far from the diffraction limit. The average power of the third-harmonic generation was
measured for almost an hour using a power meter (OPHIR). As can be seen in Fig. 3.28,
the power drift was characterized by a root mean square value of <0.3 %. There was no
significant drift in average power and no misalignment was noticed within the measurement
time.

3.7 Pulse compression in Kagome fiber
Laser systems based on Yb-doped fibers and a Yb:YAG gain medium are capable of deli-
vering high average power or high energy but inherently limited to pulse durations >300 fs
because of the limited gain bandwidth of the gain medium. The only way to decrease the
pulse duration of such systems is external nonlinear pulse compression.

In this work, the pulse compression of sub-picosecond pulses from the Yb:YAG regene-
rative amplifier was performed in a hypocycloid core Kagome fiber with air in the core
at atmospheric pressure. Compressed pulses of ∼ 130 fs (FWHM) pulse duration with few
tens of microjoules pulse energy were achieved in a simple set up. The characteristics of
the Kagome fiber and the results of the pulse compression experiments are presented in
the following sections.
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Figure 3.28: Measurement of 12.6 W average third harmonic (TH) power at a pulse repetition
rate of 100 kHz for almost an hour. The power drift was measured with a root mean square (RMS)
value <0.3 %.

3.7.1 Hypocycloid-core Kagome fiber
All the experiments presented in the following sections were performed in a Kagome-type
hollow fiber with a 7-cell core and 3-ring cladding geometry. An image of the fiber cross
section is shown in Fig. 3.29(a). The core has diameters of 56 µm and 72 µm for the inner
and outer circumscribing cups respectively [Fig. 3.29(b)], resulting a mode-field-diameter of
∼40 µm. The experimentally measured propagation losses and the simulated group velocity
dispersion of the fiber in the near-infrared spectral range are shown in Fig. 3.29(c) (taken
from Ref. [70]). At a laser wavelength of 1030 nm, the propagation loss is maintained below
50 dB/km with a normal group velocity dispersion of 5.6× 10−4 ps2/m. Low transmission
loss and low group velocity dispersion essentially maintain high peak power along the fiber
length and make it attractive for nonlinear pulse compression.

In this experiment, Kagome fibers of two different lengths- 16 cm and 120 cm were used.
The choice of the fiber lengths was motivated by the fact that a high pulse energy can be
used with a short piece of fiber while a long nonlinear interaction length can be achieved
with a long fiber even for low pulse energy and accordingly with higher average power. As
discussed in chapter 2, the influence of group velocity dispersion of the fiber and self-phase
modulation on the propagation of pulses can be estimated by calculating the dispersion
length and the nonlinear length using Eqs. 2.129 and 2.130 respectively. For an input pulse
duration of 900 fs, the dispersion length is 1.45 km, which is far longer than the fiber length.
This means that dispersion of the fiber has almost no effect on the pulse propagation.
Therefore, self-phase modulation is dominant and only responsible for broadening of the
spectrum. This is further clear from the calculation of the nonlinear length of the fiber,
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Figure 3.29: (a) Image of the cross section of the hypocycloid-core Kagome fiber, (b) Zoom
of the core and (c) group velocity dispersion and transmission loss in the near-infrared spectral
range (taken from [70]).

which is ∼0.93 m for a given pulse energy of 100 µJ and a pulse duration of 900 fs at a
central wavelength of 1030 nm. Measurements of coupling or transmission efficiency were
carried out in the 16 cm long fiber whereas spectral broadening and pulse compression
were performed in both fibers. The transmission efficiency including coupling, propagation
losses as well as losses in the focusing and collimating lenses was found to be ∼70 % as
shown in Fig. 3.30. For this measurement, the fiber was placed in a copper V-groove and
input and output powers were measured before the focusing and after the collimating lenses
respectively [see Fig. 3.31].

3.7.2 Spectral broadening and dispersion compensation
For the spectral broadening, the sub-picosecond pulses from the regenerative amplifier
presented in section 3.4 were coupled, at first, into the 16 cm long Kagome fiber with air
inside the core at atmospheric conditions. The repetition rate of the laser was set at 10 kHz,
which was chosen so that higher energy, if necessary, can be coupled into the short fiber
with relatively low average power (<10 W). This allows simple mounting of the fiber end
and helps to maintain high coupling efficiency minimizing instabilities due to heating of
the fiber end.

The schematic of the pulse compression setup is shown in Fig. 3.31. The laser output was
controlled with a half-wave plate and a thin-film polarizer. The beam was first de-magnified
by a telescope and coupled into the fiber by a plano-convex lens. The focal length of the
lens was optimized for mode matching, maximizing the transmission efficiency of the fiber.
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Figure 3.30: Transmission efficiency of the 16 cm long Kagome fiber, including coupling and
propagation losses as well as the losses in the focusing and collimating lenses.

The input end of the fiber was fixed in a copper V-groove. The output from the fiber, after
collimation by a lens, was sent through a half-wave plate and a polarizing cube in order
to select linearly polarized light. At the same time, the residual power was also measured
which was used to calculate the polarization extinction ratio.

Figure 3.31: Optical layout of nonlinear pulse compression. HWP: half-wave plate

Pulse compression in a 16 cm long fiber

A plano-convex lens of 60 mm focal length was used to couple the beam into the 16 cm
long fiber achieving maximum coupling efficiency of ∼80 %. The input energy was increased
stepwise and the output spectrum was recorded with a spectrometer. Pulse energy as high
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Figure 3.32: (a) Evolution of the spectrum at the output of the 16 cm long Kagome fiber and
(b) autocorrelation measurements of the compressed pulses. Side peaks appeared in the pulse
profile corresponding to the output pulse energy of 300 µJ and were due to the uncompensated
higher-order spectral phase. Eout and τFL refer to the output pulse energies before the compressor
and the Fourier transform-limited pulse duration respectively.

as 300 µJ was coupled into the fiber. Beyond this energy, the fundamental mode profile de-
graded and the spectrum was significantly broadened towards shorter wavelengths. Figure
3.32 shows spectra at three different output pulse energies along with the input spectrum.
For the highest pulse energy, the broadened spectrum supports a Fourier transform-limited
pulse duration of 166 fs (FWHM). A grating compressor with a transmission grating of
500 lines/mm groove density was used in a folded-configuration to compensate the induced
nonlinear phase due to self-phase modulation. Autocorrelation measurements show that
the pulses were compressed down to 200 fs for the 300 µJ (uncompressed) pulse energy.
Further broadening of the spectrum, necessary to reduce the pulse duration, is only pos-
sible by increasing the nonlinear interaction length i.e. either increasing the pulse energy
or the length of the fiber. However, a possible increase in the pulse energy was limited by
ionization of the air due to the high peak intensity inside the fiber. Therefore, a longer
fiber was used in the following experiment.

Pulse compression in a 120 cm long fiber

To increase the spectral broadening further, a 120 cm long fiber was used for the rest of
the pulse compression experiments. An overall transmission efficiency of 80 % was achieved
with a coupling lens of 60 mm focal length.

At first, spectral broadening was measured at various input pulse energies. Additionally,
the output end face of the fiber was imaged onto a CCD camera to monitor the beam
profile. The evolution of the output spectrum is shown in Fig. 3.33 along with the near
field beam profiles measured at different output pulse energies that are mentioned for
each spectrum. The spectrum at an output pulse energy of 60 µJ supports 81 fs Fourier
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Figure 3.33: Spectral broadening in a 120 cm long Kagome fiber at different pulse energies and
the corresponding near field beam profiles. Eout and τFL refer to the output pulse energies before
the compressor and the Fourier transform-limited pulse duration respectively.

transform-limited pulses. However, the beam was slightly distorted which might be due
to higher-order modes. For pulse energies higher than 60 µJ, strong spectral modulations
appeared. Additionally, depolarization losses increased and distortions in the beam got
worse. These effects are attributed to coupling between the fundamental mode and higher-
order modes during the propagation through the fiber. Indeed, higher-order modes were
visible at the reflected output of the polarizer. A detailed study of the mode-coupling is
beyond the scope of the thesis.

Nevertheless, the output spectrum at 50 µJ output energy [Fig. 3.34(a)] was broad enough
to support 92 fs Fourier transform-limited pulses [Fig. 3.34(b)]. GTI (Gires-Tournois In-
terferometer) laser mirrors (LAYERTECH) were used to compensate the nonlinear phase
introduced by self phase modulation. The available dispersive mirrors had different negati-
ve group delay dispersion per bounce such as 250 fs2, 450 fs2, 550 fs2, 900 fs2 and 10 000 fs2.
A total dispersion of 34.1 ps2 achieved with multiple bounces on those dispersive mirrors
led to compression down to 130 fs as can be seen in the autocorrelation traces shown in
Fig. 3.34(c). This corresponds to a compression factor of 7.5, compared to the input pulse
shown in the same figure. The compression factor can probably be further improved by
using a proper combination of GTI mirrors or using a grating compressor. Note that the
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Figure 3.34: (a) Input and output spectrum for 50 µJ pulse energy at the output of the 120 cm
long fiber, (b) Fourier transform-limited pulse profile corresponding to the output spectrum, (c)
Autocorrelation profiles of the input and the compressed output pulses, and (d) M2 measurement
of the output beam after the compressor.

long pedestal of the compressed pulse is due to uncompensated higher-order dispersion sin-
ce the GTI mirrors were optimum to compensate the group delay dispersion only. Because
of the many bounces required on the GTI mirrors, the throughput of the compression was
only ∼70 %. The beam quality was not far from the diffraction limit as can be seen in the
M2 measurement shown in Fig. 3.34(d).

Since most of the pulse compression experiments reported in the literature have used
gas-filled Kagome fibers [66–69], relatively larger compression factors (up to 18 [67]) were
possible but with increased complexity. Given the simplicity of the set up presented in
this thesis, the pulse compression factor of 7.5 is remarkable. These pulses with few tens
of microjoules pulse energy and close to 100 fs pulse duration are highly suitable for high
harmonic generation, in particular at high repetition rates.

For spectral broadening at higher pulse energies, the peak intensity might be large enough
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Figure 3.35: (a) M2 measurement of the output beam with 100 µJ output pulse energy in the
case of 1.1 ps input pulses along with the collimated beam profile (b) and the image of the fiber
end face (c). Not to scale.

to ionize air inside the fiber which could distort the beam profile and introduce strong
spectral modulations. In order to study this, the input pulses were chirped to ∼1.1 ps and
the above-mentioned pulse compression experiment was repeated.

For the 1.1 ps input pulses, spectral broadening due to self-phase modulation was obser-
ved as before but no distortions were seen in the beam profile up to 100 µJ output pulse
energy as clearly observed in the M2 measurement of the output beam along with the near
field beam profiles shown in Fig. 3.35. However, compared to the input pulse the output
temporal profile was slightly distorted as shown in Fig. 3.36(a). At the same time, strong
spectral modulations that were asymmetric and could not be associated with self-phase mo-
dulation appeared in the spectrum [Fig. 3.36(b)]. This may indicate air ionization inside
the fiber. Nevertheless, the spectrum supports sub-50 fs transform-limited pulses. Beyond
100 µJ pulse energy inside the fiber, the spectrum was heavily distorted (no effort was made
to compress the output pulses) and slight distortions were visible in the beam profile. This
indicates that the long nonlinear interaction length or high peak intensity that can cause
air ionization might be the cause of the spectral and the spatial distortions.

Finally, the chirped-pulse duration of input pulses was increased to 4 ps. Therefore, for
the same peak power pulses with higher energies can be coupled into the fiber without
spatial distortions and depolarization losses. The beam profiles as well as the autocorre-
lation profiles of the output pulses were monitored for various output pulse energies. As
expected, more than 200 µJ pulses were coupled inside the fiber without any temporal and
spatial distortions. As shown in Fig. 3.37, slight distortions in the temporal profile appea-
red when the output pulse energy reached 250 µJ. However, no sign of spatial distortions
were observed in the beam profiles up to that level of pulse energy. This suggests that high
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Figure 3.36: (a) Autocorrelation pulse profiles measured before (red) and after (blue) the fiber
in the case of 1.1 ps (FWHM) input pulses. (b) Output spectrum for 100 µJ output pulse energy
[inset: corresponding Fourier transform-limited pulse profile]. Strong spectral modulations and
temporal distortions indicate that the input peak power or peak intensity is too high.

peak power or peak intensity was the limiting factor for scaling the pulse energy with the
current experimental configuration and parameters.

In conclusion, scaling of pulse energy beyond 50 µJ in nonlinear pulse compression with
air-filled Kagome fiber was hindered by the ionization of air due to the high peak intensity.
This leads to distortions in the temporal, spectral or spatial profiles as well as significant
depolarization losses. The threshold can be extended further by using a fiber with larger
mode field diameter. Instead of air, noble gases such as Argon, Neon etc. with reduced
nonlinearity can be used to achieve the spectral broadening that is required to reduce the
pulse duration below 100 fs, as it has been demonstrated recently [67].

3.8 Summary
In conclusion, an ultrafast regenerative amplifier based on Yb:YAG thin-disk was built to
amplify pulses from a fiber oscillator, generating sub-picosecond pulses with millijoule-level
pulse energy. The amplifier was based on chirped-pulse amplification using a chirped-fiber
Bragg grating stretcher and a grating compressor. The laser system can be operated at a
repetition rate within the range of 10 kHz to 100 kHz. A maximum pulse energy of 2 mJ
before compression was achieved at 10 kHz. Similarly, an average power up to 39 W was
achieved at a pulse-repetition-rate of 100 kHz. After the compressor, millijoule-level pulses
could be extracted at repetition rates as high as 25 kHz with a pulse duration close to 1 ps
and a beam profile close to diffraction-limit.

Second and third harmonics of the laser were generated with BBO crystals. In type
I phase-matching, a conversion efficiency of 70 % was achieved in the second harmonic
whereas 53 % was achieved in the third harmonic. The maximum average power of the
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Figure 3.37: Autocorrelation pulse profiles measured at the output of the 120 cm long fiber
at different output pulse energies, along with the corresponding near field profiles. The input
pulse duration was 4 ps (FWHM). Eout refers to the output pulse energy measured before the
compressor. At the maximum output pulse energy of 250 µJ, the pulse profile is slightly distorted
around the peak but not the beam profile. Note that small amplitude fluctuations are always
present in the pulse profiles, which are the measurement artifacts.

second and third harmonic beams were 16 W and 13 W respectively. The beam quality of
the near-infrared beam was almost preserved after the frequency upconversion. In addition,
excellent average power stability of the second and third harmonic beam demonstrated that
the laser source is an ideal candidate for pumping OPCPAs in the visible and near infrared
spectral range.

Furthermore, nonlinear compression of the amplified pulses was carried out in a hollow-
core Kagome fiber. In a simple pulse compression experiment using Kagome fibers with
air inside the core at atmospheric pressure, 900 fs pulses were compressed down to 130 fs
with output pulse energy close to 50 µJ. Further shortening of pulses with higher pulse
energy was limited by ionization of the air inside the fiber due to the high peak intensity.
The pulse energy can be scaled up if a fiber with a larger mode field diameter is used,
and further spectral broadening is expected if the fiber is filled with noble gases where
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nonlinearity strength can be controlled by changing the gas type and pressure [61].
Scaling of the current laser system towards 100 W average power with millijoule level

pulse energy i.e. at a pulse repetition rate of 100 kHz can be envisioned. After the rege-
nerative amplifier, a multipass amplifier based on thin-disk technology can be used as a
booster to scale the average power. Such a development will enable high-repetition-rate,
few-cycle OPCPA sources with a few hundred microjoules pulse energies and accordingly
the generation of high harmonics and isolated attosecond pulses with high photon flux. In-
deed, a thin-disk multipass amplifier has been demonstrated with kW-level output average
power and few millijoules pulse energy with sub-10 ps pulses [81]. Similarly, 30 mJ, 1.6 ps
pulses at 10 kHz repetition rate i.e. with 300 W average power was demonstrated only with
a thin-disk regenerative amplifier [78].





4 Numerical simulations of NOPCPA

As previously mentioned in chapter 1, optical parametric amplification (OPA) is an attrac-
tive alternative to the nonlinear pulse compression of Ti:Sa amplifiers for the generation
of few-cycle pulses at high energy and high pulse repetition rates. This is mainly due to
the several advantages offered by OPA in comparison to conventional laser amplifiers [18].
Among others, the thermal load is drastically reduced due to the fact that energy is not
stored in the crystal and there are no non-radiative transitions. Therefore, the technique
is favorable for the scaling of the average power and pulse repetition rate. Furthermore,
scaling of the pulse energy is achieved by stretching the seed pulse before amplification
and recompressed after the amplification in a similar way to the chirped-pulse amplifica-
tion technique [3] in laser amplifiers. The technique, widely known as optical parametric
chirped-pulse amplification (OPCPA), can be combined with noncollinear phase-matching
[see section 2.4.6]. The noncollinear OPCPA (NOPCPA) allows the direct amplification of
few-cycle pulses from a broadband oscillator at high repetition rates.

In recent years several few-cycle laser systems at high repetition rates (�10 kHz) have
been built utilizing the NOPCPA technique [15,16,23,99–102]. Scaling of the pulse energy
keeping the repetition rate high (>100 kHz) has received increased interest, in particular,
in strong field physics and attosecond science [17]. In strong field physics experiments,
the amplified few-cycle pulses has to be focused in order to achieve high intensity and the
maximization of the intensity at the target at a high pulse repetition rate is crucial because
of the limited pulse energy available. Since the maximum achievable intensity at focus
depends on the spatiotemporal quality of the pulses, spatiotemporal characterization of the
few-cycle pulses has gained significant interest in recent years (see Ref. [103] and references
therein for its importance in applications). In this regard, this chapter mainly focuses on the
numerical modeling of noncollinear optical parametric chirped-pulse amplifiers (NOPCPAs)
and the study of the spatiotemporal properties of the amplified pulses.

The details about the theory and fundamentals of OPA can be found elsewhere [53,104,
105]. A brief summary of the fundamentals behind NOPCPA is provided in the previous
chapter [see section 2.4.5]. In this chapter, numerical techniques to simulate NOPCPAs are
briefly introduced in section 4.1 along with a concise summary of design parameters that
are important to consider during the development of NOPCPA [section 4.2]. A NOPCPA
system has been numerically modeled and the simulation results are presented in section
4.3. As the main focus of the chapter is on spatiotemporal distortions that may occur
in NOPCPAs, the distortions have been studied numerically under different amplification
conditions and general guidelines to minimize the distortions are discussed in section 4.4.
Note that the results and analysis presented in section 4.4 and a part of the summary
[section 4.5] have already been published as an article in ‘Optics Express’ [106].
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4.1 Numerical techniques
As discussed in section 2.4.5, coupled-wave nonlinear equations describe the propagation
of interacting waves in OPA. Analytical solutions of these equations are only possible for
monochromatic, infinite plane waves in a collinear propagation and take the form of Jacobi
elliptical functions [104,105]. Otherwise, the solutions are derived under several restrictive
approximations and assumptions. In many cases, it is important to include diffraction and
walk-off effects. Furthermore, third-order nonlinear effects as well as thermal effects are also
relevant in some cases. Numerical simulation is the only way to consider all such realistic
effects.

There are two commonly used numerical methods to solve the coupled-wave nonlinear
equations [29]. One is the split-step method in which the nonlinear medium is divided
into sufficiently small steps and, in each step the propagation of the interacting waves is
simulated by considering the linear and nonlinear interactions separately. The propagation,
considering only linear effects such as losses, dispersion and diffraction is performed in
the frequency domain whereas the propagation including only nonlinear processes such
as second-order frequency mixing and nonlinear refractive index is carried out in the time
domain [54,107,108]. Another is the Fourier-space method, where both linear and nonlinear
effects are included simultaneously and the propagation is simulated in frequency domain.
Each wave is decomposed into plane wave eigenmodes and the coupled-wave differential
equations are solved for eigenmode amplitudes [109, 110]. The numerical code utilized in
this work for simulating NOPCPAs is based on the latter approach and is briefly discussed
in section 4.3.

4.2 Design considerations
The brief discussion of the fundamentals of OPA and the noncollinear phase-matching in
section 2.4.5 clearly highlights its importance to amplify broadband pulses with very high
gain. In order to exploit the full potential of the technique, the design requires carefully
chosen parameters. In general, the performance of NOPCPAs depends on the characteristics
of the pump pulses such as wavelength, pulse duration, pulse energy and peak intensity as
well as on the nonlinear interaction determined by the type of nonlinear crystal, crystal
length and phase-matching geometry. In this section, some critical parameters are briefly
discussed along with a literature review of the guidelines to build broadband NOPCPAs.

Nonlinear crystal

The properties of the nonlinear crystal largely determine the parametric amplification
process. The crystal has to satisfy several requirements for NOPCPAs. First of all, it has
to be transparent for a wide spectral range covering all interacting waves. A large nonlinear
optical coefficient as well as a high damage threshold are essential for high gain/conversion
efficiency. In the case of small beam waists of the pump and the signal, large angular
acceptance of the crystal is favorable in order to achieve high gain. Most importantly,
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the crystal must support broadband phase-matching for the amplification of ultrashort
pulses. The broadband phase-matching can be achieved in either a degenerate case or a
noncollinear geometry as discussed in section 2.4.5.

Most of these requirements are fulfilled by crystals such as beta barium borate (β-
BaB2O4, BBO), lithium triborate (LiB3O5, LBO), bismuth triborate (BiB3O6, BIBO),
deuterated potasium dihydrogen phosphate (KD2PO4, DKDP) [4, 111–113] etc. in the vi-
sible and near infrared spectral range. Periodically poled crystals such as lithium niobate
(LiNbO3, PPLN), potasium titanyl phosphate (KTiOPO4, KTP) [100] etc. are also com-
monly used in the near infrared. In the mid-infrared spectral range, a number of crystals
such as Zinc germanium phosphide (ZnGeP2, ZGP), Gallium selenide (GaSe), Silver thio-
gallate (AgGaS2, AGS), Silver gallium selenide (AgGaSe2, AGSE) [55,114] etc. are available
with very wide transparency. For the amplification of broadband pulses centered at 800 nm,
BBO is the most suitable crystal due to its high effective nonlinear optical coefficient and
capability of supporting broad gain bandwidth, where parasitic effects are minimized for a
wide range of signal wavelengths, if a particular phase-matching geometry is chosen [115].

Nonlinear interaction length

It has been discussed in section 2.4.5 that the parametric gain increases exponentially
with

√
Ip × L which is also called the nonlinear interaction length. Even though longer

crystals seem favorable for higher gain, the crystal length has to be chosen carefully for
two particular reasons: First, the group-velocity mismatch between the signal and the idler
pulses (that eventually reduces the gain bandwidth) introduces temporal walk-off between
the pump and the signal pulses while propagating through the crystal. This increases
with the crystal length and tends to reduce the conversion efficiency depending upon
pulse duration. Next, spatial walk-off effects increase with crystal length and can severely
limit the interaction length depending upon the beam sizes and the angle between the
interacting beams. This implies that the crystal length has to be optimum in order to
minimize the temporal and spatial walk-off and at the same time, to achieve reasonable
gain and conversion efficiency.

Thin crystals are always preferred in ultra-broadband amplification in order to reduce
phase mismatch (∆k × L), thus increasing the gain bandwidth. The lowering of parame-
tric gain due to short propagation distances can be compensated by using a high pump
intensity which is only limited by the damage threshold of the crystal. Since the damage
threshold decreases with decreasing pulse duration, the combination of the thin crystals
and the picosecond pump pulses with high peak intensity is the most appropriate approach
to amplify broadband pulses. In addition, thin crystals help to reduce spatial as well as
temporal walk-off, otherwise critical for small beams and short pulses respectively. In the
case of a noncollinear configuration, thin crystals minimize spatial walk-off due to the
geometry.
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Gain bandwidth

One of the most striking characteristics of OPA is the broad gain bandwidth which strongly
depends on wave-vector mismatch. A few conditions and tricks to obtain/optimize the gain
bandwidth (some of which has been discussed earlier) are summarized as follows.

• The degenerate OPA offers a very broad gain bandwidth due to the group velocity-
matching of the signal and the idler.

• Noncollinear geometry provides an additional degree of freedom to optimize the gain
bandwidth by matching the group-velocities of the signal and the idler thereby avoi-
ding the phase-mismatch up to the first order [28].

• Ultra-broad bandwidth is possible if the phase-mismatch is minimized up to the
second order by using angularly dispersed signals [116,117].

• The use of thin crystals, pumped at high intensity allows optimizing gain bandwidth
as discussed in the previous section.

• Multiple pump beams (at either same or different wavelengths) can be utilized to
increase the amplification bandwidth [118,119].

phase-matching geometry

Birefringent phase-matching has been widely used to minimize the wave-vector mismatch.
Walk-off of the extraordinary beam away from the optical axis in negative uniaxial cry-
stals is known to limit the conversion efficiency and to degrade the beam quality in the
parametric amplification processes. This is critical in the case of long crystals.

In NOPCPAs, walk-off effects can be considerably compensated if the signal beam is
positioned on the side to which the pump beam walks off [115] as shown in Fig. 4.1(a),
for a negative uniaxial crystal in type I phase-matching. The geometry is often called
Poynting vector walk-off compensating (PVWC) or simply walk-off compensating (WOC)
geometry. The walk-off compensation significantly improves the beam quality. However,
second harmonics of the signal as well as the idler can be phase-matched which introduces
modulations in the amplified spectrum and may reduce output signal and idler energies.
On the other hand, if the signal beam is positioned on the side from which the pump beam
walks away [see Fig. 4.1(b)], the configuration is called non-walk-off compensating (NWOC)
geometry or tangential phase-matching. The NWOC geometry, in general, doesn’t suffer
from parasitic second harmonics and therefore, is preferable for achieving a better output
spectrum whereas WOC geometry is favorable for better beam quality [115]. After all,
the choice of the phase-matching geometry is based upon the application of the amplified
signal/idler.
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Figure 4.1: Illustration of type I phase-matching geometries in a BBO crystal: (a) walk-off
compensating (WOC) geometry and (b) non-walk-off compensating (NWOC) geometry. X, Y ,
Z: crystal axes of the BBO crystal; x, y, z: Cartesian co-ordinate system used in the calculations;
ks: signal wave vector that is incident perpendicularly to the crystal face, kp: pump wave vector
at an internal angle α with the signal wave vector and at the phase-matching angle θ with the
optical axis (Z), and Sp: Poynting vector of the pump. All the vectors that relate to the laser
propagation lie in the (Y , Z) or (x, z) plane. Not to scale.

Gain saturation

Equation 2.85 shows that the parametric gain of an optical parametric amplifier in the
high-gain approximation grows exponentially. The exponential growth of the signal will
stop beyond a certain point because of the limited pump pulse energy available in the
nonlinear interaction. Then, a linear growth of the signal continues as long as the pump
intensity is higher than that of the signal and the idler. The regime of linear gain is often
considered as gain saturation. Beyond this regime, the intensities of the signal and the
idler are comparable to the pump intensity and back conversion of the signal and the idler
to the pump takes place. The conversion of the signal and the idler to the pump and
vice versa continues further which introduces strong modulations in spatial and temporal
profiles of the interacting fields. For this reason, strong gain saturation or back conversion
may not be useful. Nevertheless, gain saturation improves pulse-to-pulse stability and helps
to minimize the spectral narrowing effects by amplifying the wings of the spectrum. The
degree of gain saturation depends on several parameters such as pump intensity, crystal
length, the effective nonlinear optical coefficient and the ratio of the intensities of the pump
and the signal.

Signal-to-pump pulse energy ratio

The ratio of the pulse energy of the input signal to the pump (for given beam sizes and pulse
durations) is a critical parameter in NOPCPAs. If the seed energy is low, gain saturates
in a longer crystal which limits the gain bandwidth and lowers the extraction efficiency.
In the case of higher seed energy, saturation occurs in a shorter crystal resulting in low
gain but higher extraction efficiency. In addition, a very low signal-to-pump pulse energy
ratio leads to an increased level of superfluorescence. Therefore, it is crucial to find an
appropriate ratio in order to optimize the gain, extraction efficiency and if applicable, the
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superfluorescence.
The well-known approach for optimization of gain and extraction efficiency is to build

multiple amplification stages: the first amplifiers with high gain and a last amplifier with
high extraction efficiency. This can be achieved by using a low signal-to-pump pulse energy
ratio in the first stage and a high signal-to-pump pulse energy ratio in the second stage.
Analytical calculations have shown that a signal-to-pump pulse energy ratio of 10−3 in a
single stage amplifier ensures high gain and high conversion efficiency simultaneously [120].

Signal-to-pump pulse duration ratio

Because of the instantaneous nature of the parametric amplification process, temporal
overlap between the pump and the signal pulses is necessary. This is achieved by proper
synchronization of the pulses. The synchronization techniques are typically divided into
two categories: active and passive. In active synchronization, the pump and signal sources
are actively synchronized using electronics [121, 122] whereas in passive synchronization,
signal and the seed for the pump laser are derived from the same source [23]. In addition to
synchronization, the ratio between the pump and the signal pulse durations is an important
parameter to consider, which influences amplification. This is especially noticeable for
Gaussian-shape of the temporal profiles because the pump intensity, varying over time,
induces different gain across the pulse.

An optimum signal-to-pump pulse duration ratio is crucial to optimize the amplified
spectrum and the pump-to-signal energy conversion efficiency. If the signal-to-pump pulse
duration ratio is close to 1, the wings of the spectrum will experience less gain compared
to the center leading to spectral narrowing. On the other hand, small signal-to-pump
pulse duration ratio decreases the temporal overlap and reduces the pump-to-signal energy
conversion efficiency. This has been studied using numerical simulations [54, 118], which
suggest that signal-to-pump pulse duration ratio between 0.3 and 0.6 in the case of Gaussian
pulses optimizes the effect of spectral narrowing with reasonable conversion efficiency. It
should be noted that the optimum ratio strongly depends upon the shape of the temporal
profiles, crystal length and pulse durations.

Superfluorescence

Even if an optical parametric amplifier is not seeded with a signal, fields are spontaneously
generated at signal and idler frequencies from the downconversion of a pump photon. Such
spontaneous photons are referred to as superfluorescence or optical parametric fluorescence.
This quantum phenomenon has been studied by using a quantum mechanical model of
OPAs [123]. Superfluorescence is an unwanted effect, occurs within the pump pulse and is
proportional to the pump intensity. Studies have suggested that it can be suppressed by
avoiding very high parametric gain, optimizing the temporal overlap between the pump
pulse and the signal pulse, and using tight spatial filtering between the amplification stages
[108].

Superfluorescence decreases the energy, stability and coherence of the output signal as
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well as degrades the temporal contrast of the compressed pulses. In a multistage amplifier,
these effects can significantly be minimized by optimizing the temporal chirp in the seed
(i.e. changing the signal-to-pump pulse duration ratio) at each stage [124].

Parasitic effects

As parametric processes are largely determined by phase-matching, second harmonics of
the signal as well as the idler can, in principle, be phase-matched with the corresponding
fundamentals during the process of parametric amplification. Such effects, one particular
type of parasitic effects, may cause unwanted loss of energy and introduce strong modula-
tions in the amplified spectrum [115] which are mainly determined by the phase-matching
geometry, the type of nonlinear crystal as well as the pump and signal wavelengths. The
corresponding modulations in the spectral phase may influence the pulse compression. In
the case of green-pumped BBO crystals in a type I phase-matching configuration, it has
been shown that a NWOC geometry is free from parasitic effects for the spectral range
below 1129 nm unlike the WOC geometry in which a parasitics-free spectral range exists
below 860 nm [115].

Thermal effects

As previously discussed, OPA is known as a potential amplification technique for scaling
average power and pulse repetition rate. Due to the absence of energy storage in the non-
linear crystals unlike conventional laser amplifiers, the thermal load is drastically reduced.
Most of the OPAs at an early stage of development were limited in output average power
and experienced negligible thermal effects. However, in recent years, the rapid development
of high average power laser systems that are suitable to pump NOPCPAs allows scaling of
the output average power > 100 W [101]. Such high average power NOPCPAs may suffer
from heating of the crystal due to the intrinsic absorption of the interacting waves that
depends upon the transparency of the crystal in the wavelength range of interest. Indeed,
it has recently been experimentally studied in a high power NOPCPA pumped at 515 nm
with the amplified spectrum spanning from 700 to 1000 nm and confirmed that the absorp-
tion of the idler by the BBO crystal and absorption of coatings at 515 nm is responsible
for heating of the crystal [125]. It is expected that the average power scaling of NOPCPAs
may be hindered by thermal issues beyond output powers of a few hundreds of watts [126].
Considering the negligible thermal load in low-power NOPCPAs, thermal effects have not
been included in the simulations presented in this thesis.

Spatiotemporal distortions

In recent years, spatiotemporal characterization of ultrashort pulses has received an incre-
ased interest. For some applications of ultrashort pulses e.g. in strong field physics and
attosecond science, couplings between the spatial and temporal coordinates of the elec-
tric field is problematic because they may introduce distortions, often leading to pulse
broadening and the reduction of peak intensity at focus.



108 4.3 Modeling of NOPCPA system

NOPCPAs are susceptible to spatiotemporal couplings, which are an intrinsic property of
a noncollinear geometry. The spatiotemporal distortions and their impacts are known since
the introduction of the amplification technique [28, 127]. In particular, tilted pulse fronts
(i.e. the plane of the maximum intensity of the pulse envelope) of the pump with respect
to signal create a tilted gain distribution which leads to spatiotemporal distortions in the
amplified signal. The extent of these distortions depends upon several design parameters
and amplification conditions which will be discussed in section 4.4 in detail.

4.3 Modeling of NOPCPA system
In this section, a NOPCPA system is numerically modeled and the output characteristics
are reported. Direct amplification of few-cycle pulses from an oscillator is possible due
to the broad amplification bandwidth offered by noncollinear phase-matching. The choice
of nonlinear crystal and the pump laser depends upon the spectrum of the pulses to be
amplified. For example, for the amplification of pulses from a broadband oscillator emitting
sub-6 fs pulses centered around 800 nm, the second harmonic of Yb-doped lasers around
515 nm is highly suitable to pump a NOPCPA based on BBO. At the Max Born Institute
in the last few years, there has been remarkable progress in the development of a NOPCPA
based, high repetition rate (>100 kHz), few-cycle laser system [17, 23]. So far, Yb-doped
fiber amplifiers have been used as pump lasers which has limited the output energy of the
few-cycle pulses to around 10 µJ at repetition rates of 400 kHz or higher. In order to scale
up the pulse energy beyond 100 µJ at the output of the NOPCPA system, a new pump
laser based on thin-disk technology has recently been installed. The NOPCPA system
is currently under development1. A brief overview of the multistage NOPCPA system
including the seed and the pump laser will be presented in the following section, followed
by numerical simulations of the three amplification stages.

All the numerical simulations have been performed utilizing the numerical code, Sisyfos
(SImulation SYstem For Optical Science) [29,128]. Prior to this work, this code was already
utilized in several works [116, 129–131], verifying its potential to simulate second-order
frequency mixing, including the effects of pump depletion, walk-off, dispersion, diffraction,
parasitic effects, and thermal effects. The program solves the coupled-wave equations in
three dimensions in Fourier space. In the case of parametric amplification, it calculates the
complex electric field distribution of the amplified signal, pump and idler beams, as well
as parasitic second harmonics of the signal and the idler (optional).

4.3.1 Block diagram
The schematic of the multistage NOPCPA system is shown in Fig. 4.2. An ultrabroad-
band Ti:Sa oscillator (Venteon, Pulse:One) emits an octave-spanning spectrum supporting

1At the end of the thesis writing, the amplification stages have been set up, achieving an output pulse
energy of 210 µJ at a repetition rate of 100 kHz. The amplified pulses have been compressed down to ∼
7 fs using chirped mirrors.



4. Numerical simulations of NOPCPA 109

VENTEON
oscillator

subB6mfsSmGmnJ

TRUMPF
thinBdiskmamplifier

G5WmmJSmGmpsSmG99mkHz

Delay
stage

OPABbased
crossmcorelation

StagemG
BBO

W59mmm

StagemW
BBO

G55mmm

Stagem/
BBO

G55mmm

G5mμJ
99mGW3cmW

G99mμJ
59mGW3cmW

999mμJ
49mGW3cmW

59mμJ
G99mGW3cmW

Pulse
shaper

Output

Figure 4.2: Schematic of the NOPCPA system currently under development at the Max-Born-
institute. An ultrabroadband oscillator (Venteon, Pulse:One) seeds both the pump and the para-
metric amplifiers. The delay between the pump and seed pulses is controlled by adjusting a delay
stage, which is operated by the control signal that is generated from an additional OPA stage
(the scheme is similar to the one described in Ref. [132]). The seed pulses are amplified in three
amplification stages based on BBO crystals, which are pumped by a thin-disk amplifier (from
TRUMPF Scientific). The amplified pulses are compressed using chirped mirrors (not shown).
The pulse compression is optimized with the help of a pulse shaper, compensating higher order
dispersion.

sub-6 fs pulses. A portion of the output spectrum around 1030 nm has been used to seed
the thin-disk amplifier whereas the rest of the output serves as a seed for the NOPCPA
stages. That means the signal and the pump are optically synchronized, also called passive
synchronization. A separate OPA stage has been developed in order to characterize and
actively control the delay between the seed and the pump pulses [132]. In addition, a spatial
light modulator-based pulse shaper (MIIPS Box 640 P, from Biophotonics Solutions Inc.)
is used to facilitate the pulse compression by manipulating the spectral phase of the seed
pulses.

The pump laser (TRUMPF Scientific) consists of fiber Bragg grating stretcher, several
fiber pre-amplifiers and a regenerative amplifier cavity with Yb:YAG thin disk as gain
medium. The pulses, compressed by a grating compressor are frequency doubled in a LBO
crystal. The output pulses centered at a wavelength of 515 nm have a duration of approx.
1 ps (FWHM), with ∼ 1.2 mJ pulse energy at a pulse repetition rate of 100 kHz. This
corresponds to an output average power of 120 W at 515 nm. With such a high power, high
energy pump laser, the aim is to generate few-cycle pulses with high energy (>100 µJ) at a
pulse repetition rate of 100 kHz (>10 W average power). This implies that the laser system
offers high peak power and high average power simultaneously.

The output of the pump laser is split into four, out of which the first output is used
to pump the delay-control-OPA and the other three pump three different amplification
stages as indicated in Fig. 4.2. The details about these amplification stages including the
characteristics of the output signal from each stage are discussed in the following sections.
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Figure 4.3: (a) Spectrum of the seed, which was measured at the output of the ultrabroadband
Ti:Sa oscillator using a spectrometer (Avantes) [inset: calculated beam profile of the seed and
pump, assuming a Gaussian shape]. (b) Temporal profiles of the seed and the pump used for the
first amplification stage. The pump pulse is assumed to be Gaussian with FWHM pulse duration
of 1 ps. The seed pulse is calculated from the measured spectrum and then stretched using group
delay dispersion numerically.

4.3.2 First amplification stage
The first amplification stage is based on a 2 mm BBO crystal in type I phase-matching.
The effective nonlinear optical coefficient is taken to be 2 pm/V for all interacting be-
ams including parasitic second harmonics. Phase-matching angles are calculated for the
pump wavelength of 515 nm and signal center wavelength of 850 nm. Walk-off compen-
sation phase-matching geometry [see Fig. 4.1(a)] has been chosen in order to minimize
spatiotemporal couplings in the amplified output signal originated due to spatial walk-off.
The broad band phase-matching condition implies that the pump and the signal propagate
at an angle of 24.45◦ and 26.45◦ with respect to the optical axis of the crystal respective-
ly. Parasitic second harmonics of the signal and the idler have also been included in the
simulation.

Figure 4.3(a) shows pulse spectrum at the output of the oscillator that seeds the first
amplification stage after stretching. Seed pulses were numerically stretched up to ≈ 600 fs.
The pump pulse-shape was assumed to be Gaussian with a pulse duration of 1 ps (Fourier
transform-limited) at FWHM which is shown in Fig. 4.3(b) along with the stretched seed
pulse. A pump intensity of 90 GW/cm2 was chosen which corresponds to a beam waist of
∼ 100 µm (half width at 1/e2 of peak intensity) for a pulse energy of 15 µJ. The spatial
profiles of the pump and the signal are assumed to be Gaussian and both have the same
beam waists. For completeness, the profile is shown in the inset of Fig. 4.3(a).

According to the calculation, the signal is amplified from 0.3 nJ to 1.331 µJ which corre-
sponds to a gain of 4436 and a pump-to-signal energy conversion efficiency of 8.9 %. The
simulation program provides the three-dimensional complex electric field distribution of
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Figure 4.4: (a) Spectrum of the seed and the output signal, and (b) near field profile of the
amplified signal in the first amplification stage. A dip in the output spectrum around 880 nm is
due to the parasitic second harmonics of the signal. Additionally, the output beam profile shows
signs of spatial narrowing.

the output signal from which the amplified output spectrum and beam profile are compu-
ted. Figure 4.4(a) shows the input and output spectrum of the signal. A strong dip in the
amplified spectrum around 880 nm is attributed to depletion due to parasitic second har-
monics of the signal that is inherent to the walk-off compensating geometry. The near field
profile of the output signal is shown in Fig. 4.4(b), which suffers from spatial narrowing
that is mainly due to the Gaussian shape of the pump beam.

4.3.3 Second amplification stage
The second amplification stage is similar to the first one except that it is seeded with the
output from the first stage after magnifying the beam in order to match the beam waists of
the seed and the pump in the second stage. The pump pulse energy is increased to 100 µJ
which corresponds to a beam waist of ∼ 350 µm for a pump intensity of 50 GW/cm2. In
addition, the crystal length is reduced to 1.5 mm to avoid strong gain saturation. The
temporal as well as the spatial profiles of the pump are assumed to be Gaussian.

This stage amplifies the signal to 15.28 µJ with a corresponding gain of 11.5 and pump-
to-signal energy conversion efficiency of 13.9 %. The average spectrum of the amplified
output signal along with input spectrum is shown in Fig. 4.5(a). As can be seen clearly,
the whole bandwidth of the input signal is amplified with minimal spectral modulations
and enhanced wings of the spectrum. Similarly, the near field profile of the output signal,
as shown in Fig. 4.5(b) is slightly asymmetric which is due to the enhancement of the
asymmetry present in the seed. In general, the asymmetry in the amplified beam profile is
common in NOPCPAs due to noncollinear geometry.
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Figure 4.5: (a) Calculated input and output spectrum of the signal, and (b) near field profile of
the output signal in the second amplification stage. The whole bandwidth of the seed spectrum
is amplified along with the enhancement of the wings.

4.3.4 Third amplification stage
The last amplification stage is designed to extract energy more efficiently with low pa-
rametric gain. A 1.5 mm long BBO crystal is pumped at a peak intensity of 40 GW/cm2

with a pulse energy of 900 µJ, which corresponds to a beam waist of 1150 µm. Because
of the larger beam size, spatial walk-off effects are expected to be lower. Therefore, the
phase-matching geometry is chosen to be non-walk-off compensating which avoids para-
sitic effects in the spectral range of interest. Phase-matching and noncollinear angles are
calculated for broadband phase-matching as mentioned in the first amplification stage.

A parametric gain of 9.5 is achieved in this stage with pump-to-signal energy conversion
efficiency of 14.5 %. The output energy per pulse is 145.4 µJ. The average spectrum of the
input and the output signal are shown in Fig. 4.6(a). It can be clearly seen that the full
bandwidth has been amplified and no additional spectral modulations are observed. The
near field beam profile of the amplified signal, as shown in Fig. 4.6(b) is asymmetric in the
opposite direction compared to the input beam profile. This is mainly due to the spatial
walk-off effects dominating in the non-walk-off compensating phase-matching geometry.

Note that the second and third amplification stages have similar gain and conversion
efficiency. In principle, these stages can be merged and designed as two-stage NOPCPA
system. However, the extraction efficiency has to be significantly increased in the last stage,
which introduces strong spatiotemporal distortions in the amplified signal and accordingly
reduces the maximum achievable peak intensity at focus (see section 4.4).

The output from the third amplification stage has been further characterized by calcula-
ting the spectral phase at the center of the near field profile utilizing the complex electric
field distribution. First, a third-order polynomial was fitted to the total spectral phase and
then the fitted phase was subtracted from the total phase. The residual phase obtained in
that way is shown in Fig. 4.7(a) along with the total signal spectrum. The residual phase
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Figure 4.6: (a) Calculated input and output pulse spectrum, and (b) the output near field profile
of the signal in the third amplification stage. The full bandwidth of the input signal is amplified
in a non-walk-off compensating geometry without additional spectral modulations.

Figure 4.7: (a) Average spectrum of the output signal and the residual spectral phase at the
center of the beam profile when the phase up to third order is compensated. (b) Corresponding
pulse profile along with the Fourier transform-limited pulse with a duration of 6.3 fs (FWHM).
The pedestals present in the transform-limited pulse profile are due to spectral modulations, in
particular, narrow features in the spectrum leads to long pedestals. Satellites emerge due to phase
jumps and uncompensated spectral phase in general.
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refers to the higher-order phase terms that should be compensated in order to achieve
Fourier transform-limited pulses. Figure 4.7(b) shows the corresponding pulse profile along
with the Fourier-transform limited pulse profile. Pulse pedestals can be clearly seen in the
pulse profiles which are due to the modulations in the output spectrum and the corre-
sponding phase-jumps in the residual spectral phase. Nevertheless, the amplified spectrum
supports Fourier transform-limited pulse duration of 6.3 fs (FWHM) which contains <3
optical cycles.

Since the numerical program has considered all realistic phenomena in parametric am-
plification processes and solved the coupled-wave nonlinear equations in three dimensions,
the results serve as important guidelines for the development of NOPCPA systems. Above
all, the complex field distribution of the amplified signal can directly be used for characte-
rizing spatiotemporal distortions present in the field distribution. Such characterization is
particularly important for few-cycle pulses where maximization of the peak intensity with
limited pulse energy available at high pulse repetition rate is crucial. A systematic study of
spatiotemporal distortions and possible ways to minimize them in NOPCPAs will be the
main focus of the following section. The simulation results and analysis presented hereafter
have already been published [106].

4.4 Spatiotemporal distortions in NOPCPA
Widely used components in ultrafast optics such as prisms, gratings and lenses all intro-
duce spatiotemporal couplings, i.e. couplings between the spatial and temporal properties
of the electromagnetic field [133]. Even the propagation of ultrashort pulses in vacuum
may introduce spatiotemporal couplings, due to the wavelength-dependent diffraction of
a beam with a finite size [134]. A rigorous theory has recently been developed [135] and
several experimental techniques have been implemented to measure first-order spatiotem-
poral couplings [133]. In the case of NOPCPAs, spatiotemporal couplings naturally occur
due to the noncollinear geometry. Since such couplings, often called spatiotemporal dis-
tortions or aberrations, degrade the achievable pulse duration and the peak intensity at
focus, it is important to address this issue if NOPCPAs are to be used in research fields
such as attosecond science, where a high peak intensity needs to be achieved with a li-
mited available pulse energy when one operates at high repetition rates. Pioneering work
by Bromage et al. [26] demonstrated experimentally that angular dispersion of the ampli-
fied signal beam can be eliminated if the NOPA is operated at a particular noncollinear
angle, the so-called “magic angle” [136], where the group velocities of the signal and the
idler beams are matched, leading to a broad amplification bandwidth. The experimental
findings were supported by a simple numerical model. Numerical simulations supported
by experimental results reported by Zaukevičius et al. [27] pointed out that at the magic
angle pulse front tilt is still present, despite the vanishing angular dispersion, and can on-
ly be avoided by matching the pulse fronts of the pump and the signal. In that respect,
experimental efforts to eliminate the pulse front tilt have been reported in the literature
(see for example [137,138]).
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In this section, a detailed numerical study of spatiotemporal distortions in NOPCPAs is
presented, utilizing three-dimensional (3D) simulations. The studied NOPCPAs are based
on amplification in BBO crystals under type I phase-matching. In all cases the amplifier
is pumped at 515 nm and seeded with a broad-band pulse centered at 850 nm. The aim of
the study is to characterize the spatiotemporal properties of the amplified field and to find
guidelines for optimum amplifier design. It is investigated how spatiotemporal distortions
in the amplified beam depend on experimental conditions such as noncollinear angle, pump
beam size, phase-matching geometry, pulse front matching, and distortions in the seed beam
and how they are related to gain saturation and back conversion. In section 4.4.1, different
sources of spatiotemporal distortions in NOPCPAs are briefly reviewed. The numerical
tools to characterize the distortions are introduced in section 4.4.2. In section 4.4.3, a
single stage NOPCPA is analyzed for different noncollinear angles and beam sizes, and for
different phase-matching configurations. Next, the influence of pulse-front matching and
gain saturation is analyzed. In particular, the impacts of spectral shaping of the signal pulse
and spatial shaping of the pump beam are analyzed in saturated amplifiers. In addition,
it is discussed how spatiotemporal distortions from a first amplification stage influence a
second amplification stage. Finally, a series of recommendations for the optimal design of
a BBO-based NOPCPA are given based on the simulation results.

4.4.1 Background
The origins of spatiotemporal distortions in NOPCPAs have been known since the intro-
duction of the technique [28]. The pulse front of the signal is shaped by the spatiotemporal
distribution of the gain, so unless the pulse front of the pump is tilted to match the signal,
the signal pulse front will end up being tilted with respect to its propagation direction.
The combination of tilted pulse front and temporal chirp also leads to spatial chirp. In ad-
dition, phase-matching can contribute to further pulse front tilt through its direct impact
on angular dispersion [26]. Detuning the noncollinear angle from the magic angle leads to
an angularly dispersed amplified signal beam and accordingly tilts the pulse fronts. The
effect is dominant for relatively small beam sizes and large detuning angles.

In addition to these effects, birefringence of the crystal causes spatial walk-off of the
extraordinary beam. For example, in BBO under type I phase-matching, the pump beam
shifts away from the optical axis. Furthermore, during propagation the pump and the signal
beams get separated from each other in the walk-off plane due to the noncollinear configu-
ration. Such spatial walk-off effects, in combination with temporal walk-off due to pump
versus signal group-velocity mismatch, introduce additional spatiotemporal couplings. The
spatiotemporal couplings due to the combined birefringent and temporal walk-off are pre-
sent even if the pulse fronts of the pump and the signal are matched (e.g. in collinear
amplification).

An analytical study of spatiotemporal distortions in NOPCPAs is difficult, since the
coupled-wave equations for three-wave mixing can be solved analytically only under ve-
ry restrictive assumptions or approximations. Analytical expressions for the analysis of
first-order spatiotemporal distortions have been presented in [27]. However, for a complete
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study of spatiotemporal distortions under more realistic amplification conditions, nume-
rical methods are indispensable. In this work, the nonlinear coupled-wave equations are
solved in three dimensions, which allows studying all possible spatiotemporal distortions
in NOPCPAs over a diverse range of parameters.

4.4.2 Numerical model and analysis tools
NOPCPAs are simulated with Sisyfos code as described in section 4.3. After modeling the
amplifier, the complex electric field of the amplified signal in three dimensions (x, y and t)
is used for post-processing, where x and y refer to the transverse spatial coordinates and
t is the time.

For simplicity, the study of spatiotemporal couplings is often limited to the first-order.
The definitions for first-order couplings introduced in this section and analyzed in the fol-
lowing one are focused in couplings occurring between the walk-off plane spatial coordinate
(taken as the x-coordinate) and time. These results can be easily extended to the orthogo-
nal y-coordinate. As the electric field can be represented in four different domains: (x, t),
(x, ω), (kx, t) and (kx, ω), where ω and kx are angular and spatial frequencies, respectively,
there are eight possible couplings when both amplitude and phase are considered. They are
connected via Fourier transformations [135], and only two of them are independent. From
these eight first-order distortions, pulse front tilt, spatial chirp and angular dispersion are
most commonly encountered.

The pulse front tilt, which is the angle between the pulse front and the phase front, may
be characterized by the slope of the profile in the (x, t) domain,

tan γ = c

(
dt0
dx

)
x0

, (4.1)

where γ is the pulse front tilt angle, c is the speed of light, x0 is the center of the beam
profile, and t0 is the center of gravity of the temporal profile at a particular position. The
pulse front tilt can arise from angular dispersion according to [139],

tan γ0 = c

(
dkx0

dω

)
ω0

= −λ0

(
dε

dλ

)
λ0

, (4.2)

where γ0 refers to the pulse front tilt angle due to the angular dispersion only. kx0 cor-
responds to the center of gravity of the spatial frequency profile for a particular angular
frequency ω, ω0 is the center frequency and ε is the propagation angle of the spectral
component λ with respect to the center wavelength λ0.

Spatial chirp refers to the coupling between spatial and spectral coordinates and can be
characterized in the (x, ω) domain by the spatial dispersion (dx0/dω)ω0

or analogously the
frequency gradient (dω0/dx)x0

[140]. If spatial and temporal chirp appear simultaneously,
the combined effect of both phenomena induces pulse front tilt even in the absence of
angular dispersion. For example, in the case of a field with a Gaussian spectrum and a
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Gaussian spatial profile, the overall pulse front tilt is given by [141],(
dt0
dx

)
x0

=
(
dkx0

dω

)
ω0

+
(
d2ϕ

dω2

)
ω0

(
dω0

dx

)
x0

, (4.3)

where ϕ refers to the spectral phase.
For the analysis of the simulations presented in this work, the spatiotemporal distortions

were divided into two groups: first-order distortions and higher-order distortions. In order
to calculate linear distortions, the simulated field in the (x, y, t) domain was transformed
to the other domains by Fourier transformation. Then, the slopes of the two-dimensional
intensity profiles in the (x, t), (x, ω) and (kx, ω) were calculated in order to obtain the
pulse front tilt, spatial chirp and angular dispersion respectively in the walk-off plane. In
principle, this method can be utilized to characterize nonlinear distortions as well, but the
quantitative analysis would be cumbersome, with a rapidly increasing number of distortion
terms for each expansion order that is included. Therefore, the Strehl ratio (SR) was used
as a measure of the extent of both linear and nonlinear spatiotemporal distortions. The
Strehl ratio was computed as,

SR = I

I0
, (4.4)

where I and I0 are the peak intensities of the output signal beam with and without dis-
tortions, respectively at the focal plane of an ideal lens. The procedure to calculate the
intensities is as follows: First, the amplified pulses are compressed uniformly across the
spatial profile. For this, the spectral phase, ϕ(xmax, ymax, ω) was taken as a reference, whe-
re (xmax, ymax) corresponds to the position of maximal intensity within the beam profile.
This reference phase was then subtracted at all positions across the beam profile, resulting
in a Fourier transform-limited pulse duration at (xmax, ymax) , but not necessarily at other
positions within the beam profile. The distortion-free electric field Edf (x′, y′, ω′) which is by
definition separable in (x′, y′) and ω′ , was constructed from the distorted field E(x, y, ω)
by multiplying the position-averaged spectral distribution times the frequency-averaged
spatial distribution, while the spectral phase was set to zero at all positions according to,

Edf (x′, y′, ω′) = β
∑
ω

|E(x′, y′, ω)|
∑
x,y

|E(x, y, ω′)| , (4.5)

where β is a normalization constant that ensures that both fields have the same energy.
Then, both the distorted and the distortion-free field were focused under ideal conditions
by solving Kirchoff’s integral under the Fraunhofer approximation leading to the peak
intensities I and I0 respectively. The Strehl ratio calculated in this manner [cf. Eq. 4.4] is
a measure of the extent of spatiotemporal distortions irrespective of the order. The ratio
will be unity for an ideal distortion-free field and decreases if spatiotemporal distortions
are present i.e. the stronger the spatiotemporal distortions, the lower the Strehl ratio.
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4.4.3 Simulation results and analysis
For all the simulations the nonlinear material considered was BBO under type I phase-
matching. The pump pulses had a Gaussian temporal profile with a Fourier transform-
limited duration of 1 ps (FWHM) and a central wavelength of 515 nm. The broadband
seed pulses had a Fourier transform-limited pulse duration of 10 fs (FWHM), a Gaussian
spectral profile, and a central wavelength of 850 nm. They were positively chirped to 600 fs
(FWHM), unless specified otherwise. The choice of the initial pulse parameters and the
nonlinear material was motivated by widely available Ytterbium-doped amplifiers that are
suitable to pump NOPCPAs in the visible and near infrared. Both the pump and seed
beam profiles were Gaussian and the beam sizes were matched in all cases. Considering
the limited pump pulse energy at high repetition rate, the beam waists (half width at 1/e2

of the peak intensity) on the BBO crystal were always <=1 mm.

A. Single stage NOPCPA
First, a single stage NOPCPA was considered. The phase-matching geometry was chosen
to be a walk-off compensating (WOC) geometry [see Fig. 4.1(a)], in which the asymmetry
in the beam profile of the amplified signal due to birefringent walk-off is minimized [115]. In
negative uniaxial crystals (ne < no), the Poynting vector of the extraordinary wave subtends
an angle with the propagation wave vector, effectively displacing the energy distribution of
the field away from the optical axis. The displacement is towards the signal wave in WOC
configuration which partially compensates the walk-off effect between the pump and the
signal wave due to the noncollinear geometry. Meanwhile in non-walk-off compensating
(NWOC) configuration, the Poynting vector of the pump points away from the signal,
increasing the spatial walk-off effects [see Fig. 4.1(b)]. In the WOC configuration, second
harmonic generation from both the signal and the idler is phase-matched, introducing
modulations in the spectra and ultimately reducing the signal and the idler pulse energies.
These parasitic effects have been considered in the simulations. In the case of broadband
phase-matching, the pump and the signal beams propagate at an angle of 24.45◦ and 26.95◦
respectively with respect to the optical axis of the crystal.

For the first simulation, a 2 mm long crystal was pumped at a peak intensity of 40 GW/cm2.
For a beam waist of 500 µm, the pump pulse energy corresponds to 168 µJ. The seed pulse
energy was chosen to be 8.4 nJ keeping the ratio of pump to seed pulse energy constant for
all simulations. The effective nonlinear optical coefficient of BBO was taken to be 2 pm/V
for both the OPA and the parasitic processes. The given set of parameters ensures that
the gain is not saturated with 9 % pump-to-signal energy conversion efficiency, which sim-
plifies the analysis. The intensity profiles in different domains are shown in Fig. 4.8. It
can be clearly seen that the distortions are almost linear and dominate along the walk-off
plane [Figs. 4.8(d) and 4.8(e)] whereas distortions in the orthogonal plane are negligible
[Figs. 4.8(b) and 4.8(c)]. Therefore, for the rest of the analysis of first-order distortions the
attention is focused on effects arising in the walk-off plane. Note that the dips observed
in the spatio-temporal and spatio-spectral profiles correspond to modulations in the spec-
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Figure 4.8: Intensity profiles of the output signal from an unsaturated NOPCPA in different
domains: (a) y-x (b) t-y (c) f-y (d) t-x (e) f-x, and (f) f-kx for an input beam waist of 500 µm (half
width at 1/e2 of peak intensity). The green lines are there to guide the eye. The output energy
of the signal is 15.1 µJ (gain = 1800).

trum due to parasitic effects. Since the slopes of the profiles directly reflect the first-order
distortions, as explained in section 4.4.2, there is significant pulse front tilt [Fig. 4.8(d)],
spatial chirp [Fig. 4.8(e)] and almost no angular dispersion [Fig. 4.8(f)] in the walk-off
plane. These results are consistent with the results reported in [27].

Influence of detuning the noncollinear angle

The noncollinear angle was detuned from the magic angle and the above-mentioned calcu-
lation was repeated for four different beam waists of 125 µm, 250 µm, 500 µm and 1000 µm.
These particular beam sizes were chosen in such a way that the smallest beam is compara-
ble to the physical extension of the pump pulse and in order to cover several experimentally
used pump beam sizes [23, 99]. For a peak intensity of 40 GW/cm2, the pump pulse ener-
gies corresponding to the four different beam sizes are 10.5 µJ, 42 µJ, 168 µJ and 672 µJ
respectively. In each case, first-order distortions were calculated from the spatiotemporal
profiles as explained in section 4.4.2. The impact of detuning the noncollinear angle from
the optimum value is shown in Fig. 4.9. Before compression, the overall pulse front tilt is
significant in all cases [Fig. 4.9(a)]. After compression, the pulse front tilt decreases dra-
matically and is fully determined by angular dispersion [compare Figs. 4.9(b) and 4.9(d)].
Spatial chirp dominates for larger beam sizes [Fig. 4.9(c)] which has been discussed in [142].
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Figure 4.9: Variation of spatiotemporal distortions with noncollinear angle in the walk-off com-
pensating (WOC) geometry for an unsaturated NOPCPA, for various beam waist values (c. f.
Legend): (a) pulse front tilt before compression and (b) pulse front tilt after compression; (c)
spatial chirp and (d) angular dispersion-induced pulse front tilt. At the magic angle (2.5◦) both
the pulse front tilt and the angular dispersion are zero after compression.

The angular dispersion vanishes at the magic angle for all beam sizes and is approximately
proportional to the detuning from the magic angle [Fig. 4.9(d)]. The variation is stronger
for small beam sizes, which is mainly due to their large angular spectrum. These results
are in good agreement with those reported in [26,27].

In order to understand the influence of the phase-matching geometry, this series of cal-
culations was repeated for the NWOC configuration [see Fig. 4.1(b)]. The results are sum-
marized in Fig. 4.10. Compared to the WOC configuration, a dramatic increase in the
overall pulse front tilt is observed for small beam sizes [compare Figs. 4.9(a) and 4.10(a)].
This is mainly due to the larger spatial walk-off of the pump with respect to the signal,
which increases the spatial chirp [compare Figs. 4.9(c) and 4.10(c)]. Nevertheless, after pul-
se compression the pulse front tilt is – as before – fully determined by angular dispersion
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[compare Figs. 4.10(b) and 4.10(d)]. However, away from the magic angle, the magnitude of
the residual pulse front tilt due to angular dispersion is higher in the NWOC configuration
than in the WOC configuration.

Figure 4.10: Variation of spatiotemporal distortions with noncollinear angle in the non-walk-off
compensating (NWOC) geometry for an unsaturated NOPCPA, for various beam waist values
(cf. Legend): (a) pulse front tilt before compression and (b) pulse front tilt after compression; (c)
spatial chirp and (d) angular dispersion-induced pulse front tilt. At the magic angle (2.5◦) both
the pulse front tilt and the angular dispersion are zero after compression. Away from the magic
angle, the pulse front tilt and the angular dispersion increase more rapidly than in the WOC case
[see Fig. 4.9].

Impact of pulse-front matching

In addition to the group-velocity matching of the signal and the idler, pulse-front matching
has been used in experiments to achieve tilt-free, spatially unchirped signal pulses from a
noncollinear OPA [142]. Furthermore, numerical calculations show that matching the pulse
fronts of the pump and the signal at the magic angle configuration minimizes the first-order
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Figure 4.11: Impact of pulse-front matching on linear distortions in an unsaturated NOPCPA
in non-walk-off compensating (NWOC) geometry for various beam waist values (c. f. Legend):
(a) pulse front tilt before compression and (b) pulse front tilt after compression; (c) spatial chirp
and (d) angular dispersion-induced pulse front tilt, after pulse-front matching of the pump and
the signal.

distortions [27]. However, this has only been discussed for a particular set of parameters.
In order to investigate the impact of pulse-front matching, simulations were performed by
matching the pump and the signal pulse fronts in both phase-matching configurations.

First-order distortions, for the case of matched pulse fronts are shown in Fig. 4.11 for
the case of a NWOC configuration. It is found that matching the pulse fronts of the pump
and the signal reduces the overall pulse front tilt [Fig. 4.11(a)]. This decrease in tilt is
most significant for beam waists >250 µm, due to the strongly reduced spatial chirp, as
can be seen in Fig. 4.11(c) compared to Fig. 4.10(c). In all cases, the overall pulse front
tilt is only due to angular dispersion once the pulses are compressed [Fig. 4.11(b)], as
seen in the previous calculations. However, there are no changes in the angular dispersion
due to the pulse-front matching [compare Fig. 4.10(d) and 4.11(d)]. This is not surprising
since the pump bandwidth is much smaller than the signal bandwidth, and the influence
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of angular dispersion introduced to the pump due to the tilted pulse fronts has negligible
effect on the angular dispersion of the signal. Similar results were found in the case of WOC
configuration (not shown). These results suggest that pulse-front matching is important
only for beam waists >250 µm and in general, for beam sizes considerably larger than the
physical extension of the pump pulse. Of course, this only applies to the present analysis
of linear distortions in unsaturated amplifiers.

Influence of gain saturation

The amplification conditions that have been considered so far did not include gain sa-
turation. Amplifiers with gain saturation may introduce high order couplings. Still, this
situation is of high practical interest since most amplifiers are operated in saturation. Gain
saturation was simulated for both the WOC and NWOC configurations in two different
approaches. In one case, the pump intensity was increased keeping all other parameters
constant until the gain saturated and back conversion from the signal to the pump occur-
red, while in the other case, the length of the crystal was increased stepwise in order to
saturate the gain at fixed pump intensity.

In the first approach, the crystal length was kept constant at 3 mm and the pump
intensity was varied from 5 GW/cm2 to 100 GW/cm2 by increasing the pulse energy and
keeping the beam waist constant at 500 µm. The rest of the parameters were identical to
those used in the single stage NOPCPA modeled in section A. The impact of different
degrees of saturation on spatiotemporal distortions was characterized by calculating the
Strehl ratio as described in section 4.4.2. Figure 4.12(a) depicts the evolution of the Strehl
ratio and the conversion efficiency as a function of pump intensity in both the WOC and
NWOC configurations. Gain saturation is clearly visible in the conversion efficiency in both
configurations, whereas back conversion from the signal to the pump beam is visible in the
NWOC configuration but not in the WOC configuration. Nevertheless, back conversion
effects are observed in the WOC case in the temporal and spatial profiles of the pump
and the signal. Additional simulations were also performed without considering parasitic
effects. These calculations confirmed that strong parasitic second harmonic generation of
the idler beam considerably reduces the back conversion from the signal to the pump in the
WOC configuration. The degradation of the Strehl ratio when the gain saturates, indicates
that the impact of gain saturation on distortions is severe. This is all the more true in the
regime where back conversion occurs. Even though the increase in pump intensity increases
the conversion efficiency, the peak power that can be achieved is significantly reduced due
to the distortions.
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Figure 4.12: The impact of gain saturation on spatiotemporal distortions in the walk-off com-
pensating (WOC) and non-walk-off compensating (NWOC) configurations: (a) when the pump
intensity is increased for a crystal length of 3 mm, and (b) when crystal length is increased kee-
ping the pump intensity constant at 100 GW/cm2. The conversion efficiency is shown on the left
(solid blue circles for the WOC configuration and solid red squares for the NWOC configurati-
on), revealing gain saturation for higher pump intensities (a) and longer crystal lengths (b). The
accompanying Strehl ratios are shown on the right (open blue circles for the WOC configuration
and open red squares for the NWOC configuration), revealing that the onset of gain saturation
is accompanied by a significant reduction in the Strehl ratio. ‘SR’ and ‘eff’ refer to the Strehl
ratio and the conversion efficiency respectively. Parts (c, d) illustrate the 3D spatiotemporal dis-
tribution after compression and focusing for crystal lengths of 1.8 mm (c) and 2.8 mm (d), both
in NWOC configuration and for a pump intensity of 100 GW/cm2.

In the second calculation, the pump intensity was kept constant at 100 GW/cm2 (with
a pulse energy of 418 µJ and beam waist of 500 µm) and the crystal length was increased
from 0 to 3 mm in steps of 0.2 mm [Fig. 4.12(b)]. As was the case in Fig. 4.12(a), for
increased crystal lengths the increase in conversion efficiency goes at the expense of a
significant reduction of the Strehl ratio. In addition, Figs. 4.12(c) and 4.12(d) show the 3D
spatiotemporal distribution after compression and focusing, for crystal lengths of 1.8 mm
and 2.8 mm respectively, both in the NWOC case. The 3D objects in the figures were
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Figure 4.13: Spatio-spectral profiles in the walk-off plane for three different conversion efficien-
cies corresponding to the crystal lengths (L) of 1.4 mm, 1.8 mm and 2.8 mm [see Fig. 4.12(b)] in
the NWOC (a) and WOC (b) phase-matching configuration.

constructed by plotting surfaces of constant intensity. The panels at the planes x = 500 µm,
y = 500 µm and t = −40 fs show 2D projections of the 3D distribution. The comparison
between Figs. 4.12(c) and 4.12(d) illustrates how the spatiotemporal distribution, and
hence the Strehl ratio, degrades when the crystal is longer than optimal.

Figure 4.12(b) indicates that at a pump intensity of 100 GW/cm2, a Strehl ratio close
to 1 can be maintained for crystal lengths shorter than 1.6 mm, which corresponds to
conversion efficiency around 15 % for both WOC and NWOC configurations. Up to a
crystal length of 2 mm, there is a reasonable compromise between conversion efficiency and
Strehl ratio. Beyond 2 mm, the Strehl ratio further degrades. The degradation is much more
pronounced in the NWOC case while the conversion efficiency is higher in the WOC case.
However, in the latter case, the amplified spectrum suffers from modulations due to the
parasitic second harmonics. The evolution of the spatiotemporal couplings as the conversion
efficiency increases can be illustrated also, by analyzing how the amplified spectrum varies
within the beam profile along the walk-off coordinate. Figure 4.13 shows the spatio-spectral
profiles for three different conversion efficiencies corresponding to crystal lengths of 1.4 mm,
1.8 mm and 2.8 mm [see Fig. 4.12(b)] and for both the NWOC and WOC configurations.
In the NWOC case, the spectral modulations are mainly due to back conversion and more
pronounced as the propagation length increases, while there is a strong dependence of
the spectral shape on the spatial coordinate, as shown in Fig. 4.13(a). Furthermore, the
amplified spectrum in the WOC case is modulated due to both back conversion and the
parasitic second harmonics. As can be seen in Fig. 4.13(b), the variation of the spectrum
within the beam profile is larger for higher conversion efficiency.

In addition, it is important to check whether the pulse is compressible. In order to
compare the spectrum and the spectral phase in both configurations, a particular crystal
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length of 1.8 mm was chosen, for which the gain was already saturated but the Strehl ratio
was better than 0.8 [Fig. 4.12(b)]. The complex electric field of the output signal at that
crystal length was used to extract the spectrum and the spectral phase. First, a second-
order polynomial was fitted to the spectral phase at the center of the beam. The fitted
phase ϕf (ω) was then subtracted from the total phase as,

ϕ(ω) = ϕ(xmax, ymax, ω)− ϕf (ω), (4.6)

ϕf (ω) = a0 + a1ω + a2ω
2, (4.7)

where ϕ(ω) refers to the residual phase and a0, a1 and a2 are the polynomial coefficients.
Thus, only higher-order residual phase terms that need to be compensated to achieve the
Fourier transform-limited pulse duration are left. The spectrum and the residual spectral
phase at the center of the beam profile and the average spectrum are shown in Fig. 4.14(a)
and 4.14(b) for the NWOC and WOC configuration, respectively. The spectral phase at
the center of the beam profile in the NWOC case seems well-behaved [Fig. 4.14(a)] and
can readily be compensated, whereas the phase-jump resulting from the parasitic second
harmonic in the WOC case [Fig. 4.14(b)] is challenging to compensate experimentally.
This suggests that the NWOC configuration is more favorable for pulse compression. The
pulses corresponding to the spectra at the center of the beam profile and the residual
spectral phase, along with the Fourier transform-limited pulses as well as the near field
beam profiles are shown in Figs. 4.14(c) and 4.14(d) for NWOC and WOC configuration,
respectively. The near field beam profile is less distorted in the WOC case as expected,
however, a strong post pulse appears in the temporal profile. In the NWOC case, the pulse
is close to being Fourier transform-limited.

From a practical point of view, these results point out that a conversion efficiency of 15 -
18 % will ensure saturation, while keeping the Strehl ratio at acceptable values. Moreover,
the NWOC configuration is the geometry of choice for better pulse compression, unless the
walk-off effects degrade the beam quality.
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Figure 4.14: Spectral and temporal characterization of the amplified signal beam, for a crystal
length of 1.8 mm, and a pump intensity of 100 GW/cm2 [a conversion efficiency over 15 %, see
Fig. 4.12(b)]: (a) Spectrum and spectral phase in the case of the NWOC and (b) the WOC
configuration, (c, d) Temporal profiles corresponding to the spectrum at the center of the beam
profile and the residual spectral phase (along with the Fourier transform-limited pulse) as well
as the near field beam profile in the inset for (c) the NWOC and (d) the WOC configuration.
The spectral phases in (a) and (b) correspond to higher-order dispersion terms, where the group
delay dispersion has been removed.

Influence of beam/pulse shapes

So far only Gaussian beams and Gaussian spectral (and temporal) shapes have been con-
sidered for the seed and the pump pulses. From a practical point of view it is interesting
to study how saturation effects change with different beam shapes or spectral profiles. For
example, the output of laser systems used to pump parametric amplifiers have, in some ca-
ses, flat-top beam profiles (see for example [143]). In addition, the spectrum of broadband
pulses is not Gaussian and it is often strongly modulated.

In order to study the impact of a modulated seed spectrum, a Gaussian spectral profile
with a dip in the center was chosen which still supports Fourier transform-limited pulses of
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10 fs (FWHM). The pulses were then chirped to 600 fs (FWHM). The beam shape of the
seed was chosen to be Gaussian and the pulse energy was 8.4 nJ. The pump parameters
were kept the same as in the previous section: Gaussian temporal shape with a duration of
1 ps (FWHM), pulse energy of 418 µJ and Gaussian beam profile focused to an intensity of
100 GW/cm2 (beam waist of 500 µm). Figure 4.15 compares the conversion efficiency and
Strehl ratio as a function of crystal length for three different seed spectra: 90 % modulation
depth, 50 % modulation depth and no modulation (Gaussian shape), for the WOC and
NWOC configuration. As can be clearly seen, there is very little influence of the spectral
shape on the conversion efficiency and the Strehl ratio. On the one hand, these results
imply that the conclusions from the previous section apply in general to more realistic
spectral shapes. On the other hand, the implementation of existing techniques for spectral
shaping would not have a strong impact in minimizing spatiotemporal couplings originated
in saturated amplifiers.

Figure 4.15: Impact of gain saturation on conversion efficiency and Strehl ratio for three different
seed spectra in the case of (a) WOC and (b) NWOC configuration. The inset shows a seed
spectrum with 90 % modulation depth. ‘SR’ and ‘eff’ refer to Strehl ratio and conversion efficiency,
while ‘Gauss seed’, ‘mod50 seed’ and ‘mod90 seed’ refer to the seed spectra without modulation,
with 50 % and 90 % modulation depth respectively.

For the next set of simulations, the seed spectrum was Gaussian and all other seed
parameters remained unchanged. Meanwhile the pump beam was changed to a supergaus-
sian of order 10 with the aim of studying the impact of flat-top pump beam profiles. The
pump pulse had a Gaussian temporal shape with pulse duration of 1 ps (FWHM) and the
energy was increased to 668 µJ to keep the peak intensity constant at 100 GW/cm2. Once
again, the conversion efficiency and the Strehl ratio were calculated at each step along the
crystal length and the results compared with those for a Gaussian pump beam as shown
in Fig. 4.16. The homogenous gain across the seed beam due to the supergaussian pump
beam profile allows a more efficient amplification for a given crystal length as compared
to the Gaussian pump beam. Since the gain is relatively constant across the entire pump
beam the energy transfer from pump to seed is spatially homogenous. That means that
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before reaching the back conversion regime, a significant amount of energy is transferred
to the signal from the whole pump beam and not only from the center. As a result, a
high conversion efficiency of around 25 % can be achieved in both the WOC and NWOC
configurations, while keeping a Strehl ratio higher than 0.9. The conversion efficiency can
be increased even to more than 30 % in the WOC case [Fig. 4.16(a)] without significant
degradation of the Strehl ratio (higher than 0.85 for a crystal length of 2.2 mm). In the
NWOC case however, the Strehl ratio degrades faster in the back conversion regime [Fig.
4.16(b)].

Figure 4.16: Impact of gain saturation on conversion efficiency and Strehl ratio in the case of
Gaussian and supergaussian pump beam of order 10 with a peak intensity of 100 GW/cm2 in the
(a) WOC configuration and (b) NWOC configuration. The inset shows a supergaussian pump
beam profile. ‘SR’ and ‘eff’ refer to Strehl ratio and conversion efficiency, while ‘Gauss pump’
and ‘Supergauss pump’ refer to the Gaussian and supergaussian pump beam profile respectively.

B. Double stage NOPCPA
NOPCPAs with output energy exceeding a few microjoules are mostly designed in a multi-
stage scheme, therefore it is important to understand how the distortions carried over from
one stage to the next affect the performance of the amplifier, in terms of spatiotemporal
distortions. A double stage NOPCPA was modelled with the simulation parameters shown
in Tab. 4.1. The pulse and beam shapes for the signal and pump were Gaussian. A pump
intensity of 45 GW/cm2 was used in both stages with the pump beam waists of 200 µm
and 800 µm in the first and second stage respectively. An appropriate crystal length was
chosen in order to investigate both unsaturated and saturated gain regimes. The primary
focus is on the spatiotemporal distortions of the signal at the output of the second stage.

At first, stage 1 was simulated as an unsaturated amplifier with a 1.8 mm long crystal
so that the distortions at the output signal are almost linear. The output signal after
beam magnification seeds the second stage which consists of a 2.5 mm long crystal. This
crystal length ensures that the second amplifier is saturated, which allows the study of
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Table 4.1: Parameters for two-stage NOPCPA simulations
Parameter Stage 1 Stage 2

Signal

Center wavelength 850 nm

Output signal
from stage 1
after magnification

Pulse energy 1 nJ
Pulse duration (FWHM) 600 fs chirped
Bandwidth (FWHM) 106 nm
Beam waist 200 µm
Pulse and beam shapes Gaussian

Pump

Center wavelength 515 nm
Pulse energy 30 µJ 480 µJ
Pulse duration (FWHM) 1 ps (transform-limited)
Beam waist 200 µm 800 µm
Pulse and beam shapes Gaussian

BBO crystal Length 1.8 mm 2.5 mm
deff 2 pm/V

Phase-matching (PM)
parameters

PM configuration WOC WOC NWOC
PM angle 26.95◦ 26.95◦ 21.95◦
Noncollinear angle 2.5◦

both unsaturated and saturated amplification by retrieving data from different positions
along the crystal. Additionally, both WOC and NWOC configurations were considered in
the second stage whereas the first stage was always in WOC configuration. Next, the length
of the crystal in stage 1 was increased to 2.5 mm to saturate the gain and the output signal
was used as the seed for the second stage.

Impact of distortions from the unsaturated first stage

A crystal length of 1.8 mm in stage 1 ensured that the gain is not saturated as shown in Fig.
4.17(a). The pulse front tilt of the output signal after the first stage was ∼ 232.7 fs/mm
(4◦) whereas the Strehl ratio was 0.97. After a magnification factor of 6, the output signal
seeded the second stage under three different input cases and for both the WOC and
NWOC configurations. For each case, the evolution of the Strehl ratio and the conversion
efficiency are shown as a function of crystal length [Figs. 4.17(b) and 4.17(c)].



4. Numerical simulations of NOPCPA 131

Figure 4.17: Investigation of the impact of distortions from an unsaturated first amplification
stage on the amplification and the output characteristics in a second stage: (a) gain of the first
stage as a function of the crystal length, for a pump intensity of 45 GW/cm2; the inset shows
the time-position profile of the output signal; (b) evolution of the Strehl ratio and the conversion
efficiency in the second stage, for three input signal conditions (seed1a, seed1b and seed1b-PFM)
in the WOC configuration and (c) in the NWOC configuration. The three input conditions for
the second stage are given in the main text. ‘SR’, ‘eff’ and ‘PFM’ refer to the Strehl ratio,
pump-to-signal energy conversion efficiency and pulse-front matching.

The three different input conditions were the following: (1) The output signal from the
first stage seeded the second stage without any modifications (seed1a); (2) the distortions
in the output signal from the first stage were removed [cf. Eq. 4.5] before seeding the second
stage (seed1b); and (3) the distortions were removed from the seed and the pulse fronts of
the seed and the pump were matched in the second stage (seed1b-PFM). For all crystal
lengths of the second stage and for both configurations, the distortion-free seed performs
slightly better than the distorted seed. The pulse-front matching of the pump and the
distortion-free seed improves the conversion efficiency and the Strehl ratio even further,
especially in the WOC case [Fig. 4.17(b)]. However, the effects of linear distortions in the
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Figure 4.18: (a) Evolution of gain with the crystal length in the saturated first stage; inset:
time-position profile of the signal at the output of the 2.5 mm long crystal; (b) evolution of the
Strehl ratio and the conversion efficiency of the output of the second stage in the WOC and
NWOC configurations when the second stage is seeded with a distorted signal.

seed are essentially negligible compared to the distortions introduced by gain saturation
in the second stage. Since the degradation of Strehl ratio due to saturation dominates,
pulse-front matching is not particularly useful in the case of saturated amplifiers.

Influence of distortions from the saturated first stage

The calculations in the previous section were repeated for the case where gain saturation
also occurs in the first stage. The length of the crystal in the first stage was increased
to 2.5 mm, so that the gain saturates without obvious back conversion as shown in Fig.
4.18(a). As mentioned in section A., under these conditions there are higher-order distor-
tions present in the output signal of the first stage and the Strehl ratio drops to 0.95.

The distorted output signal was used to seed the second amplification stage. As expec-
ted, the gain now saturates at a shorter crystal length compared to the results of Fig. 4.17,
given that the seed level is higher by a factor of 3.5. For longer crystal lengths, the Strehl
ratio drops rapidly following the saturation behavior of conversion efficiency in both con-
figurations [Fig. 4.18(b)]. In the unsaturated regime, the distortions in the output of the
second stage are equivalent to the distortions in the seed as the Strehl ratio remains ∼ 0.95
up to a conversion efficiency of ∼ 15 %. Once the gain saturates, the Strehl ratio with the
saturated seed is slightly lower than the Strehl ratio for an unsaturated seed at the same
conversion efficiency. The degradation of the Strehl ratio becomes worse when the back
conversion to the pump is strong, clearly visible in the NWOC configuration. It should
be noted that in the second stage the spatial and temporal profiles of the signal beyond
a 2 mm crystal length are strongly modulated due to back conversion. Furthermore, the
output spectrum in the WOC configuration is heavily modulated due to parasitic second
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harmonics.
It is clear that gain saturation dominates and degrades the Strehl ratio significantly.

Additional simulations have shown that pulse-front matching doesn’t improve the Strehl
ratio despite minimizing the first-order distortions.

4.5 Summary
To summarize, a three-stage high energy NOPCPA has been modeled using 3D nume-
rical code. The simulation results suggest that the broadband pulses (sub-6 fs) from a
Ti:Sapphire oscillator can be amplified directly achieving an amplified bandwidth that
supports sub-7 fs Fourier transform-limited pulses with a moderate conversion efficiency of
∼15 %. Utilizing pump pulse energy of ∼ 1.1 mJ, few-cycle pulses with energy > 145 µJ can
be achieved at a pulse repetition rate of 100 kHz which corresponds to an average power
> 14.5 W.

In addition, a detailed numerical study of spatiotemporal distortions in BBO-based non-
collinear optical parametric chirped-pulse amplifiers has been presented. Single stage and
double stage amplifiers have been modeled under different amplification conditions and
the spatiotemporal distortions in the amplified signal pulses have been characterized. As
long as the amplifier is not saturated, the distortions at the output that are confined to
the walk-off plane, are almost linear, and can be characterized by well-known parameters
such as the pulse-front tilt angle, and constant spatial chirp and angular dispersion values.
When the gain saturates, the distortions are no longer linear.

In amplifiers without strong gain saturation, angular dispersion vanishes at the magic
noncollinear angle and increases with angular detuning, with a more pronounced effect for
narrow beams. Pulse front tilt is significant for all noncollinear angles and pump beam
sizes, but when the pulses are compressed the contribution from spatial chirp vanishes
and only the contribution due to angular dispersion remains. Moreover, spatial chirp is
always present for temporally chirped pulses, unless the pulse fronts of the pump and the
signal are matched. Spatial chirp is particularly important for the case of a relatively large
beam size. When the pulse is ideally compressed, the degradation of the Strehl ratio due
to the first-order spatiotemporal distortions is not significant. However, gain saturation
and particularly back conversion introduce strong higher-order distortions and degrade
the Strehl ratio of the amplified signal beam. When the amplifier is deep into the back
conversion regime, a situation arises where the peak intensity will be far from the maximum
possible. If the amplifier gain is saturated, matching the pulse fronts of the pump and the
signal does not appear to be important, for the particular range of beam waists and pulse
duration used in this work.

If there are two amplification stages, the distortions from the unsaturated first stage play
a minor role if the second stage is saturated. We conclude that it is convenient to build the
first amplifier (or the first few amplifiers) in the WOC configuration and to operate them
without strong saturation, so that the intensity of the amplified signal beam is not strong
enough to drive efficient second harmonic generation, which degrades the spectral phase.
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On the other hand, a power (or last) amplifier should be built in the NWOC configuration
if the best possible pulse compression is desired, whereas the WOC configuration should
be chosen if the beam quality is more important. In both scenarios, the pump to signal
energy conversion efficiency for Gaussian beams should be kept around 15 % avoiding the
back conversion regime if a degradation of the peak intensity higher than 10-20 % due to
spatiotemporal distortions is to be avoided. This scenario can be highly improved if a pump
beam with flat-top profile is implemented. In that case conversion efficiencies as high as
25 % can be achieved in both WOC and NWOC configuration, while keeping a Strehl ratio
better than 0.9.

These results can be viewed as general guidelines for the development of BBO-based
NOPCPAs with minimum spatiotemporal distortions. Furthermore, the described behavior
can be qualitatively expected in any uniaxial crystal with dispersion properties similar to
BBO.



5 Application of few-cycle pulses in strong field
physics: electron interferometry

In the last decade, applications of ultrafast lasers in fundamental scientific research have
been significantly boosted by remarkable developments in terms of output characteristics
of the lasers, in particular, scaling of the peak power to petawatt level [144] and shorte-
ning of the pulse duration towards a single optical cycle [69]. Laser sources with few-cycle
pulses and gigawatt peak power are routinely available in laboratories, and can be focused
to achieve peak intensities in the range of 1014 W/cm2. The interaction of the focused la-
ser beam with matter triggers several strong field-induced physical processes. It is widely
understood that the term ‘strong field’ refers to the external electromagnetic field that
is on the order of the electric field experienced by the electron in the first Bohr orbit of
the hydrogen atom (∼ 5.1× 109 V/cm). This level of field strength, accessible by focusing
ultrashort pulses to high peak intensities has led to very diverse strong field physics expe-
riments. In addition, the experimental findings have been supported to a large extent by
complex quantum mechanical simulations. In most of these studies, the photoionization of
atoms/molecules by strong laser fields and the detection of charged particles (photoelec-
trons or photoions) with various detector technologies have become key aspects. Indeed,
strong field photoionization has been established as an essential tool to study the nuclear
and electronic dynamics of atomic and molecular systems. Moreover, few-cycle pulses have
enabled time-resolved studies of ultrafast processes in atoms and molecules on femtosecond
and sub-femtosecond time scales.

Extreme nonlinear processes accessible with ultrashort laser pulses allow high harmonic
generation and the generation of attosecond pulse trains [5]. Extremely short pulses, ideally
with few optical cycles, are favorable for the generation of isolated attosecond pulses [6].
In this regard, energetic, high peak power, few-cycle laser pulses have become a backbone
of strong field physics and attosecond science. Note that the stability of carrier envelope
phase1 of few-cycle laser pulses plays an important role in attosecond experiments.

This chapter presents an application of few-cycle, near-infrared pulses in strong field
atomic physics: electron interferometry. The concept of attosecond electron interferometry
has recently been demonstrated using an XUV-IR pump-probe scheme [145, 146]. In this
work, the interferometric pump-probe technique is demonstrated experimentally with single
color IR pulses only. A proof-of-principle IR-IR pump-probe experiment is carried out
to characterize the bound states of strong field-excited Argon. The idea is to study the
possibility of the characterization of bound electron wave packets with high spectral and
temporal resolution using only few-cycle IR pulses, thereby reducing the complexity of the

1The phase between the peak of the envelope of the pulse and the nearest peak of the carrier wave.
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experiment.
The chapter is organized as follows. The interferometric IR-IR pump-probe technique is

briefly introduced in the first section, followed by a short background on electron interfe-
rometry. Then, the methods to retrieve the amplitudes and phases of excited bound states
in an atomic system are reviewed. The IR-IR pump-probe experiment with Argon atoms
is presented in section 5.3 and the results are reported in section 5.4. Issues in the retrieval
of the amplitudes and phases of excited states are discussed and further analyzed with the
support of numerical calculations performed by solving the time-dependent Schrödinger
equation [section 5.6].

5.1 Introduction
Strong field ionization is one of the dominant responses of atoms and molecules in the pre-
sence of strong laser fields. Depending upon the laser intensity that atoms are exposed to,
ionization mechanisms are classified into different categories such as multiphoton ionizati-
on, tunneling ionization and over the barrier ionization. If the energy of the laser photon is
lower than the ionization potential of the atoms, single photon ionization is ruled out. That
means the electron in an atom has to absorb more than one photon to overcome the Cou-
lomb potential, and the mechanism is known as multiphoton ionization. The electron may
absorb a larger number of photons than the minimum required to overcome the ionization
potential, which is called above threshold ionization (ATI). If the laser intensity is large
enough such that the Coulomb potential is distorted by the strong laser field reducing the
width of the potential barrier, the electron can leave the atom via tunneling and the process
is called tunnel ionization. It is worth to mention that multiphoton and tunnel ionization
may occur together in experiments because of the different peak intensities encountered
in the interaction volume. If the laser intensities are even higher, the barrier potential is
completely suppressed so that the electron is free to leave the Coulomb potential. This
mechanism is called over the barrier ionization and often happens at laser intensities �
1016 W/cm2. In the last decades, strong field ionization of atoms (and molecules) has be-
en extensively studied and considered as the basis of various research areas such as high
harmonic generation and spectroscopy, laser-induced diffraction imaging, and in general
attosecond science.

In addition to the strong field ionization, strong field excitation of atoms has also been
studied, where the excitation of bound states was initially explained by a multiphoton
picture [147]. Multiphoton excitation is typically described in the frequency domain by
simultaneous absorption of several photons populating high-lying Rydberg states. Recent-
ly, strong field excitation in the tunneling regime has been observed experimentally and
explained by so-called frustrated tunneling ionization (FTI) [148], which is pictured in the
time domain. If the drift energy gained by an electron after tunneling is not sufficient
for ionization, the electron can be re-captured by the parent atom due to its Coulomb
field. There is a possibility that the electron is captured into excited states of the neu-
tral atom without emitting any radiation. The experiments on strong field excitation of
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rare gas atoms in both the multiphoton and tunneling regime, along with an extensive
analysis supported by quantum mechanical calculations have been discussed in Ref. [149].
The yield of strong field-excited atoms was experimentally measured (in contrast to the
measurement of electrons/ions in common strong field experiments) and the distribution
of the population of the excited states was calculated at a given laser intensity. This is
indeed a very useful technique to find the population (amplitudes) of the excited states of
a neutral atom after it is exposed to strong laser fields. However, the information about
relative phases of the excited states is missing.

This chapter combines both strong field ionization and excitation in an interferometric
pump-probe experiment by using near-infrared (IR) few-cycle pulses, with the aim of cha-
racterizing the excited bound states of the atom i.e. retrieving both amplitudes and phases
of the excited states. A schematic picture of such an interferometric pump-probe technique
is shown in Fig. 5.1. The idea is to ionize an atom by a few-cycle IR pump pulse, thereby
creating an electron wave packet in the continuum and at the same time, exciting several
bound states of the atom. Depending upon the intensity of the pump pulse, the excitation
can be either by multiphoton or by frustrated tunneling ionization or by both as discussed
earlier. After a certain time delay, a weaker probe pulse ionizes the excited states promo-
ting electrons into the continuum. The continuum electrons ionized by the pump pulse
(direct) serve as a ‘reference’ while the electrons from the excited bound states, which may
form a bound wave packet, are ionized by the probe pulse (indirect) and are considered as
‘unknown’. The electrons that reach the continuum via the two different paths (direct and
indirect) interfere. The interference signal can be recorded by a standard two-dimensional
detector such as a velocity map imaging spectrometer [see section 5.3]. As the interfero-
metric signal contains both amplitude and phase information, the amplitudes and phases
of the unknown bound wave packet i.e. of the excited bound states, can be retrieved from
time-resolved photoelectron spectra that are measured for a set of pump-probe time delays.

Argon was chosen as gas target. The low ionization potential, easy availability and well-
known spectroscopy of argon are the main reasons behind the choice of the target. Even
though the bound states or high-lying Rydberg states of argon are well understood in strong
field atomic physics, this will be used as a benchmark for the proof of principle experiment.
As both the reference and unknown wave packets are created by strong field ionization and
excitation, a peak intensity in the range of 1013 - 1014 W/cm2 is sufficient for the experiment.
The interferometric pump-probe technique can be used for the complete characterization
of bound states, irrespective of the excitation mechanism that has excited them. Therefore,
the technique can be applied to other similar quantum systems. In particular, the retrieved
phase information about the excited states may provide more insights into the excitation
processes. Moreover, the use of ultrashort, IR pulses significantly reduces the complexity
of the experiment.

Interferometric techniques are well-known in the field of pump-probe spectroscopy. In
particular, wave-packet interferometry [151] can be illustrated by an analogy to a pump-
probe scheme in which pump and probe laser pulses create a pair of wave packets in
atoms or molecules. The time delay between the pulses and thus the relative phase can
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Figure 5.1: Quantum state holographic approach for the complete characterization of excited
bound states. IP: ionization potential, WP: wave packet, IR: infrared. Strong field ionization of
an atom by the IR pump pulse creates a continuum wave packet (reference) and simultaneously
excites a bound wave packet (which is considered as unknown). After a certain time delay, the IR
probe pulse ionizes the unknown bound wave packet which interferes with the previously created
reference wave packet. By recording the photoelectron spectrum as a function of IR-IR delay,
interference fringes can be observed and utilized to retrieve the energies, amplitudes and phases
of the excited states that form the unknown bound wave packet. Figure adapted from [150].

be controlled to induce interference between the two wave packets. The interference will
be either constructive or destructive depending upon the time delay between the pump
and the probe pulse. The measurement of an interferogram allows the retrieval of quantum
amplitudes and phases of the eigenstates that are superposed to form the wave packets.
This approach, similar to optical holography, was described as quantum state holography
[152]. Quantum state holography in attosecond science has recently been demonstrated by
characterizing an attosecond electron wave packet in an interferometric XUV-IR pump-
probe experiment [146]. In that experiment, a free and a bound wave packet were created
simultaneously by exciting helium atoms with an attosecond pump pulse. For a certain
pump-probe time delay, the bound wave packet evolves freely before being ionized by the
IR pulse. The interference between the free wave packet ionized by the XUV pump pulse
and the bound wave packet ionized by the IR probe pulse was observed in photoelectron
spectra measured with a velocity map imaging spectrometer. Later, the technique was
numerically studied for a so-called attosecond electron interferometer and a method for
complete reconstruction of the attosecond electron wave packets was proposed by Klünder
et al. [153]. In particular, retrieval of the relative phases of the excited bound states was
demonstrated by introducing a phase retrieval algorithm. The concept of the attosecond
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electron interferometer is the basis of the work presented in this chapter, however, utilizing
few-cycle IR pulses instead of the isolated attosecond pulses as a pump.

5.2 Theoretical background
When an atom is exposed to a strong laser pulse, electron wave packets are created in
the continuum by strong field ionization. At the same time, bound states of the atom are
populated as mentioned in the previous section. In analogy to the previously mentioned
electron interferometer, the wave packet created in the continuum serves as a reference
whereas the excited bound wave packet is considered as unknown. The reference wave
packet that is created at a time t0 can be written as,

Ψc(r, t) =
∫

dE cE exp[−i(Et/~− γ1(E))] ϕE(r), (5.1)

where cE, E and ϕE refer to the amplitudes, energies and wave functions of the continuum
states. γ1 represents an additional phase that may come from the ionization process.
Similarly, the unknown wave packet, which is the coherent superposition of several bound
states of excited argon, can be represented as,

Ψb(r, t > t0) =
∑
n

cn exp−i[En(t− t0)/~− φn − γ2(En)] ϕn(r), (5.2)

where cn and φn are the amplitudes and phases of the bound states, and ϕn and En are
bound state wave functions and energies respectively. γ2 corresponds to a phase that might
be introduced due to the strong field excitation process.

At a time t > t0, an IR probe pulse that is weaker and phase-locked with the IR pump
pulse excites the electrons from the excited bound states thereby promoting a part of the
bound wave packet into the continuum. This part of the unknown wave packet at energy
E interferes with the reference wave packet at the same energy that is already created by
the pump pulse. The phase difference ∆φ(E, t) between the two wave packets is given by,

∆φ(E, t) = (E − En)(t− t0)/~ + φn + (γ2 − γ1). (5.3)

For simplicity, the energy and state dependence of γ1 and γ2 are neglected and the difference
is considered as a constant and negligible phase offset. This is a good approximation when
the pump and probe pulses are Fourier transform-limited [153].

As the wave-packet interference is governed by ∆φ(E, t), φn determines when it is con-
structive or destructive. The energy at which a constructive interference occurs can be
obtained from the Eq. 5.3 with ∆φ(E, t) = 2mπ as,

E = En + (2mπ − φn)~
(t− t0) , (5.4)

where m is an integer. This means that in the time-resolved photoelectron spectra, the in-
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terference fringes are hyperbolic curves. Furthermore, the photoelectron signal at an energy
E oscillates with a frequency, given by (E−En)/~. As the oscillation frequency is a linear
function of energy E, Fourier transformation of the time-resolved photoelectron spectra
along the time delay axis (i.e. a 2D map of the photoelectron kinetic energy vs. Fourier
frequency) shows tilted lines of unity slope [see below]. The intercepts of these lines with
the Fourier frequency axis provide the bound state energies En. In addition, the relative
phases of the bound states can be retrieved from the measurement data as described in
the Ref. [153].

In his PhD thesis, Sascha Birkner has discussed the interferometric XUV-IR pump-probe
experiment that is mentioned in the previous section and numerically studied the possibility
of replacing the XUV pump pulse by an IR pulse [24] while choosing an argon atom as
the target. In this case, both the continuum and the bound wave packet will be created
by an IR laser field. Similar numerical simulations have been performed in this work in
order to complement the experimental results. The numerical procedure along with the
approximations used in the calculations are briefly discussed here.

The most general form of the TDSE that is used to describe a quantum system evolving
with time is written as,

i~
∂

∂t
Ψ(r, t) = ĤΨ(r, t), (5.5)

where Ψ(r, t) is the time-dependent wave function of the quantum system and Ĥ is the
Hamiltonian operator, which takes different forms depending upon the system. Its expec-
tation value (〈|Ψ|〉) provides the total energy of the system. For a particle e.g. an electron
in a potential V (r), Ĥ is given by,

Ĥ = p̂2

2me

+ V (r), (5.6)

where p̂ is the momentum operator and me is the mass of the electron. In the presence
of a laser field with vector potential A(r, t), the momentum operator in Eq. 5.6 has to be
replaced by p̂+ eA(r, t), where e is the electron charge.

If there are more than two particles, the Hamiltonian is the sum of each single particle
Hamiltonian including the resultant potential due to the interaction of all particles. In such
a case, the TDSE can not be solved analytically without any approximations. Therefore,
numerical methods have to be used following several assumptions/approximations. One of
the widely used assumptions in strong field ionization is the so-called Single Active Electron
(SAE) approximation in which only one electron is supposed to interact with the external
laser field while the rest of the electrons create an effective potential.

In the case of argon in the SAE approximation, the potential is given by [154],

V (r) = [1 + Ae−Br + (17− A)e−Cr]/r, (5.7)

where A = 5.4, B = 1 and C = 3.682 are constants, with all values given in atomic units.
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(a) (b)

Figure 5.2: (a) Calculated photoelectron spectra in argon as a function of pump-probe time delay
with pump and probe peak intensities of 5.6× 1013 and 3.5× 1012 W/cm2 respectively. For a zero
time delay, the overlap of the IR pump and the IR probe pulse leads to a strong signal. When
the pump pulse precedes the probe pulse, interference fringes appear. (b) Corresponding Fourier
transform along the delay axis. The tilted lines correspond to the bound states of strong-field
excited argon (see text for details). Simulation data was used from the Ref. [24].

The numerical program, originally written by H. G. Muller [154] was used to solve the
TDSE on a space-time grid. Because of the spherically symmetric potential [Eq. 5.7],
spherical coordinates were used for the space grid. For numerical simplicity, pulses with
cosine-squared envelope were used, which can be written as,

E(t) = E0 cos2
(
ω0

2nc
t
)

cos(ω0t), for − πnc/ω0 ≤ t ≤ πnc/ω0, (5.8)

where E(t) is the electric field of the pulse, E0 is peak amplitude, ω0 is the center frequency
and nc is the number of optical cycles within the pulse envelope. The calculations are
carried out for a single intensity (no focal volume averaging) and the carrier envelope
phase is assumed to be zero2. The details of the procedure along with all the necessary
approximations used in the calculations can be found in the thesis of Sascha Birkner (see
Ref. [24] and references therein).

Figure 5.2(a) shows calculated photoelectron spectra as a function of pump-probe ti-
me delay. The pump and probe pulses were centered at 800 nm with peak intensities of
5.6× 1013 W/cm2 and 3.5× 1012 W/cm2, respectively. The pulse shapes were assumed to
be cosine-squared, with 5 optical cycles within the envelope (corresponds to a FWHM
pulse duration of 6.6 fs). The probe pulse was delayed with respect to the pump pulse over
a range of −5 fs to 55 fs with a time step of 0.1 fs.

For zero time delay, a strong signal is observed due to the overlap of the pump and

2In his thesis, Sascha showed more calculations, reporting that the interference effect is robust against
focal volume and carrier envelope phase averaging [24].
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Figure 5.3: Signal integrated along the tilted lines in the 2D Fourier map [Fig. 5.2(b)].

the probe pulses. When the pump pulse precedes the probe pulse, interference structures
appear over the whole range of pump-probe delays, which are a series of hyperbolas as
discussed before. When a Fourier transform is performed along the time delay axis, a set
of tilted lines at 45◦ are obtained which allow identifying the bound states of strong-field
excited argon. As mentioned earlier, the bound state energies can be retrieved from the
intersection of the tilted lines with the horizontal axis.

The 2D Fourier map [Fig. 5.2(b)] is integrated along the direction of the tilted lines
and the resulting signal is plotted against the intercept of the tilted lines with the Fourier
frequency axis. For clarity, the strong signals below a Fourier frequency of 2 eV are skipped
during the integration. The peaks observed in the integrated signal, as shown in Fig. 5.3
provide the bound state energies of strong-field excited argon. The retrieved bound state
energies are found to agree well with the energies used in the TDSE simulation (except for
the higher-lying Rydberg states, which is mainly due to lower resolution), as compared in
Tab. 5.1.

Table 5.1: Retrieved energies of the bound states of strong-field excited argon from the 2D
Fourier map, along with the energies used in the TDSE simulation.

Bound
state

Energy used in
the simulation (eV)

Energy retrieved from
the 2D Fourier map (eV)

4s 4.151 4.137
4p 2.563 2.558
5s 1.676 1.655
5p 1.224 1.204
4d 0.971 0.978
6s 0.914 0.828
6p 0.721 0.677
5d 0.610 0.527
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Figure 5.4: Schematic block diagram of the experimental scheme. Each pulse in the train of
few-cycle near-infrared laser pulses is split into a pump and a probe pulse in a Mach-Zehnder
interferometer. The pump and probe pulses are delayed with respect to each other and focused
into the vacuum chamber of the velocity map imaging spectrometer where the pulses encounter
an atomic beam. See text for details.

In addition, the intensity of each line provides the relative population of the correspon-
ding bound state after the pump excitation. Furthermore, the relative phase of each bound
state for a given photoelectron energy can be retrieved by following a retrieval procedure
that was proposed for similar photoelectron spectra in Ref. [153]. The retrieval method is
based on the separation of each bound state contribution from the photoelectron Fourier
spectrum [Fig. 5.2(b)]. The corresponding amplitude and phase in the time domain can be
obtained by using an inverse Fourier transform, which leads to the phase spectra ∆φ(E, t)
given by Eq. 5.3. From the phase spectra, the phases φn can be extracted as a function of
energy (see Ref. [153] for the complete description of the retrieval algorithm).

The phase information retrieved in this way may provide interesting insight into the
excitation mechanism. In the case of XUV excitation, the relative phase of the excited
states are expected to be similar for all states. The situation will be different under the
influence of strong IR pump, where excited states can be populated by different mechanisms
such as direct photo-excitation and frustrated tunnel ionization (at higher intensities) as
discussed in section 5.1. It would be very helpful to study if there exists a non-trivial
dependence of the phase on the bound state that is excited by a strong IR laser field.

5.3 Experimental details
A schematic block diagram of the experiment is shown in Fig. 5.4. Few-cycle pulses from
the laser system were sent to a home-built Mach-Zehnder interferometer. The laser pulse
was divided into two pulses- a pump and a probe that are delayed with respect to each
other in time. The output beam from the interferometer was focused into a velocity map
imaging spectrometer, where the pulses were overlapped with a pulsed atomic beam at
the position of laser beam focus. Each block of the schematic is briefly presented in the
following subsections.
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5.3.1 Laser system
The few-cycle laser system used in this experiment was based on nonlinear compression
of pulses from a Ti:Sapphire amplifier in a hollow core fiber [155]. A commercially availa-
ble Ti:Sapphire based regenerative amplifier (Spectra Physics Spitfire Pro) provides 35 fs
(FWHM) pulses at 1 kHz with 3 mJ energy per pulse and a spectrum centered at 800 nm.
A 2 mJ fraction of the output was focused into a gas-filled, differentially pumped hollow
core fiber for spectral broadening. The spectral chirp of the spectrally-broadened pulses
(due to self-phase modulation) was compensated by using a set of chirped mirrors. Pulses
with more than 1.2 mJ energy at a repetition rate of 1 kHz were available after compressi-
on. The pulses were characterized using a commercially available SPIDER (Spectral Phase
Interferometry for Direct Electric-field Reconstruction) device [APE GmbH, FC Spider].
Figure 5.5(a) shows the spectrum and spectral phase. The spectrum supports sub-5 fs Fou-
rier transform-limited pulses. The pulses were compressed close to the Fourier limit with
∼ 6 fs (FWHM) pulse duration [Fig. 5.5(b)]. As can be seen clearly, pre- and post-pulse
pedestals are present, extending beyond ±30 fs. This is due to uncompensated spectral
phase and spectral modulations.

(a) (b)

Figure 5.5: Characteristics of the few-cycle laser pulses used in the experiment. (a) Spectrum
and spectral phase, and (b) measured temporal profile, after compressing with a set of chirped
mirrors, along with the Fourier transform-limited temporal profile. Pre- and post-pulse pedestals
are present in the measured profile, which are due to uncompensated spectral phase in combination
with the spectral modulations. Inset: Far field beam profile recorded at the focus of a spherical
mirror with 75 cm focal length. The spot size was 230 µm (full width at 1/e2 of peak intensity).

5.3.2 Pump-probe interferometer
The pump and probe pulses were derived from the same near-infrared laser pulse. A beam
splitter of 1 mm thickness was used to divide the laser pulse into the pump and probe
pulses, which were combined with another similar beam splitter. The reflectivity of the
beam splitters were chosen in such a way that the ratio of the pump to probe intensity
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Figure 5.6: Optical layout of the Mach-Zehnder-type pump-probe interferometer. BS: beam
splitter, PM: plane mirror, RR: retro-reflector, CM: curved mirror. The retro-reflector mounted
on a translation stage is controlled by a LabVIEW-based program to introduce a variable delay
of the probe pulse with respect to the pump pulse. The reflectivities of the beam splitters BS1
and BS2 were 37 % and 75 % respectively, which sets a pump-to-probe intensity ratio of ≈ 5:1.

was ≈ 5:1. The optical layout of the Mach-Zehnder type interferometer setup is shown in
Fig. 5.6. After the first beam splitter BS1, the transmitted laser pulse travels to the second
beam splitter BS2 and acts as a pump pulse. The reflected pulse acts as a probe and travels
through a retro-reflector RR, mounted on a piezo-driven translation stage, which was used
to control the time delay with respect to the pump pulse. The second beam splitter BS2
combines both the pump and the probe pulse. Depending upon the optical path difference,
the pulses interfere with each other once the beams are overlapped spatially. At the output
of the interferometer, a spherical mirror CM of 75 cm focal length was used to focus the
beam inside the vacuum chamber of the velocity map imaging spectrometer.

The linear translation stage for the delay control was from Physik Instrumente (PI).
An open-loop travel up to 120 µm could be achieved with a resolution of 0.2 nm, which
corresponds to sub-5 as time resolution. The stage was calibrated for the weight of the
mirror-mount including the retro-reflector. An interface program was developed using Lab-
VIEW in order to control and scan the time delay between the pump and the probe pulse.
The interference between the pump and the probe pulse was characterized by measuring
an intensity autocorrelation signal with a photodiode. The vibrations from the optical ta-
ble and the air fluctuations in the laboratory were found to introduce instabilities in the
interferometric output signal. The disturbances related to vibrations were considerably mi-
nimized by positioning the interferometric setup on a separate optical breadboard which
stands freely on the optical table and mounting it on o-rings (any kind of rubber pieces
could have been used). In addition, a ‘housing’ was built to cover the interferometer to
avoid perturbations introduced by air flow.
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Figure 5.7: Schematic layout of the velocity map imaging spectrometer used in this experiment.
Photoelectrons are accelerated towards a micro-channel plate (MCP) detector by applying high
voltages to the repeller and extractor electrodes. By using a phosphor screen behind the micro-
channel plate (MCP), two-dimensional images can be recorded by a CCD camera. The laser
polarization lies in a plane parallel to the MCP detector. See Ref. [157] for the details of the
design and practical implementation of a VMI spectrometer.

5.3.3 Velocity map imaging detector
The laser beam from the pump-probe interferometer intersects the atomic beam at the
center of a velocity map imaging (VMI) spectrometer. The VMI spectrometer used for this
experiment is based on the initial design of Eppink and Parker [156]. The spectrometer
is composed of three electrodes, namely repeller, extractor and ground, as can be seen in
the schematic layout shown in Fig. 5.7. With these electrodes, an electrostatic field can
be applied in the interaction region in order to accelerate the electrons that result from
the photoionization of atoms by the IR pump-probe laser pulses. The ratio of the high
voltages applied to the extractor (VE) and the repeller (VR) has to be fixed in order to
map the velocity distribution of the charged particles onto the two dimensional detector.
The particular value of this ratio depends on the geometry of the spectrometer (e.g. the
distance between the repeller and the extractor, and the distance between the repeller and
the interaction volume). The electric field strength at the interaction region can be changed
by changing the voltages VE and VR, keeping the ratio constant.
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A piezo-driven pulsed valve was used to introduce the atomic beam into the spectrometer.
The valve was operated at a repetition rate of 100 Hz. The use of the pulsed valve helps
to maintain a high vacuum (while still accessing high densities in the interaction region)
and accordingly to get a better signal-to-noise ratio. However, the low repetition rate
of the valve did not exploit all the laser pulses available at a repetition rate of 1 kHz.
The pulsed atomic beam passes through a skimmer and reaches the interaction region
between the repeller and the extractor electrodes. There it encounters the laser beam that
propagates along an orthogonal direction. In the interaction volume, electrons and ions are
produced by photoionization. By applying proper high voltages to the electrodes, electrons
are accelerated towards the detector. The electrodes act as an electrostatic lens, focusing
photoelectrons with the same velocity that are originated at different positions within the
interaction volume to one spot at the detector. The detector consists of a micro-channel
plate (MCP) followed by a phosphor screen. The signal on the phosphor screen is recorded
by a CCD camera and transferred to a computer using a LabVIEW-based data acquisition
program.

The plane of the detector is parallel to the plane containing the atomic beam and the
laser beam. The projection of the velocity distribution of the photoelectrons in the plane
of the detector leads to a two-dimensional (2D) image in which each point corresponds to
a particular initial velocity of the photoelectrons irrespective of the initial spatial distri-
bution. The size of the velocity-map image depends on the repeller voltage whereas the
focusing can be optimized by setting the extractor voltage. Following the optimization of
the focusing, the repeller voltage can be adjusted to keep the voltage ratio constant.

It should be noted that the 2D velocity-map image is sufficient to extract both the
kinetic energy and the angular distributions if the 3D momentum distribution has an axis
of cylindrical symmetry in the plane of the detector. This is often the case in photoionization
experiments [158], where the axis of symmetry is the laser polarization. An inverse Abel
transform is used to retrieve the 3D momentum distribution from the 2D projection. The
details of the design and practical implementation of a VMI spectrometer along with the
data acquisition can be found in Ref. [157].

5.4 Experimental results
At first, the measurement conditions of the VMI spectrometer were optimized at a fixed
time delay between the pump and the probe pulse. A high vacuum pressure of 10−7 mbar
was achieved with the combination of a scroll pump and two turbo pumps (500 l/ sec).
The focused laser beam was aligned to overlap with the atomic beam. The proper position
of the atomic beam could be selected with a manipulator. High voltages were applied to
the repeller and the extractor electrodes as well as to the MCP detector and the phos-
phor screen. First, the repeller voltage was set to 4 kV, choosing a proper size of the 2D
velocity-map image. Then, the extractor voltage was scanned to optimize the focusing of
the photoelectrons at the detector and set to 3.14 kV. At the same time, the phosphor
screen was set to ∼ 3 kV and the voltage applied to the MCP was adjusted to 1.93 kV,
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Figure 5.8: Experimental photoelectron image obtained after photoionization of argon by a
sequence of two few-cycle near-infrared laser pulses at a time delay of 10 fs between the pump
and the probe pulse. The laser polarization was along the vertical axis, which is the axis of
symmetry of the 3D momentum distribution.

which were optimum to acquire 2D images of good quality. During the acquisition of the
photoelectron signal, the MCP detector was gated for a time window of 200 ns, synchro-
nized with the laser pulses and the pulsed valve. The valve was operated at a repetition
rate of 100 Hz. Under these conditions, the pressure in the interaction chamber was around
1.1× 10−5 mbar.

A typical raw image measured with the VMI spectrometer at a pump-probe time delay
of 10 fs is shown in Fig. 5.8. The laser was polarized along the vertical axis, which is the
axis of cylindrical symmetry of the 3D momentum distribution as discussed earlier. The
projected velocity distribution is symmetric around the vertical axis, as can be seen in
the raw image. A ring of constant radius corresponds to the photoelectrons with same
magnitude of the initial velocity.

5.4.1 Abel inversion of 2D VMI images
The velocity map imaging technique requires the use of an Abel inversion method to obtain
3D momentum distributions from the measured 2D projections. The only necessary condi-
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Figure 5.9: (a) A slice through the 3D momentum distribution obtained by applying an inversion
procedure based on a Legendre polynomial expansion to the raw image shown in Fig. 5.8 and (b)
Photoelectron kinetic energy distribution obtained by integrating the slice of the 3D distribution
within a narrow cone (8◦) along the polarization axis. Several peaks in the low energy region
indicate electron interferences while ATI peaks in the high energy region are smeared out due to
the broad bandwidth of few-cycle laser pulses.

tion for the Abel inversion is that the detector plane should contain an axis of cylindrical
symmetry, which is often the case in photoionization experiments as mentioned earlier. A
number of inversion procedures [158–162] exist to reconstruct the initial 3D momentum
distribution from the 2D distribution measured using the MCP detector. In this work, an
inversion procedure based on a Legendre polynomial expansion was utilized to perform the
inverse Abel transform.

Figure 5.9(a) shows a slice through the 3D momentum distribution that was obtained by
applying an inverse Abel transform on the raw image shown in Fig. 5.8. The 2D slice was
integrated within a narrow cone (8◦) along the laser polarization axis [i.e. the y-axis of the
slice through 3D distribution shown in Fig. 5.9(a)]. The resulting distribution as a function
of radial coordinate i.e. photoelectron kinetic energy is shown in Fig. 5.9(b). Several peaks
appearing in the radial distribution reflect the electron interferences as discussed in section
5.1 and above-threshold ionization (ATI). The ATI peaks, which mostly smear out due to
the broad bandwidth of the laser pulses can also be seen in both the 2D raw image and
the slice of 3D distribution, especially in the region of large initial velocities.
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Figure 5.10: (a) Experimentally measured photoelectron spectra in argon as a function of
the pump-probe time delay for pump and probe peak intensities of ∼ 2× 1014 W/cm2 and ∼
1.6× 1013 W/cm2. For energies below 2 eV, the hyperbolic interference fringes are slightly visible.
But strong oscillations that appear on the background overshadow the fringes, leading to a low
signal-to-noise ratio. (b) Fourier transform of the photoelectron spectra along the delay axis. A
strong signal at a Fourier frequency of ∼ 1.55 eV dominates over the delay-dependent lines that
are expected to appear, as in the TDSE calculation [cf. Fig. 5.2(b)].

5.4.2 Pump-probe scan
Once the VMI spectrometer was optimized to acquire 2D momentum distributions at a
particular pump-probe delay, the translation stage in the probe arm was controlled by an
interface software to delay the probe pulse with respect to the pump pulse, in the range
of −20 fs to 60 fs with a resolution of 0.25 fs. For each time delay, a 2D momentum distri-
bution was recorded by integrating over 200 acquisitions. The 3D momentum distribution
corresponding to each 2D image was reconstructed by using an inverse Abel transform,
and a kinetic energy distribution was calculated by integrating the momentum of the pho-
toelectrons emitted within a narrow cone around the laser polarization axis as described
in the previous subsection.

The peak intensities of the pump and the probe pulses were calculated based on a
measurement of the average power and the pulse duration before the spectrometer, and the
focused beam size at the focus of the spherical mirror. For the experimental data presented
below, the pump and probe peak intensities were estimated to be 2× 1014 W/cm2 and
1.6× 1013 W/cm2 respectively.

Figure 5.10(a) shows the experimentally measured photoelectron kinetic energy distri-
bution along the laser polarization axis as a function of pump-probe time delay. At a zero
time delay, the pump and the probe pulses are overlapped both in time and space, and
their interference leads to a strong signal. At positive time delays where the pump pulse
precedes the probe pulse, the hyperbolic interference fringes are observed predominantly
at low kinetic energies. However, the hyperbolic interference pattern is overshadowed by a
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Figure 5.11: (a) Signal integrated along the energy axis of the photoelectron spectra as a
function of the delay. Besides the strong interference signal around zero time delay, there is a
periodic oscillation with a time period of ∼ 2.5 fs.

strong background that is periodic and that appears over the whole range of pump-probe
time delays. Indeed, the Fourier transform of the photoelectron spectra along the time
delay axis, as shown in Fig. 5.10(b) shows a strong signal at a Fourier frequency of ∼
1.55 eV. In Fig. 5.11, the photoelectron signal is integrated over all kinetic energies. As can
be clearly seen, the oscillation is present for all time delays with an approximate period of
2.5 fs.

These background oscillations are attributed to the pedestals present in the IR pulses
from the laser system. This has been confirmed by calculating optical interferences between
the pump and the probe pulses at different time delays. The ratio of the pump and probe
intensities is arbitrarily chosen to be 16:1 and the optical fields are calculated utilizing
the spectrum and spectral phase measured by the SPIDER. Figure 5.12(a) shows the
electric fields of both the pump and the probe pulses. As compared to the optical fields
of Gaussian-shaped pump and probe pulses with 6 fs FWHM pulse duration, as shown
in Fig. 5.12(d), the long pedestals are clearly visible in the experimental laser pulse. The
optical interferences between the pump and the probe pulses are calculated for both cases
at pump-probe time delays of 20 fs [see Figs. 5.12(b) and (e)] and 50 fs [see Figs. 5.12(c)
and (f)]. The comparison suggests that the long pedestals present in the experimental laser
pulses introduced the periodic oscillation signal on top of the hyperbolic fringes in the
experimentally measured photoelectron spectra.

Additional pump-probe scans were also recorded for slightly different experimental condi-
tions (e.g. for a different peak intensity of the probe pulse). In all experimentally measured
photoelectron spectra, the strong oscillation pattern dominates over the hyperbolic inter-
ference fringes as discussed earlier. This suggests that the calculation of amplitudes from
the 2D Fourier map that will ultimately determine the population of the bound states
of strong-field excited argon is hindered by the background oscillation pattern. Therefore,
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Figure 5.12: Calculation of optical interferences between the experimental pump and probe
pulses, as compared to Gaussian-shaped pump and probe pulses. Panels (a) and (d) shows the
electric fields of the pump and probe pulses that corresponds to the experimental and a Gaussian-
shaped pulse, respectively [for a pump-probe intensity ratio of 16:1]. When the probe pulse is
delayed with respect to the pump by 20 fs, the optical interferences for both sets of pulses are
compared in panels (b) and (e). A similar comparison for a time delay of 50 fs is shown in panels
(c) and (f). This indicates that the long pedestals of the experimental laser pulses, which are
significant even for a large time delay, are the origin of the strong oscillations observed in the
experimentally measured photoelectron spectra.
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understanding the characteristics and the origin of the unwanted oscillations is critically
important. At first, a numerical method of singular value decomposition was utilized in
the experimental photoelectron spectra in order to decouple the oscillation pattern from
the delay- and energy-dependent hyperbolic signal. Later, numerical simulations were per-
formed by solving the time-dependent Schrödinger equation utilizing the experimentally
measured temporal shape of the laser pulses [cf. Fig. 5.5(b)]. The outcomes of both ap-
proaches are described in the following sections.

5.5 Singular value decomposition
5.5.1 Introduction
In linear algebra, singular value decomposition (SVD) is a mathematical operation on a
matrix which decomposes the matrix into three different matrices. A matrix M of size m×n
can be factored into three matrices U, S and V of size m×m, m×n and n×n respectively
as follows:

M = USV T (5.9)
where U and V are unitary matrices and S is a rectangular diagonal matrix. The diagonal
elements of S are known as singular values of the matrix M and typically arranged in
descending order from the upper left to the lower right. The singular values are often
called SVD components. Equation 5.9 can be expressed as [163],

M =
n∑
i

siuivT
i , (5.10)

which means that the matrix M is decomposed into a weighted sum of outer products
(uivT

i ) of vectors. The vectors ui and vTi are the column and row vectors of the matrices
U and V T respectively. si is the singular value which represents the weight of the ith

component of the sum.
SVD has been widely used for data analysis in many areas including time-resolved spec-

troscopy [164]. In the analysis of spectroscopic data, SVD allows the differentiation of noise
and signal, thus offering a possibility to decouple noise from signal. As mentioned earlier,
the 2D data matrix can be represented by two sets of linearly independent vectors weighted
by singular values. If only a subset of singular values and the corresponding vectors are
chosen appropriately, the noise in the data matrix is significantly reduced. The individual
contribution of noise and the signal of interest in the data set can be estimated based on
the magnitude of the singular values.

As previously mentioned, the experimentally measured photoelectron spectra [Fig. 5.10(a)]
contains, in addition to the signal, a strong oscillation pattern that appear for all photoelec-
tron energies. The energy and time dependencies of the unwanted oscillations are separable
and can be approximated by a bilinear model. This means the oscillation at a given photo-
electron energy changes only as a function of pump-probe delay while the oscillation along
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the energy axis is independent of time. The bilinear approximation allows to decompose
the data matrix M into a product of linearly independent vectors according to,

M = EDT (5.11)

where Mij represents the signal at the time-delay i and energy j. Them×r matrix E contains
a set of column vectors that correspond to a time-independent part of the oscillation
pattern. Similarly, the n × r matrix D consists of a delay-dependent part in its rows.
However, the signal of interest and background noise in the data don’t fulfill the bilinear
assumption.

If the SVD method is utilized for the data matrix, the large singular values or SVD
components represent the unwanted oscillation pattern whereas the information about the
signal of interest including the background noise is carried by the smaller singular values. If
the oscillation is constant along the energy axis, the largest SVD component along with the
corresponding set of vectors is enough to extract the contribution of the oscillation pattern
to the data matrix. Otherwise, more than one SVD components have to be set zero to
minimize the oscillations. The number of SVD components that represents the oscillation
pattern can be determined by removing their cumulative contribution from the data set
based on their singular values. This largely depends on the strength of the oscillations
compared to the signal of interest, and their relative phase along the energy axis. In this
work, the exact number of SVD components that needs to be removed has been checked
qualitatively by setting the strong singular values to zero, and looking at the reconstructed
data matrix and its 2D Fourier map.

5.5.2 Analysis of experimental data with SVD
The experimentally measured photoelectron spectra as a function of time delay is a rectan-
gular matrix containing the kinetic energy distribution as column vectors for a set of time
delays. According to Eq. 5.10, the data matrix can be decomposed into a sum where each
SVD component is the weight of the outer product of the energy and time-delay vectors.
It is clear that the contribution of the ith SVD component in the photoelectron spectra
is determined by the singular value si. While removing the unwanted oscillation pattern
corresponding to the large singular values, the number of SVD components has to be ap-
propriately chosen so that the hyperbolic interference fringes carrying the information of
the bound electron wave packet are not affected.

The SVD was utilized for the experimentally measured photoelectron spectra shown in
Fig. 5.10(a). The experimental data matrix (M) was decomposed into three matrices- U ,
S and V according to Eq. 5.9. The dominant SVD components were checked looking at
the singular values of the matrix S. Figure 5.13(a) shows the normalized singular values
corresponding to the first 50 SVD components. As can be seen clearly, the first few com-
ponents are much stronger than the rest. These are the components corresponding to the
strong background oscillations. The contribution of the background oscillations to the data
matrix can be observed by setting the weak singular values in the diagonal of the matrix
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(a) (b)

Figure 5.13: (a) The first 50 singular values of the data matrix corresponding to the experimental
photoelectron spectra as a function of the number of SVD components. (b) The cumulative
contribution due to the first 10 SVD components to the photoelectron spectra. The 10 SVD
components were found to be optimum to decouple the unwanted oscillation pattern and were
removed from the data matrix.

S to zero. As an example, the first 10 singular values of the matrix S are kept unchanged
and the rest is set to zero, resulting in the matrix S ′. Then, the original data matrix is
reconstructed using the matrices U , S ′ and V , according to

M ′ = US ′V T . (5.12)

The new data matrix M ′ is shown in Fig. 5.13(b), which contains the contribution of the
first 10 components to the measured photoelectron spectra. This reflects the dominance of
the oscillations in the data matrix over the interference fringes.

When the background oscillations are removed from the data matrix i.e. M ′ is subtracted
from M , the interference fringes are better visible. The first 10 components with normalized
singular value higher than 0.05 were found to be optimum to decouple the significant part
of the oscillation pattern. As can be clearly seen in Fig. 5.14(a), hyperbolic fringes appear in
the photoelectron spectra for energies below 3 eV. But the hyperbolas are slightly distorted
and suffer from a very low signal-to-noise ratio. Nevertheless, Fourier transformation along
the delay axis gives a clear indication of tilted lines as a function of Fourier frequency
[5.14(b)]. With the advantage of having preliminary TDSE calculations [Fig. 5.2], several
excited states of argon can be approximately assigned to the tilted lines as indicated by
the arrows. However, the quantitative analysis, in particular the retrieval of amplitudes
and phases of the wave packet components is difficult and requires an improvement of the
signal-to-noise ratio.
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Figure 5.14: (a) Experimentally measured photoelectron spectra as a function of time delay after
removing the first 10 SVD components. The hyperbolic fringes are now better visible compared to
the original data set [see Fig. 5.10]. (b) Fourier transform of the photoelectron spectra shown on
the left, which clearly indicates the possibility of identifying the excited states of argon that form
the bound wave packet. However, the low signal-to-noise ratio hinders a complete characterization
of the bound wave packets. Keeping the preliminary TDSE simulation in mind [Fig. 5.2], several
tilted lines are approximately assigned to 4s, 4p, 5s and 6s states as indicated by the arrows.

5.6 TDSE calculations
The comparison between the preliminary TDSE calculations performed by Sascha Birkner
[24], which were presented in section 5.2 and the experimental results shown in section 5.4
reveals that there is no indication of the background oscillation pattern in the photoelectron
spectra simulated by the TDSE. It is worth noting that there were two differences between
the preliminary simulation and the experiment. First, the temporal shape of the pulses
were cosine-squared in the above-mentioned simulation which was not exactly the case in
the experiment. In addition, the pump and probe peak intensities used in that simulation
were slightly lower than those used in this experiment. These situations were investigated
systematically in a new set of TDSE calculations, utilizing the experimentally characterized
pulse profiles and corresponding peak intensities for the pump and the probe pulses.

5.6.1 Calculations using experimental pulse profiles
The TDSE calculation was extended by using the experimental pulse profiles that were re-
trieved from the SPIDER measurement [see Fig. 5.5(b)]. As can be seen in the figure, the
main lobe in the experimental pulse profile was accompanied by pre- and post-pedestals
extending up to a temporal window of 80 fs. These pulse pedestals with an extended back-
ground are the result of uncompensated spectral phase and sharp peaks in the spectrum as
seen in Fig. 5.5(a). The pump and probe peak intensities were chosen to be 1× 1014 W/cm2

and 2.5× 1013 W/cm2 respectively, close to the estimated intensities in the experiment. The
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Figure 5.15: (a) Calculated photoelectron spectra (along the laser polarization axis) as a
function of pump-probe delay for pump and probe peak intensities of 1× 1014 W/cm2 and
2.5× 1013 W/cm2, respectively. The hyperbolic fringes are visible when the pump pulse precedes
the probe pulse. As in the experimental photoelectron spectra, an unwanted periodic oscillation
appears in this case too, reducing the signal-to-noise ratio. (b) Corresponding 2D Fourier map,
obtained by Fourier transformation of the photoelectron spectra along the time delay axis. As
expected, several tilted lines are observed as a result of the interference between the reference
and the unknown electron wave functions as discussed earlier. Moreover, additional lines appear
compared to the calculation [Fig. 5.2(b)] using pedestal-free (cosine-squared pulse shape) pump
and probe pulses. See the text for details.

probe pulse was delayed with respect to the pump pulse from 0 fs to 50 fs in steps of 0.1 fs.

The calculated photoelectron spectra (along laser polarization axis) as a function of
pump-probe time delay are shown in Fig. 5.15(a). As expected, a strong signal appears
around small time delay due to the overlap of the pump and probe pulses, and the hyperbo-
lic interference fringes are visible in the region where the probe pulse is further delayed with
respect to the pump pulse. As in the experimental photoelectron spectra [Fig. 5.10(a)], the
oscillation pattern appears on top of the interference fringes in this case. Nevertheless, the
hyperbolas are better visible with reduced noise background compared to the experimental
photoelectron spectra. Furthermore, the 2D Fourier map, obtained by Fourier transforma-
tion of the spectra along the delay axis, as shown in Fig. 5.15(b), shows three noticeable
features:

1. A vertical line at a Fourier frequency of ∼1.54 eV is observed which corresponds to
the oscillation pattern in the photoelectron spectra as seen in the experimental data
[Fig. 5.10(a)]. The pattern was not present in the photoelectron spectra obtained
from the preliminary TDSE calculation using cosine-squared, pedestal-free pulses
[Fig. 5.2(a)]. This clearly indicates that the unwanted periodic oscillation is due to
the pulse pedestals present in the experimental laser pulses.
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(a) (b)

Figure 5.16: (a) The first 50 singular values of the data matrix corresponding to the calculated
photoelectron spectra [Fig. 5.15(a)] as a function of the number of SVD components. (b) The
cumulative contribution of the first 9 SVD components to the calculated photoelectron spectra.
The first 9 SVD components with normalized singular values higher than 0.05 were removed from
the data matrix which was found to be optimal for decoupling the oscillation pattern from the
signal.

2. There are a series of tilted lines with an inclination angle of ∼ 45◦. Compared to the
results for the TDSE calculation with pedestal-free cosine-squared pulses [Fig. 5.2(b)],
additional lines appear that suggest a splitting of the tilted lines corresponding to
the bound states of the strong-field excited argon.

3. The tilted lines intersect the horizontal axis for both negative and large positive Fou-
rier frequencies. The latter lines at large positive frequencies intersect the horizontal
axis at frequencies higher than 5 eV. But there are no excited states with binding
energies >5 eV in the case of strong-field excited argon. The former lines pointing
towards negative Fourier frequencies are even more difficult to interpret.

The above mentioned features raise some interesting questions. Does the probe peak
intensity have any influence on these features? Is the background oscillation pattern due
to the pedestals in the pump pulse or in the probe pulse, or in both? What causes the
additional tilted lines to appear and why do they intersect the horizontal axis for both
negative and large positive Fourier frequencies? In order to look for the answers of these
questions, additional TDSE calculations were performed, reducing the probe peak intensity
and using a cosine-squared pulse shape either for the pump pulse only, or for the probe
pulse only. The outcomes of the calculations are discussed in the following subsections.

Analysis using SVD

Before going into a further discussion of the characteristics of the 2D Fourier map shown
in Fig. 5.15(b), the SVD method was used to decouple the hyperbolic fringes and the un-
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Figure 5.17: (a) The calculated photoelectron spectra (for pump and probe peak intensities of
1× 1014 W/cm2 and 2.5× 1013 W/cm2 respectively) as a function of time delay after removing
the first 9 SVD components. The background oscillation is reduced and the visibility of the
interference fringes is slightly better compared to Fig. 5.15(a). The hyperbolic oscillation pattern
still remains on the top of the vertical interference fringes. (b) Corresponding Fourier transform
along the delay axis. The characteristics of the 2D Fourier map, in particular the tilted lines (as
described in the previous case without SVD) remains unchanged, but the signal-to-noise ratio is
enhanced due to the use of the SVD method.

wanted oscillation pattern as in the case of the experimental data. Figure 5.16(a) shows
the first 50 singular values of the calculated data matrix as a function of the number of
SVD components, which indicates that the weight of the first few components in the de-
composition is much larger than that of the rest. The SVD components with normalized
singular value higher than 0.05 were found to dominate the vertical interference fringes.
Their contribution to the calculated photoelectron spectra is shown in Fig. 5.16(b), which,
as expected, displays an oscillation pattern over the whole range of pump-probe time delay.
The reconstructed photoelectron spectra resulting from the subtraction of that contribu-
tion from the original data matrix is shown in Fig. 5.17(a). As can be seen clearly, the
oscillation pattern is still hindering the observation of the interference fringes. The Fourier
transformation of the spectra along the delay axis, as shown in Fig. 5.17(b) shows that
all the features, which are discussed in the case of Fig. 5.15(b), are still present except
that the vertical line corresponding to the unwanted oscillation pattern is much weaker.
These observations imply that the SVD method, as expected, has reduced the background
oscillation thereby enhancing the signal-to-noise ratio.

5.6.2 Influence of the probe intensity
The intensity of the probe pulse was reduced from 2.5× 1013 W/cm2 to 6.25× 1012 W/cm2

so that the ratio of the pump-to-probe peak intensity is 16:1, the ratio used in the prelimina-
ry TDSE calculations with pedestal-free, cosine-squared pulses. The rest of the parameters
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Figure 5.18: (a) Calculated photoelectron spectra as a function of pump-probe delay for pump
and probe peak intensities of 1× 1014 W/cm2 and 6.25× 1012 W/cm2, respectively. As was the
case for the higher probe peak intensity, electron interferences are visible when the pump pulse
precedes the probe pulse. However, the signal-to-noise ratio is low due to background oscillations.
(b) Corresponding Fourier transform along the delay axis. Several tilted lines appear in the
Fourier domain, which were observed in the previous TDSE calculations already. Compared to
the previously observed 2D Fourier maps, a slight change in the distribution of the tilted lines
(with weaker signal) are visible due to the reduced probe peak intensity.

including the experimentally measured pulses shapes for both the pump and probe pulses
were kept constant and the photoelectron spectra thus obtained were analyzed following
the same procedure as used in the case of the higher probe intensity.

Figure 5.18(a) and (b) show the photoelectron spectra and the corresponding Fourier
transform along the time-delay axis, respectively. Similar to the photoelectron spectra
observed for higher probe intensity [see Fig. 5.15], hyperbolic interference fringes are visible,
slightly distorted and shadowed by periodic oscillations also in this case. Similarly, the 2D
Fourier map is comparable to that observed for higher probe intensity. The signal in the 2D
Fourier map is integrated along the tilted lines and plotted as a function of the intercept
of the tilted lines with the Fourier frequency axis, as shown in Fig. 5.19 (see blue curve).
Compared to the case of higher probe intensity (red curve), most of the peaks are observed
almost at the same Fourier frequencies and the signal in some regions is slightly stronger
for higher probe intensity. As the lines are split and closely spaced in each case, it is
unclear how the lines can be associated with the excited states of argon. Altogether, it
can be concluded that reducing the probe peak intensity (within the range of intensities
considered here) has almost no influence on the characteristics of the tilted lines.

For completeness, the SVD method was also utilized for this data matrix. The contri-
bution of the unwanted oscillation pattern to the photoelectron spectra was removed by
setting the first 7 SVD components to zero, which were found to be dominant. The recon-
structed spectra and the corresponding Fourier transform along the delay axis, as shown
in Fig. 5.20(a) and (b) respectively, display all the features that were observed in the case
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Figure 5.19: Signals integrated along the tilted lines in the 2D Fourier maps corresponding to
probe peak intensities of 2.5× 1013 W/cm2 (red curve) and 6.25× 1012 W/cm2 (blue curve).

of a higher probe intensity. Therefore, it is concluded that the peak intensity of the probe
pulse has no significant influence on the characteristics observed in the 2D Fourier map of
the photoelectron spectra.

Figure 5.20: (a) Calulated photoelectron spectra as a function of time delay (for pump and
probe peak intensities of 1× 1014 W/cm2 and 6.25× 1012 W/cm2 respectively) after removing
the first 7 SVD components. The interference fringes are better visible due to the reduced noise
background. (b) Corresponding Fourier transform along the delay axis. Compared to the 2D
Fourier map without using SVD [Fig. 5.18(b)], the vertical line corresponding to the background
oscillation is significantly reduced and all the other characteristics remains visible as expected.
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Figure 5.21: (a) Calculated photoelectron spectra as a function of pump-probe delay for a
pump with a cosine-squared pulse shape and a probe with the experimentally measured temporal
shape, with peak intensities of 8.4× 1013 W/cm2 and 5.6× 1012 W/cm2 respectively. Interestingly,
there are no vertical oscillation patterns visible, while the interference fringes are much clearer,
especially after the pump-probe delay >10 fs. (b) Corresponding Fourier transform along the delay
axis. The tilted lines due to the interference between the reference and the unknown electron wave
packets are clear without splitting and without intersecting the horizontal axis at negative Fourier
frequencies. The photoelectron spectra and the corresponding Fourier map are very similar to the
ones obtained from the preliminary TDSE simulation using cosine-squared pump and cosine-
squared probe pulses [see Fig. 5.2(a)].

5.6.3 Impact of pulse pedestals
It is clear from the previous discussion that pulse pedestals present in the experimental
laser pulses are responsible for the strong background oscillations in the photoelectron
spectra and accordingly for the unwanted features observed in the Fourier domain. It is
important to figure out if the unwanted characteristics observed in the 2D Fourier map
depend on the pulse pedestals of either the pump and the probe pulses, or both. In order to
distinguish the individual contribution of the pedestals in the pump and the probe pulses,
TDSE calculations were repeated under two different conditions as follows:

Pedestal-free cosine-squared pump and experimental probe pulses

In the first TDSE calculation, a cosine-squared shape for the pump pulse and the experi-
mentally measured temporal shape for the probe pulse were used. The peak intensities of
the pump and the probe pulse were set to 8.4× 1013 W/cm2 and 5.6× 1012 W/cm2 respec-
tively. The pulse duration of the pump pulse was 6 fs (FWHM) and rest of the parameters
were kept constant.

As can be seen clearly in the calculated photoelectron spectra shown in Fig. 5.21(a),
the hyperbolic fringes are much clearer with largely improved signal-to-noise ratio and
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Figure 5.22: (a) Calculated photoelectron spectra as a function of pump-probe delay for the
experimental pump and a cosine-squared probe pulse with peak intensities of 8.4× 1013 W/cm2

and 5.6× 1012 W/cm2 respectively. There are no vertical oscillation patterns, but the hyperbo-
lic interference fringes are slightly distorted compared to the previous case [see Fig. 5.21]. (b)
Corresponding Fourier transform along the delay axis. The tilted lines due to the interference
between the reference and the unknown electron wave packets are accompanied by additional
lines including the lines that intersect the horizontal axis at negative Fourier frequencies. The
photoelectron spectra is not far from that obtained with the experimental pulse shape for both
pump and probe pulses [see Fig. 5.18(a)] except that there are dominant vertical oscillations in
the latter case.

there are almost no background oscillations visible. Indeed, the photoelectron spectra look
quite similar to those obtained in the calculation using cosine-squared pump and cosine-
squared probe pulses [see Fig. 5.2(a)]. The Fourier transformation along the delay axis, as
shown in Fig. 5.21(b) produces tilted lines at an inclination angle of 45◦ in the 2D Fourier
map. There are no splittings of the lines and no additional lines are present at higher
Fourier frequencies. Similarly, tilted lines that intersect the horizontal axis at negative
frequencies are absent. These observations suggest that pulse pedestals in the pump pulse
are responsible for the splitting of the tilted lines and the lines intersecting the horizontal
axis at negative frequencies, and accordingly hindering the retrieval of amplitudes and
phases of the excited states of the strong-field excited argon.

Experimental pump and pedestal-free cosine-squared probe pulses

The previous TDSE calculation was repeated by switching the temporal shape of the pump
and the probe pulse. The shape of the probe pulse was cosine-squared with a peak intensity
of 5.6× 1012 W/cm2 and a pulse duration of 6 fs (FWHM), whereas the pump pulse was
the experimentally measured laser pulse with a peak intensity of 8.4× 1013 W/cm2.

Figure 5.22(a) shows calculated photoelectron spectra for the given set of parameters
as a function of the IR-IR pump-probe delay. The hyperbolic fringes are slightly distorted
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Figure 5.23: Signals integrated along the tilted lines in the 2D Fourier maps: the red curve
corresponds to the case of a pedestal-free cosine-squared pump and the experimental probe pulse
shape, whereas the blue curve corresponds to the experimental pump pulse and pedestal-free
cosine-squared probe pulses.

compared to the previous simulation. Interestingly, there is no vertical oscillation pattern
in the photoelectron spectra as in the previous case, which is further confirmed by the
absence of the corresponding vertical line at a fixed Fourier frequency in the corresponding
Fourier map [see Fig. 5.22(b)]. However, the splitting of the tilted lines is observed with
a few lines that intersect the negative frequency axis as previously seen in the simulation
with the experimental pulse shapes for both pump and probe pulses [see Fig. 5.18(b)]. The
impact of pulse pedestals present in either the pump or the probe pulses can be compared
by integrating the 2D Fourier maps along the tilted lines. Figure 5.23 shows the signals
obtained from the integration of the 2D Fourier maps shown in Figs. 5.21(b) and 5.22(b).
As mentioned earlier, the few tilted lines that intersect the negative frequency axis appear
only when the pump pulse has a pedestal [see the blue curve in the negative frequency axis].
Moreover, a few additional peaks, which are due to the splitting of the main peaks, can
be seen in the region of positive frequencies compared to the case where the pump pulse
has a cosine-squared shape. Note that the peaks observed in the case of the pedestal-free
cosine-squared pump (red curve) are very similar to those observed in the 2D Fourier map
corresponding to the cosine-squared pump and cosine-squared probe [see Fig. 5.3].

In addition, the disappeared background oscillation pattern in both sets of pump-probe
pulses suggests that the strong background oscillation and the very low signal-to-noise ratio
in the experimentally measured photoelectron spectra originates from the long pedestals
present in both the pump and probe pulses. The pedestals in the pump pulse are only
responsible for the splitting of the tilted lines and for the lines that intersect the negative
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frequency axis, however, the physical meaning of the negative intercepts is not clear yet.
Altogether, the TDSE simulations suggest that the pedestals in the pump and/or probe

pulses have to be suppressed in order to avoid the background oscillation, thereby enhancing
the signal-to-noise ratio in the photoelectron spectra. Furthermore, the pedestals in the
pump pulses should strongly be minimized in order to avoid the splitting of the tilted lines
in the corresponding Fourier map.

5.7 Summary
Electron interferometry has been demonstrated by performing an IR-IR pump probe expe-
riment in which few-cycle laser pulses excite and ionize Argon atoms. Both continuum and
bound wave packets were prepared by strong field ionization and excitation respectively,
using an IR pump pulse. After a certain time delay, the bound wave packets were ionized
by an IR probe pulse, leading to their interference with the continuum wave packets. The
wave-packet interference was observed in experimentally measured photoelectron spectra
acquired with a velocity map imaging spectrometer.

Analysis of the measured photoelectron spectra as a function of time delay revealed
that there is a possibility to characterize the bound states of strong field excited Argon if
the signal-to-noise ratio is enhanced. The measurement reflected most of the features that
were expected from the simulation except that periodic oscillations shadowed the signal of
interest and degraded the signal-to-noise ratio. The strong background was attributed to
the pulse pedestals which were present in the pump and probe pulses. TDSE calculations
showed that the pedestals in the pump pulse were mainly responsible for the unwanted
features observed in the 2D Fourier map of the photoelectron spectra.

As the background periodic oscillations dominate over the hyperbolic interference fringes,
pedestals in the few-cycle IR pulses have to be suppressed in order to improve the signal-to-
noise ratio and accordingly to be able to retrieve the amplitudes and phases of the bound
wave packet components. This can be done for example, by generating the second harmonic
of the pump pulse. Experiments with few-cycle pulses with reduced pedestals have been
planned in the near future and are expected to ease the characterization of the bound
states of strong field excited Argon. Such experiments will bring the electron wave packet
interferometry within the reach of few-femtosecond laser pulses, enabling the complete
characterization of bound electron wave packets created by strong field excitation.





6 Summary and outlook

This thesis presents scientific research works, which were carried out during a PhD project
within the framework of the European Industrial Doctorate (EID) program. The research
was focused on the generation of few-cycle pulses along with the study of their spatiotem-
poral characteristics, and their applications in strong field physics.

The first part of the thesis focuses on the necessity of a high peak power, high energy
pump laser for the generation of few-cycle pulses. For some applications e.g. in attosecond
experiments using electron-ion coincidence detectors, scaling of the pulse repetition rate
is important in order to speed up the data acquisition and to increase the signal-to-noise
ratio. A brief review of laser technologies has revealed that thin-disk technology has been
recognized as the most suitable configuration for scaling pulse energy and average power
simultaneously. A pump laser based on a Yb:YAG thin-disk regenerative amplifier has been
developed utilizing chirped-pulse amplification. Pulse energies >1 mJ were obtained at a
pulse repetition rate of 25 kHz with sub-picosecond pulse duration in a table-top, compact
setup. After the compressor, a maximum average power of 35 W was produced at 100 kHz
whereas a maximum pulse energy of 1.6 mJ was extracted at 10 kHz with excellent pulse-
to-pulse stability. The amplified beam profiles were close to the diffraction limit over a wide
range of repetition rates. Further scaling of the average power keeping the pulse energy at
millijoule-level can be foreseen if a multipass amplifier is used as a power booster. Indeed,
kilowatt-level average power with >1 mJ pulse energy has already been demonstrated by
using a multipass thin-disk amplifier following the regenerative amplifier.

Additionally, second and third harmonics of the amplified pulses were generated in BBO
crystals. High conversion efficiencies ∼ 70 % are possible in the second harmonic generation
leading to 16 W average power at 100 kHz with good beam quality. In third harmonic
generation, a conversion efficiency up to 50 % has been achieved with excellent average
power stability and good beam quality. These results strongly indicate that the laser system
is ideal for pumping OPCPA in the visible and near-infrared spectral range.

Since the amplification of very short pulses is limited by the gain bandwidth of the laser
medium and the gain narrowing effect, nonlinear pulse compression has been established
as a route to reduce the pulse duration of high energy, high power ultrafast amplifiers.
In this thesis, sub-picosecond pulses from the regenerative amplifier were compressed in a
hollow-core Kagome fiber. As a first step, spectral broadening was performed in an air-filled
Kagome fiber at atmospheric pressure, which shows the possibility of generating Fourier
transform-limited pulses shorter than 100 fs. After the compensation of nonlinear chirp
due to self-phase modulation, pulses as short as 130 fs with pulse energy >50 µJ (before
the compressor) were achieved. Further scaling of the pulse energy was hindered by the
ionization of air due to the high peak intensity. This limitation can be minimized by using
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larger core fibers. Further spectral broadening that is necessary to support few-cycle pulses
is possible by using either an additional spectral broadening stage or a gas-filled fiber along
with the optimization of fiber parameters.

The second part of the thesis deals with spatiotemporal characteristics of a noncolline-
ar OPCPA, where the spatiotemporal quality of the output pulses is an important factor
that may limit the achievable peak intensity at focus. A high energy, few-cycle OPCPA
system that is under development at the Max-Born-Institute has been modeled using a
three-dimensional numerical code. In addition, spatiotemporal couplings in a noncollinear
OPCPA have been studied, in general for a wide range of design parameters such as pump
beam sizes, noncollinear angle and phase-matching geometry under different amplification
conditions like pulse front matching, gain saturation and back conversion. In the case of
unsaturated amplifiers, linear spatiotemporal distortions are always present except that
angular dispersion vanishes at a noncollinear angle for which the gain bandwidth is maxi-
mum. In this case, pulse front tilt due to spatial chirp and temporal chirp also disappears
if the pulses are compressed. when gain strongly saturates and back conversion from the
signal to the pump occurs, nonlinear distortions dominate and the spatiotemporal quali-
ty of the amplified pulses is significantly deteriorated thereby strongly reducing the peak
intensity. For a BBO-based noncollinear OPCPA pumped by the second harmonic of Yb-
based amplifiers (with Gaussian pulse and beam shapes), it has been observed that the
conversion efficiency has to be limited to <20 % in order to minimize degradation of the
peak intensity due to spatiotemporal distortions [106]. These numerical results will be very
helpful to optimize OPCPAs ensuring better spatiotemporal quality of few-cycle pulses ul-
timately minimizing degradation of the peak intensity at focus. These simulations can be
easily extended to experimental beam and pulse shapes and also to the mid-infrared spec-
tral range. Recently, few-cycle pulses from the experimental OPCPAs were characterized
by using a spatiotemporal characterization tool such as SEA-SPIDER (spatially encoded
arrangement- spectral phase interferometry for direct electric field reconstruction) [25]. The
simulation results can, in principle be complemented with those experimental observations
extending the analysis further.

The last part of the thesis utilizes few-cycle, near-infrared pulses in electron interfero-
metry. In a proof-of-principle interferometric, IR-IR pump-probe experiment using argon
as a target, the excited states of strong field-excited argon, which may form a bound wave
packet, were partially characterized by interfering the wave packet (considered as unknown)
with a reference continuum wave packet. Electrons in the continuum were created by strong
field ionization of argon atoms with a pump pulse. At the same time, the excited or bound
states were populated by strong field excitation and frustrated-tunnel ionization. A time-
delayed probe pulse ionizes the excited states introducing the electrons in the continuum.
The electrons ionized by the pump pulse and the probe pulse interfere with each other de-
pending upon the phase difference. The photoelectrons were detected using a velocity map
imaging spectrometer. The experimentally measured photoelectron spectra suffered from
low signal-to-noise ratio and a strong background oscillation as a function of pump-probe
time delay. This hindered the retrieval of both the amplitudes and the phases of the excited
states. Nevertheless, the analysis of the experimental observations was extended by using
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simulation results obtained from time-dependent Schrödinger equation in the single active
electron approximation. The unwanted background oscillation observed in the experimen-
tal data was attributed to the pulse pedestals present in the few-cycle IR pulses. Therefore,
suppressing the pulse pedestals is necessary to reduce the background oscillation and to
enhance the signal-to-noise ratio, which is expected to allow the complete characterization
of excited states of strong field excited argon. One of the options to minimize the impact
of pulse pedestals is to perform a two-color IR or IR-UV pump-probe experiment, where
the second harmonic of the few-cycle pulses with reduced pulse pedestals can be used as
either the pump or the probe. Numerical results suggested that pump pulses without pulse
pedestals will be optimum to enhance the signal-to-noise ratio by suppressing the unwan-
ted background oscillation. Such a proof of principle experiment with few-cycle IR pulses
may bring electron wave packet interferometry within the reach of femtosecond pulses.
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and F. Krausz. Compression of high-energy laser pulses below 5 fs. Optics letters,
22(8):522–524, 1997.

[11] S. Bohman, A. Suda, T. Kanai, S. Yamaguchi, and K. Midorikawa. Generation of
5 fs, 50 mJ pulses at 1 kHz using hollow-fiber pulse compression. Optics Letters,
35(11):1887, 2010.



172 Bibliography

[12] X. Chen, A. Malvache, A. Ricci, A. Jullien, and R. Lopez-Martens. Efficient hollow
fiber compression scheme for generating multi-mJ, carrier-envelope phase stable, sub-
5 fs pulses. Laser Physics, 21(1):198–201, 2011.
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Tünnermann. Exploring new avenues in high repetition rate table-top coherent ex-
treme ultraviolet sources. Light: Science & Applications, 4(October 2014):e320, 2015.

[72] K. Murari, G. J. Stein, H. Cankaya, B. Debord, F. Gérôme, G. Cirmi, O. D. Mücke,
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zation of ultrabroadband high-energy OPCPA. Optics Express, 17(7):5540, 2009.
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retical analysis of the gain bandwidth for noncollinear parametric amplification of
ultrafast pulses. JOSA B, 24(11):2837, 2007.

[137] A. Shirakawa, I. Sakane, and T. Kobayashi. Pulse-front-matched optical parametric
amplification for sub-10-fs pulse generation tunable in the visible and near infrared.
Optics Letters, 23(16):1292–1294, 1998.

[138] O. Isaienko and E. Borguet. Pulse-front matching of ultrabroadband near-infrared
noncollinear optical parametric amplified pulses. Journal of the Optical Society of
America B, 26(5):965, 2009.

[139] Z. Bor and B. Racz. Group velocity dispersion in prisms and its application to pulse
compression and travelling-wave excitation. Optics Communications, 54(3):165–170,
1985.

[140] X. Gu, S. Akturk, and R. Trebino. Spatial chirp in ultrafast optics. Optics Commu-
nications, 242(4-6):599–604, 2004.

[141] S. Akturk, X. Gu, E. Zeek, and R. Trebino. Pulse-front tilt caused by spatial and
temporal chirp. Optics Express, 12(19):4399–4410, 2004.

[142] T. Kobayashi and A. Baltuska. Sub-5 fs pulse generation from a noncollinear optical
parametric amplifier. Measurement Science and Technology, 13(11):1671–1682, 2002.

[143] V. Bagnoud, I. A. Begishev, M. J. Guardalben, J. Puth, and J. D. Zuegel. 5 Hz,
> 250 mJ optical parametric chirped-pulse amplifier at 1053 nm. Optics letters,
30(14):1843–1845, 2005.

[144] Z. Wang, C. Liu, Z. Shen, Q. Zhang, H. Teng, and Z. Wei. High-contrast 1.16
PW Ti:sapphire laser system combined with a doubled chirped-pulse amplification
scheme and a femtosecond optical-parametric amplifier. Optics letters, 36(16):3194–
3196, 2011.

[145] T. Remetter, P. Johnsson, J. Mauritsson, K. Varjú, Y. Ni, F. Lépine, E. Gustafsson,
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A Appendix

A.1 Faraday rotator and isolator
A Faraday rotator is a magneto-optic device, based on the Faraday effect (an interaction
between the light and the magnetic field in a medium), that rotates the polarization direc-
tion of linearly polarized light. When the linearly polarized light is transmitted through a
transparent medium that is under the influence of a magnetic field with flux density along
the propagation axis, the plane of polarization is continuously rotated during propagation.
The total angle of rotation β is given by the equation,

β = V Bd, (A.1)

where V is the Verdet constant of the medium, B is the magnetic flux density in the
direction of light propagation, d is the interaction length. The desired characteristics of
a material to be used in a Faraday rotator include a high Verdet constant, low nonlinear
refractive index, low absorption coefficient and high damage threshold.

The most important characteristic of a Faraday rotator is the non-reciprocal behavior i.e.
if linearly polarized light that passes through a Faraday rotator is counter-propagated after
reflected by a mirror, the polarization rotation sum up, rather than canceling each other.
In a proper combination with waveplates and polarizers, Faraday rotators can be used as a
directional gate i.e. beams propagating in one direction are transmitted by a polarizer while
beams propagating in the opposite direction are reflected. This arrangement, schematically
shown in Fig. A.1(taken from Ref. [165]) is usually called Faraday isolator.

A.2 Pockels cell
Pockels cell is an electro-optic device, with which a phase difference between the two or-
thogonal polarization components of the light propagating through it can be introduced by
applying an electric voltage. For this reason, Pockels cells are also called voltage-controlled
wave plates. The device is based on Pockels effect or linear electro-optic effect, where the
refractive index of the medium can be altered by a high-voltage field. The difference in
refractive index for two orthogonal polarization components corresponding to the waves
polarized in two orthogonal axes is given by,

∆n = n3
0rijE, (A.2)
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Figure A.1: Schematic picture of a Faraday isolator (taken from Ref. [165]). ‘pol’ refers to po-
larizer and the double arrows represent the polarization directions of propagating beams. The
arrangement of the polarizers (pol 1 and pol 2) and the Faraday isolator rotates the polarization
direction of incident beam by 45◦. If the light is reflected back to the isolator with the same
polarization direction, it will be blocked by the pol 1. This is mainly due to the non-reciprocal
behavior of the Faraday rotator as described in text. If the beam propagating in backward direc-
tion is polarized in a different direction, the polarizer ‘pol 2’ reflects, only transmitting the light
polarized along its transmission axis.

where n0 is the ordinary index of refraction, E is the electric field in the direction of beam
propagation and rij is one of the 18 electro-optic coefficients that belong to the electro-
optic tensor of rank 3. The indices ij depends on crystal symmetry. For example, rij = r63
for a potassium dihydrogen phosphate (KDP, KH2PO4) and r22 for a beta barium borate
(BBO, BaB2O4) crystal.

Depending upon the direction of the applied electric field with respect to the direction
of beam propagation, Pockels cell can be classified into two categories [30] as follows:

1) Pockels cell with longitudinal field: The electric field is applied in the direction
of beam propagation and parallel to the optical axis of the crystal. A non-zero electric
field introduces changes in refractive indices of the medium along two orthogonal axes.
For a crystal of length L, the difference of refractive index causes a phase difference
of ∆φ = 2π∆nL/λ. For an applied electric voltage V = EL, the phase difference
becomes,

∆φ = 2π
λ
n3

0r63V. (A.3)

This means the voltage required to induce a phase difference of π/2, which is often
called quarter-wave voltage is given by,

Vλ/4 = λ

4n3
0r63

. (A.4)

2) Pockels cell with transverse fields: The electric field is applied perpendicular to
the direction of the beam propagation. For a crystal of thickness d and an applied
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electric voltage V = Ed, the quarter-wave voltage is given by,

Vλ/4 = λd

4n3
0r63L

. (A.5)

Unlike the Pockels cell with longitudinal field, the voltage required to introduce phase
difference in the case of transverse fields depends on the ratio of thickness to length
of the crystal. This indicates that a proper choice of crystal geometry allows to use
relatively lower voltage.

For high repetition rate, high average power amplifiers, Pockels cells with BBO crystals
are preferred due to its high damage threshold compared to KDP and lithium niobate
(LiNbO3). As an example, at a given wavelength of 1030 nm, the ordinary refractive index
of BBO is 1.655 and r22 = 2.7 pm V. The quarter-wave voltage for a crystal size of 5 mm
× 5 mm × 30 mm is estimated to be 3.51 kV using Eq. A.5.

A.3 Intensity autocorrelation
The intensity autocorrelation is a technique, which can be used to measure a time-dependent
intensity profile of an ultrashort pulse. It is typically realized by splitting a pulse into two
replicas, delaying one with respect to each other with variable time delays, and superimpo-
sing the two beams in a nonlinear medium with χ(2) nonlinearity, as schematically shown
in Fig. A.2 (taken from Ref. [166]).

Figure A.2: Optical layout of an intensity autocorrelator based on second harmonic generation
(taken from Ref. [166]). An input pulse to be measured is split into two by using a beam splitter.
One arm is time-delayed with respect to other. Both beams are crossed into a second harmonic
crystal, generating second harmonic signal when the two pulses are temporally overlapped. The
signal is then measured with a detector as a function of time delay, which provides the pulse
duration if the pulse shape is known.
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If I(t) is the intensity of the input pulse and I(t − τ) is the time-delayed replica, the
autocorrelation signal A(τ) measured with detectors is given by,

A(τ) =
∫ +∞

−∞
I(t)I(t− τ)dt, (A.6)

The signal measured as a function of time delay provides the pulse duration of the input
pulse, given that the input pulse shape is known. For a Gaussian pulse shape, the FWHM
pulse duration of the autocorrelation pulse is 1.414 times longer than the FWHM pulse
duration of the input pulse. The conversion factor depends on the pulse shape, for example,
1.543 in the case of sech2-shaped pulses [34].
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Short summary
In the last decade, the sources of carrier envelope phase-stable few-cycle, high energy
laser pulses have become the backbone of attosecond science. To date, energetic, few-cycle
pulses are mostly generated via either nonlinear pulse compression of Ti:Sa amplifiers
or noncollinear optical parametric chirped-pulse amplifiers (OPCPAs). Both approaches
demand high energy, ultrafast laser amplifiers. In contrast to the nonlinear compression of
Ti:Sa amplifiers that are limited in average power and pulse repetition rates (< 10 kHz),
OPCPAs offer high repetition rate that is only limited by pump lasers. Few-cycle pulses
at high repetition rates (> 100 kHz) are desirable for electron-ion coincidence detector to
increase data acquisition speed and signal-to-noise ratio. In this respect, this thesis focuses
on generation of energetic, few-cycle pulses at high repetition rates based on noncollinear
OPCPAs, emphasizing on high energy and high peak power ultrafast pump laser, and on
spatiotemporal quality of the amplified pulses.

The first part of the thesis presents a mJ-level, sub-ps laser based on thin-disk technology.
The chirped pulse amplification technique is utilized to amplify ultrashort pulses from a
fiber oscillator using an Yb:YAG thin-disk regenerative amplifier, along with a chirped-
fiber Bragg grating stretcher and a grating compressor. After compression, ∼ 1 ps pulses
with an average power of 35 W at 100 kHz, and pulse energy of 1.6 mJ at 10 kHz or 1.1 mJ
at 25 kHz are achieved. The long term power stability, pulse-to-pulse stability and close to
diffraction-limited beam quality, in combination with the highly efficient second and third
harmonic generation have been demonstrated, showing the suitability of the laser system
for pumping optical parametric amplifiers. In addition, the pulses are compressed down to
130 fs using an air-filled hollow core Kagome fiber.

In the second part, spatiotemporal distortions in noncollinear OPCPAs are numerically
studied. A modeling of BBO-based amplifiers reveal that high pump-to-signal energy con-
version efficiency comes at a cost of degraded spatiotemporal quality of few-cycle pulses,
which reduces the peak power when the pulses are focused. The numerical results sug-
gest to limit the conversion efficiency below 20 % if the degradation of peak power due to
spatiotemporal distortions is to be avoided.

The last part concentrates on application of few-cycle pulses in strong field atomic phy-
sics. A proof-of-principle IR pump-IR probe electron interferometry experiment is presen-
ted, where Argon is used as a target and a velocity map imaging spectrometer is used
to detect electrons after photoionization. The aim is to characterize the bound states of
strong-field excited Argon. The complete characterization of the excited states is hindered
by low signal-to-noise ratio of the experimentally measured photoelectron spectra, which
is discussed with the help of numerical results that are obtained by solving time-dependent
Schrödinger equation in the single active electron approximation.
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Deutsche Kurzfassung
Während der letzten zehn Jahre haben sich Lasersysteme, die phasenstabile Pulse mit einer
Dauer von wenigen optischen Zyklen und hoher Pulsenergie erzeugen, als Grundlage der
Attosekundenforschung etabliert. Diese intensiven, ultrakurzen Pulse werden vorwiegend
durch nichtlineare Pulskompression nach einem Ti:Sa-Verstärker oder mit Hilfe nichtkolli-
nearer optisch-parametrischer Verstärkung gechirpter Pulse (OPCPAs) erzeugt. Für beide
Ansätze werden ultraschnelle Pumplaser mit hoher Energie benötigt. Im Gegensatz zur
nichtlinearen Kompression von Ti:Sa-Verstärkern, die nur eine begrenzte Durchschnittsleis-
tung und Repetitionsrate erlaubt (<10 kHz), ermöglichen OPCPAs hohe Repetitionsraten,
die nur durch die Pump-Laser beschränkt sind. Wenig-Zyklen-Pulse bei hohen Repetiti-
onsraten (>100 kHz) sind für Elektron-Ion-Koinzidenzmessungen wünschenswert, um die
Datenaufnahmegeschwindigkeit und somit das Signal-Rausch-Verhältnis zu erhöhen. Daher
liegt der Schwerpunkt der vorliegenden Arbeit auf der Erzeugung von intensiven Wenig-
Zyklen-Pulsen bei hohen Repetitionsraten mit Hilfe von OPCPAs. Insbesondere werden die
Bedeutung von ultraschnellen Pumplasern mit hoher Pulsenergie und hoher Durchschnitts-
leistung sowie die räumlich-zeitlichen Eigenschaften der verstärkten Pulse hervorgehoben.

Im ersten Teil der Arbeit wird ein auf der Scheiben-Technologie basierender Laser vor-
gestellt, der Pulse mit mJ-Energien und sub-ps-Dauer liefert. Die Technik der Verstärkung
gechirpter Pulse wird dazu verwendet, die Pulse von einem Faser-Oszillator mit Hilfe eines
regenerativen Yb:YAG-Scheiben-Verstärkers sowie eines Bragg-Gitter-Stretchers mit ge-
chirpter Faser und eines Gitterkompressors zu verstärken. Nach der Kompression konnten
so Pulse mit einer Dauer von 1 ps bei einer Durchschnittsleistung von 35 W bei 100 kHz
sowie Pulsenergien von 1.6 mJ bei 10 kHz oder 1.1 mJ bei 25 kHz erzeugt werden. Außer-
dem wurden die Langzeitstabilität der Leistung, die Puls-zu-Puls-Stabilität und ein nahezu
beugungsbegrenztes Strahlprofil demonstriert, was zusammen mit der sehr effizienten zwei-
ten und dritten Harmonischen-Erzeugung die Eignung des Lasersystems für das Pumpen
von optisch-parametrischen Verstärkern zeigt. Schließlich wurden die Pulse mit einer luft-
gefüllten Kagome-Hohlfaser auf 130 fs komprimiert.

Im zweiten Teil wurde die räumlich-zeitliche Verzerrung von Laserpulsen in nichtkolli-
nearen OPCPAs numerisch untersucht. Die Modellierung von Verstärkern auf BBO-Basis
zeigt, dass hohe Konversionseffizienzen schlechte räumlich-zeitliche Eigenschaften des Pul-
ses nach sich ziehen, welche bei der Fokussierung der Pulse die Spitzenleistung verringern.
Demnach sollte die Konversionseffizienz auf unter 20 % begrenzt werden, um eine Verrin-
gerung der Spitzenleistung infolge räumlich-zeitlicher Verzerrungen zu vermeiden.

Der letzte Teil konzentriert sich auf die Anwendung von Wenig-Zyklen-Pulsen in Starkfeld-
Atomphysik-Experimenten. Ein grundlegendes IR-Pump-IR-Probe-Elektroneninterferometrie-
Experiment mit Argon-Atomen wurde durchgeführt. Ziel war die Charakterisierung von
gebundenen Zuständen in den durch das starke Feld angeregten Argon-Atomen. Allerdings
gelingt die vollständige Charakterisierung der experimentell gemessenen Photoelektronen-
spektren wegen des geringen Signal-Rausch-Verhältnisses nicht vollständig. Dies wird mit
Hilfe numerischer Ergebnisse aus der Lösung der zeitabhängigen Schrödinger-Gleichung
erörtert.
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Verwendung der angegebenen Literatur und Hilfsmittel verfasst habe. Die Arbeit ist weder
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