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Abstract

The ozone layer of the Earth’s atmosphere protects human beings and nature against mutagenic
solar radiation in the deep ultraviolet (DUV) spectral domain between 200 nm and 300 nm.
Ozone (O3), that is contained in this layer, thus absorbs DUV photons and gets promoted
into an excited, dissociative electronic state. During this process, that is commonly known as
ozone-photodissociation, optical energy is converted into kinetic energy of its photofragments
(atomic (O) and diatomic (O2) oxygen). Although the photolysis of the ozone molecule, which
is already completed after approximately 20 femtoseconds (1 fs = 10−15 s), is very well described
theoretically, it has evaded a direct, time-resolved measurement so far.

In order to reenact the process of ozone-photodissociation in the laboratory, two prerequisites
have to be fulfilled: On the one hand a highly pure ozone source is indispensable, as ozone
storage turns out to be difficult to implement and ozone itself can hardly be transported over
long distances due to its high reactivity with the environment. On the other hand, a time-
resolved measurement of the ozone-photolysis enforces the use of an intense DUV pump pulse
to achieve a measurable population transfer between ground and excited state. Additionally, an
extreme-ultraviolet (XUV) probe pulse is needed, that can be delayed relative to the DUV pump
pulse and repeatedly interrogates the molecular dynamics at fixed times after DUV excitation.
In general, femtosecond timescale temporal resolution can only be guaranteed by using short
DUV pump and short XUV probe pulses. Within the scope of this thesis, two basic approaches
concerning the generation of short and intense DUV pump pulses are discussed and compared
to each other. Both are based on nonlinear frequency up-conversion of a femtosecond Kerr-lens-
modelocked titanium-sapphire laser via second (SHG) or third (THG) harmonic generation.

As its primary result, the current thesis presents the very first direct observation of the ozone-
photodissociation with the help of femtosecond time-resolved photoelectron spectroscopy (TR-
PES). For this purpose, DUV pump pulses (sub-10 fs; 2 µJ; 268 nm), generated via SHG, promote
the ozone molecule into its excited state, while a short XUV probe pulse (∼1.7 fs, 99.5 eV) is
used for interrogation of the molecular dynamics. The experimental results show that ozone-
photolysis is accompanied by 20 fs rapid molecular vibrations. The latter can be interpreted
via quantum mechanical multiconfigurational time-dependent Hartree (MCTDH) simulations as
a propagation of an excited state-related nuclear wave packet along closed trajectories in the
space spanned by the molecular degrees of freedom. This may be considered as a manifestation
of ultrafast coherent photochemistry.
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Kurzzusammenfassung

Die Ozonschicht der Erdatmosphäre schützt Mensch und Natur gegenüber der mutagen wirk-
enden Sonnenstrahlung im tiefen ultravioletten (deep ultraviolett, DUV) Spektralbereich zwis-
chen 200 nm und 300 nm. Das in dieser Schicht enthaltene Ozon (O3) absorbiert dabei DUV-
Photonen und geht in einen angeregten, dissoziativen elektronischen Zustand über. Bei diesem
als Photodissoziation bekannten Prozess wird optische in kinetische Energie seiner Photofrag-
mente (atomarer (O) und diatomarer (O2) Sauerstoff) umgewandelt. Obwohl die Photolyse des
Ozon-Moleküls bereits nach ungefähr 20 Femtosekunden (1 fs = 10−15 s) abgeschlossen und the-
oretisch sehr gut beschrieben ist, entzog sie sich bislang einer direkten, zeitaufgelösten Messung.

Zur experimentellen Nachstellung dieses Prozesses im Labor bedarf es der Erfüllung zweier Vo-
raussetzungen: Zum einen eine hochreine Ozon-Quelle, da Ozon aufgrund seiner Reaktivität mit
der Umgebung sowohl schwer zu lagern als auch über weite Strecken kaum zu transportieren
ist. Zum anderen benötigt man zur zeitaufgelösten Messung der Ozon-Photolyse und für einen
messbaren Populationstransfer zwischen Grund- und angeregtem Zustand einen intensiven DUV-
Anregepuls. Zusätzlich ist ein extrem-ultravioletter (extreme-ultraviolet, XUV) Abfragepuls von-
nöten, den man relativ zum DUV-Anregepuls verzögern kann und der die Moleküldynamik zu
fixen Zeiten nach DUV-Anregung abfragt. Im Allgemeinen kann eine Femtosekunden-Auflösung
nur mittels kurzer DUV-Anrege- und kurzer XUV-Abfragepulse gewährleistet werden. Im Rah-
men dieser Arbeit werden daher zwei Ansätze zur Erzeugung solch kurzer sowie intensiver DUV-
Anregepulse diskutiert und miteinander verglichen. Beide basieren auf nichtlinearer Erzeugung
der zweiten bzw. dritten Harmonischen (second/third harmonic generation, SHG/THG) eines
Femtosekunden Kerr-Linsen-modengekoppelten Titan-Saphir-Lasers.

Als primäres Ergebnis präsentiert die vorliegende Arbeit die erste zeitaufgelöste Messung der
Ozon-Photodissoziation mittels zeitaufgelöster Photoelektronenspektroskopie (time-resolved pho-
toelectron spectroscopy, TRPES). Zu diesem Zweck hebt ein via SHG erzeugter DUV-Puls (sub-
10 fs; 2 µJ; 268 nm) das Ozon-Molekül in seinen angeregten Zustand, während ein kurzer XUV-
Puls (∼1.7 fs; 99.5 eV) die Moleküldynamik abfragt. Die experimentellen Ergebnisse zeigen, dass
die Ozon-Photodissoziation durch 20 fs schnelle Molekülschwingungen begleitet wird. Letztere
können mittels quantenmechanischer multiconfigurational time-dependent Hartree (MCTDH)
Simulationen als Propagation des zum angeregten Zustand gehörigen Kernwellenpakets entlang
geschlossener Trajektorien im Raum der Molekül-Freiheitsgrade interpretiert werden und stellen
einen ultraschnellen Prozess kohärenter Photochemie dar.
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Chapter 1

Introduction

The origin of methods, striving to resolve processes which are fast with respect to timescales
directly accessible by human beings, can be traced back to the pioneering work of Eadweard
Muybridge in the 70s of the 19th century [1]. Back then, Muybridge adduced clear photographic
evidence that there are instants of time during a horse’s galloping motion, when its hooves do not
touch the ground, but are airborne all at once. Thus, he solved a decades spanning controversy.
The key to Muybridge’s paramount achievement was the use of an array of very fast cameras,
which are spatially displaced from each other along the direction of the galloping horse. Owing
to the fact that the shutter of each camera along this line was released at the very moment the
horse passed by it, Muybridge could take a series of pictures, each showing a different fraction
of the entire motion. The crucial fact about Muybridge’s new approach was to make use of
shutters that allow for a short exposure time of their photosensitive films. The exposure time
had to be much shorter than the timescale, on which the galloping motion of the horse evolves.
If it had been too long, the images would have got blurred, which, in turn, would have rendered
a decomposition of the entire motion into smaller subsets of motions impossible.

Nowadays, current state-of-the-art approaches, pioneered by Ahmed H. Zewail [2] and which
led to the field called femtochemistry, rely on the very same principle that Muybridge used in
his days. Compared to then, modern experiments gained an almost 18 orders of magnitude
improvement in terms of temporal resolution [3]. Today, time-resolved investigation of the
fastest processes in matter, which evolve on femtosecond or even attosecond timescales in, for
example, atoms [4], molecules [5] or solids [6], became possible by the advent of modern ultrafast
femtosecond lasers, which take over the role of Muybridge’s cameras and are used in so-called
pump–probe experiments. There, a pump pulse launches dynamics within a sample, while
another time-delayed probe pulse queries the sample’s momentary state. By repetition of this
pump-probe-scheme for a set of delay times between pump and probe pulses, one can retrieve
the entire evolution of the sample’s underlying dynamics in a time-resolved manner. Always
provided, that the duration of pump and probe pulse remains shorter than the inherent timescale
of the dynamics themselves, just like in the case of Muybridge.

Besides a variety of different approaches, all promising to gain a deeper understanding of light–
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matter interaction, they all depend on the availability of appropriate ultrafast radiation sources
in a variety of spectral domains. Until today, such pump pulses are mainly available in the near-
infrared (NIR) to far-infrared (FIR) part of the electromagnetic spectrum. Therefore and also
for opening up the prospect of studying ultrafast dynamics in deep-ultraviolet- (DUV) sensitive
samples, special emphasis should be placed on the generation of adequate DUV pump pulses.
Unfortunately, these should be short and intense, and these conditions are technically hard to
meet. Though many schemes regarding their creation have been developed and rely on, for
example, third harmonic generation (THG) in neon-filled gas-cells [7], broadband chirped-pulse
four-wave-mixing (BCP-FWM) [8], dispersive wave emission in gas-filled hollow-core photonic
crystal fibers [9], and many more, they partially lack either of the aforementioned properties.
Nevertheless, short and intense DUV pulses are an indispensable prerequisite for performing
ultrafast time-resolved studies of DUV-absorbing molecules.

Regarding these molecules, ozone (O3) should be mentioned in particular, as it exhibits one of
the most intense DUV absorption bands among all molecules. Apart from that, the Earth’s
stratospheric ozone layer is of vital importance for life on our planet. Therefore, it is not
astonishing that the emergence of man-made ozone depletion, initially triggered by the emission
of chlorofluorocarbons (CFCs), resulted in the internationally ratified Montreal Protocol. The
latter tries to protect the ozone layer against potentially ozone-depleting substances (ODSs) by
gaining control over their exhaust and production. Consequently, it is continuously amended
by the inclusion of other chemical compounds, being substantially harmful to the ozone layer.
For example, the impact of dichloromethane (CH2Cl2), which is still not considered in the
Montreal Protocol, on ozone depletion was revealed very recently [10]. Nevertheless, first hints
grow stronger that the Montreal Protocol does take effect and the ozone layer slowly keeps
recovering [11].

However, besides the impact of ODSs, the DUV-light-induced fragmentation of the ozone molecule
into atomic (O) and diatomic (O2) oxygen is the primary ozone-depleting mechanism. It is
mainly this process, commonly known as photodissociation, that is responsible for the protective
property of the ozone layer against biologically hazardous DUV solar radiation. Upon absorp-
tion of a single DUV-photon (hν), the ozone molecule undergoes a transition from its ground
state (O3) into a dissociative, excited state (O*

3), before molecular fragmentation sets in, accord-
ing to the reaction: O3

hν O*
3 O + O2. Despite a wealth of theoretical work on this

issue [12–17], this process has evaded a direct, time-resolved experimental study for a long time,
most likely owing to the lack of an appropriate DUV radiation source. As outlined before, this
is required to be intense and particularly short, because the ozone photolysis is known to be
completed approximately 20 fs after DUV excitation.

Therefore, the present thesis focuses on the development of such an ultrafast, pure-DUV ra-
diation source, that is necessary for the very first few-femtosecond experimental study of the
DUV-pump-pulse-induced molecular dynamics of ozone, evolving during its photodissociation.
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Outline of this Thesis

Following this introduction, chapter 2 will discuss the most fundamental concepts of few-cycle
femtosecond pulses. This is continued by a review of the most important linear, nonlinear and
extreme nonlinear effects during light–matter interaction. Special emphasis is laid on birefringent
nonlinear crystals and symmetries, that can be exploited to ease numerical modeling of short
and intense DUV pump pulse generation via nonlinear frequency up-conversion of few-cycle
femtosecond pulses in beta-barium-borate (BBO) crystals. The fundamental concept of high
harmonic generation (HHG), that is used for XUV probe pulse generation, is illuminated here
as well.

Chapter 3 explains the setup of the FP3 laser system and introduces the AS2 attosecond beamline
in general, where the pump–probe time-resolved photoelectron spectroscopy (TRPES) experiment
on ozone is performed in.

Chapter 4 focuses on the ozone experiment itself. First, we will discuss the principle of the ex-
periment, including the molecular structure, absorption bands and expected molecular dynamics
of ozone, setting in after irradiation with a DUV pump pulse. We will explain the theoretical
tools which are used by our colleagues Ágnes Vibók, Gábor J. Halász, Piero Decleva and Fa-
bien Gatti to simulate TRPES-spectrograms of ozone, explicitly taking the angular distribution
during photoemission into account. Following this discussion, we will present the cation states
of ozone and deduce an experimental pump-probe-geometry via group theoretical arguments
that is capable of rendering excited state dynamics of ozone measurable. Before digging into
the experimental results themselves, experimental constraints regarding the XUV probe pulse
generation are illuminated and a comparison between THG- and SHG-based DUV pump pulse
generation schemes is given. The chapter ends with a discussion of the primary experimental
results on ozone photodissociation and an interpretation in terms of nuclear wave packet motion
as well as with an indication based upon Dyson orbitals, explaining why the experimental results
are observable after all.

The thesis finishes with a conclusion of the main results as well as with an outlook.
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Chapter 2

Theory

This chapter is intended to provide an introduction to the theoretical concepts of nonlinear
optics, as far as they are relevant within the scope of this thesis.
Getting started, the first section is dedicated to the mathematical formalism of ultrashort, few-
cycle laser pulses. Here special focus is laid on some peculiarities, occurring for few-cycle laser
pulses as opposed to multi-cycle laser pulses. In section two, we will use the aforementioned
formalism to describe light–matter interaction in greater detail, introducing new quantities and
concentrating on both the linear and nonlinear regime. Special attention is paid to the last
subsection of light–matter interaction, focusing on the application of intense, few-cycle laser
pulses for the generation of attosecond extreme-ultraviolet (XUV) pulses via high harmonic
generation (HHG). We will discuss the non-applicability of a perturbatory approach to describe
this phenomenon and explain the underlying process.

2.1 Few-Cycle Femtosecond Laser Pulses
To put the subsequent treatment on an equal footing, we will introduce some quantities, which
will be used in this thesis, partially following the notation of R.W.Boyd [18] when dealing with
nonlinear optics. As far as it concerns the scope of this work, the electric field will be treated
classically, as relativistic effects are negligible. Also magnetic effects are not dealt with as their
strength even for strong electric fields and with respect to them are suppressed by a factor of
1/c0, where c0 = 299792458m

s denotes the vacuum speed of light. More information can be
found in standard textbooks, for example in [19].

Consider the electric field vector of a laser pulse at time t and position r⃗ in space

E⃗(t, r⃗) = e⃗ · Ẽ0(t, r⃗) · eiΦ(t,r⃗) + c.c., (2.1)

where e⃗, Ẽ0(t, r⃗) and Φ(t, r⃗) denote the unit vector of polarization, scalar electric field envelope
function and the total time- and space-dependent phase, respectively. The term c.c. stands
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for "complex conjugate" and is necessary here, because the electric field is a real quantity. In
general, the polarization vector e⃗ is a three-component vector which does not have to consist of
real numbers and reduces to a two-component Jones vector1 in case of plane waves. The Jones
vector describes the polarization state and is allowed to contain complex values as well. These
are commonly used to represent circular or elliptical polarization (e⃗L,R = 1√

2 · (1, ±i)T for left-
(L) / right- (R) polarized light) besides the linear polarization (e⃗x = (1, 0)T for x-polarized
light), which we mainly deal with.

Up to now, the formalism does not exclusively apply to pulses, but to any wave that is decom-
posable in an envelope and phase function, respectively. In order to specialize the description
for pulsed lasers, both phase and electric field envelope function can further be dismantled into

Φ(t, r⃗) = ω0 · t− k⃗ · r⃗+ ϕ(t) + ϕCEP (2.2)

Ẽ0(t) = E0 · exp
(

− t2

σ2
t

)
= E0 · exp

(
−2 ln(2)

∆t2
· t2
)

. (2.3)

Obviously, we have separated the total phase into a fast oscillating part ω0 · t, where ω0 is the
laser’s center angular frequency, and a space-dependent part k⃗ · r⃗, that takes the influence of the
laser’s propagation direction k⃗ on the total phase into account. The modulus of k⃗ is directly
connected to the laser vacuum wavelength λ via k = 2π

λ . The maximum phase contribution
originating from the spatial part is expected to occur in directions r⃗ that are parallel to k⃗. In
directions perpendicular to k⃗, one does not obtain an additional phase shift, as the scalar product
vanishes. Consequently, the so-called wave-fronts2 extend in a plane, that is perpendicular to
the vector k⃗.

Apart from these spatially and temporally very fast oscillating quantities, there are two residual
terms in equation (2.2), that deserve special mention, because they play a dominant role for
some highly nonlinear effects in case of few-cycle laser pulses. The first of the two latter terms in
equation (2.2) is ϕ(t) and symbolizes the time-dependent phase, describing higher-order chirps.
In this context, chirp means a non-vanishing time-dependency of the instantaneous angular
frequency

ω(t) =
dΦ(t)

dt
= ω0 +

dϕ(t)

dt
, (2.4)

where we have ignored the spatial contribution for now.

In a perturbatory approach one would be tempted to expand the phase ϕ(t) in a Taylor series,
but, since it is less intuitive to interpret this in the time domain, it is usually performed in

1In the Jones calculus it is merely assumed that one deals with fully polarized electric fields, as we usually do
for lasers, and was introduced in a series of papers [20–23].

2planes of constant phase in space.
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the frequency domain and is postponed to the next section. The last term in equation (2.2)
is ϕCEP and denotes the so-called carrier envelope phase3 (CEP), which is nothing less than
the time-independent part of ϕ(t), but is tremendously important for the generation of isolated
attosecond XUV pulses as will become apparent in subsubsection 2.2.4.1. This is why we have
extracted it here explicitly.

Turning to the electric field envelope function Ẽ0(t, r⃗) in equation (2.3), E0 marks the electric
field strength at the envelope’s maximum value and ∆t terms the full-width-at-half-maximum
(FWHM) pulse duration4. Depending on the chosen convention, one could also define the pulse
duration as 1/e-width σt. Since both quantities are related to each other via equation (2.5),
they are equivalent:

∆t =
√

2 ln 2σt. (2.5)

Besides the time-domain picture of few-cycle laser pulses, there is another, but linked, frequency-
domain picture, and one can freely choose between both, since they describe the same. The time-
and space-related Fourier transform of the electric field (equation (2.1)) is defined as

E⃗(ω, k⃗) =
∞∫

−∞

dt
∫

R3

d3r E⃗(t, r⃗)e−i(ω·t−k⃗·r⃗) (2.6)

and the inverse Fourier Transform is defined accordingly, using

E⃗(t, r⃗) = (2π)−4
∞∫

−∞

dω
∫

R3

d3k E⃗(ω, k⃗)e+i(ω·t−k⃗·r⃗), (2.7)

where the additional term (2π)−4 occurs due to normalization constraints. If one applies equa-
tion (2.6) to equation (2.3), one will get the following spectral representation of the envelope
function (omitting spatial integration)

Ẽ0(ω) = E0,ω · exp
(

−ω2

σ2
ω

)
= E0,ω · exp

(
−2 ln(2)

∆ω2 · ω2
)

, (2.8)

where σω, ∆ω are the 1/e-bandwidth and FWHM-bandwidth of the spectrum, respectively, and
the latter can also be written in terms of ∆t as

3The carrier-envelope-phase (CEP) is the phase difference between the peak position of the carrier wave and
of the envelope.

4We assume a Gaussian shaped envelope function in equation (2.3), as it is directly related to our experimental
condition, but other shapes are also conceivable, e.g., hyperbolic-secant-squared

(
sech2) shaped pulses etc.
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∆ω =
4 ln(2)

∆t
. (2.9)

It immediately occurs to the reader that the FWHM-duration and the FWHM-bandwidth show
opposite behavior: The shorter the pulse duration, the bigger the spectral bandwidth. One can
even prove that for a Fourier transform limited Gaussian pulse, their product (i.e. Time-
Bandwidth-Product) cannot fall below a certain value. For a Gaussian pulse, one immediately
obtains from the formula given above

∆t · ∆ν = ∆t · ∆ω
2π

=
4 ln(2)

2π
≈ 0.441, (2.10)

where ∆ν = ∆ω
2π is the frequency analog of the angular frequency, just extracting the radian

measure. This equation illustrates the following fact: In order to obtain pretty short pulses,
the need for a rather broad spectrum is indispensable. However, it should be mentioned that a
broad spectrum does not directly imply a short pulse. For the time being, let us assume a pulse
train, consisting of identical — down to their electric field shapes — and equidistantly separated
pulses. If we calculate the associated Fourier Transform, we will get a spectrum, that contains
equidistantly distributed delta peaks and another peak, that emerges at zero frequency, as
shown in Figures 2.1 c),d). This is simply the frequency domain signature of the aforementioned
identical pulse train. If we now made the first peak deviate from zero frequency, but maintain
the relative spacing between adjacent modes, we would still receive a pulse train in the time
domain picture, but with a constant pulse-to-pulse phase offset, as depicted in Figures 2.1 a),b).
The first spectral spike is also referred to as the carrier-envelope-offset (CEO) frequency fCEO,
and the pulse train is commonly known as a Frequency Comb [24]. The CEO frequency directly
relates to the CEP by using the following equation

fCEO =
ϕCEP

2π
· fRep, (2.11)

where ϕCEP is defined within [0, 2π[ and fRep represents the repetition rate of the pulse train,
that is the inverse of the time difference between neighboring pulses.

Advancing the concept of pulse train formation from a frequency domain perspective, we can
consider the pulse train as being formed by the coherent superposition of sinusoidal waves
in integer multiples of a fundamental frequency difference ∆f . If all of the wave crests were
overlapped, they would add up constructively at times ∆t, which are the inverse of ∆f . At all
other times, the waves would cancel each other out by destructive interference, thus forming
pulses periodically. If we imagined for an instant that the phase relation between the waves
was not rigid, but random, we would not get a well-defined pulse train, which is the more
chaotic, the more waves contribute, because the moment of constructive interference would vary
in an unpredictable manner. Therefore, a stiff phase relation between waves, contributing to
the overall interference, is inevitable. One also calls this fixed phase relationship phase-locking
or mode-locking. This has been tacitly assumed in the illustration of Figure 2.1.
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Figure 2.1: Shown is the equivalence between a comb-like spectrum and the time-domain pulse-
train formation for two different carrier-envelope-offset frequencies a),c) fCEO = ∆f

4 , b),d)
fCEO = 0, where ∆f = fRep and fRep is the repetition rate of the pulse train. d) For vanishing
fCEO, the individual pulses are identical to one another. c) If fCEO deviates from zero and is
equal to ∆f/4, for example, only every fourth pulse is identical, since every pulse accumulates
an additional phase shift relative to its predecessor. Here, the carrier-envelope-phase is denoted
by ϕCEP .

Figure 2.2 illustrates the basic idea of mode-locking for four different cases. It is obvious from
Figure 2.2 that the more frequencies or modes contribute, the shorter is the pulse in the time
domain, provided that all modes are phase-locked to each other.

As attosecond experiments usually heavily rely on the control of the CEP, let us have a look at
how the CEP influences the shape of the carrier wave under the field envelope for an identical set
of CEP-values. Figure 2.3 a) illustrates the minor impact of the CEP for multi-cycle laser pulses,
when changing the CEP from ϕCEP = 0 (black solid line) to ϕCEP = π

2 (blue dashed line). Here,
the electric field drop can almost be neglected. Figure 2.3 b), instead, exemplifies the importance
of the CEP on the electric field shape for few-cycle laser pulses. The reason for the now more
pronounced drop of the carrier wave amplitude is the fast decrease of the pulse envelope to
either side, whose width is comparable to the period of the carrier wave itself. Owing to this
drastic change of electric field strength with CEP for few-cycle laser pulses, isolated attosecond
XUV pulse generation became possible, showing that the control of the CEP is the key to their
generation.

Anticipating part of the discussion considering isolated attosecond pulse generation as a highly
nonlinear process we introduce the concept of intensity here. Mode-locking by itself does not lead
to ultrashort pulses, but is also a good method to gain high intensities, as the available energy of
all modes is bunched in narrow wave packets. If we once again identify ultrashort pulses with the
coherent, phase-locked superposition of N waves with ascending frequencies, where each wave
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Figure 2.2: Pulse train formation for increasing bandwidth a)-d): For better visualization,
the ratio between the fundamental frequency and the free spectral range has been adapted ac-
cordingly. Time and electric field strength are given in arbitrary units. Blue curve: electric field
carrier wave, Red curve: electric field envelope. a)-c) show the superposition of an increasing
number of N coupled modes, whereas d) depicts the superposition of N=40 uncoupled modes
with random phase relation.
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Figure 2.3: Impact of two different CEP-settings (black solid line: ϕCEP = 0 and blue dashed
line: ϕCEP = π

2 ) on the shape of the carrier wave for a) a multi-cycle and b) for a few-cycle
pulse. The change of the peak electric field as a function of the CEP is most striking in b).
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has an electric field strength E0, we will find an N -fold amplitude amplification at the moment
of constructive interference. Consequently, the resulting total electric field strength amounts to
N ·E0. This implies that the more modes contribute to the pulse formation, the higher the total
instantaneous electric field strength becomes.

In order to quantify the instantaneous intensity I(t)5 in a formal manner, it is usually defined
as the absolute value of the so-called Poynting-vector S⃗(t) as

I(t) =
∣∣∣S⃗(t)∣∣∣ = nc0ϵ0E

2
0(t) cos2(ω0t), (2.12)

where n denotes the refractive index of a material, that is penetrated by the electric field with
envelope function E0(t). In section 2.2, we will relate the refractive index n to the relative
permittivity of a material. The cycle-averaged intensity Ī(t), in turn, can be deduced from the
above definition (equation (2.12)) via

Ī(t) =
1
T

T
2∫

− T
2

I(t)dt ≈ 1
2
nc0ϵ0E

2
0(t), (2.13)

if E0(t) varies slowly and where T = 2π
ω0 is the duration of a single period.

For completeness of the current discussion, the Poynting vector itself is defined in Poynting’s
theorem [25] as

S⃗(t) = E⃗(t) × H⃗(t), (2.14)

where E⃗(t) and H⃗(t) are the electric and magnetic field strengths, respectively, and "×" is
the cross-product between two vectorial quantities. The Poynting vector plays a special role in
terms of birefringence, since it represents the flow of energy along a certain direction. In case of
birefringent materials, there may be more than only one direction of energy flow, depending on
the input polarization with respect to the optic axis of the birefringent material.

2.2 Light–Matter Interaction
In the last section we have learned about the basics that are necessary to describe electric fields
in general and few-cycle pulses in particular. Nevertheless, these pulses are not studied for
their own sake, but to gain a deeper insight into light–matter interaction on its very inherent
timescale. Since the field of light–matter interaction is continuously increasing and still under
intensive investigation, even the trial to gather all its facets is either impossible or at least
incomplete. Therefore, we will simply give a short introduction into the concepts relevant to

5Intensity is defined as the optical power transmitted through a plane perpendicular to the propagation direc-
tion of light per unit area. The unit of intensity is thus given in W /m2.
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us from a phenomenological point of view, ranging from the linear regime over the perturbative
nonlinear regime to the extreme nonlinear regime, that cannot be described anymore by a
perturbative approach.

2.2.1 Electromagnetic Wave Equation

Maxwell’s equations [26] as well as Schrödinger’s equation [27] lie at the heart of the description
of light–matter interplay. Neglecting Schrödinger’s equation for now, Maxwell’s equations take
the matter’s reaction on the electromagnetic fields into account and can be written as done in
equations (2.15) – (2.19), where E⃗ and B⃗ denote as before the electric field and magnetic flux
density, respectively.

∇⃗ · E⃗ =
ρ

ϵ0
(2.15)

∇⃗ · B⃗ = 0 (2.16)

∇⃗ × E⃗ = −∂B⃗

∂t
(2.17)

∇⃗ × B⃗ = µ0

(
j⃗ +

∂D⃗

∂t

)
(2.18)

D⃗ = ϵ0E⃗ + P⃗ (2.19)

D⃗ is the so-called electric displacement field, P⃗ symbolizes the polarization response of matter,
that is irradiated by electromagnetic fields, and ∇⃗ =

(
∂

∂x , ∂
∂y , ∂

∂z

)T
defines the Nabla operator.

The physical constants µ0 and ϵ0 stand for the vacuum permeability and vacuum permittivity,
respectively. Apart from these quantities, ρ and j⃗ display the total charge and total current
of the system under consideration, including the influence of bound and free electric charges,
and are allowed to be functions of time and space. Those quantities can usually be described
by additional equations, as for instance, by Schrödinger’s equation. If we calculate the curl of
equation (2.17) and insert equation (2.18) into the new equation, while we interconvert temporal
and spatial differentiation and make use of equation (2.19), we will arrive for vanishing current
density j⃗ at the electromagnetic wave equation

[
∇⃗ ×

(
∇⃗×

)
+

1
c2

0

∂2

∂t2

]
E⃗(t, r⃗) = −µ0

∂2P⃗ (t, r⃗)
∂t2

, (2.20)

where the square bracket on the left-hand-side can be interpreted as an operator, that affects
the electric field E⃗(t, r⃗), and the vacuum speed of light has been expressed in terms of ϵ0 and
µ0, according to c−2

0 = ϵ0µ0.

This equation can be understood as follows: The left-hand-side (lhs) of equation (2.20) is respon-
sible for the propagation of the electric wave through space and time, whereas the right-hand-side
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(rhs) can be considered a source term, which influences the propagation. Since the rhs-term it-
self is either triggered or modified by the mere presence of the electric field equation (2.20), it
can exhibit a wealth of dynamics, which can be split up into linear and nonlinear contributions,
according to

P⃗ = P⃗L + P⃗NL, (2.21)

where P⃗L and P⃗NL are the components of the polarization term, which arise from linear and
nonlinear effects, respectively, and will be discussed to some degree in the next subsections.

2.2.2 Linear Regime

The linear term P⃗L in equation (2.21) is usually regarded as the leading order of the total
polarization P⃗ . In this sense, linearity refers to its linear dependence on the electric field
vector E⃗, as opposed to nonlinear contributions, and can be expressed most generally as a
convolution [19]

PL
i (r⃗, t) = ϵ0

∞∫
−∞

dt̃
∫

R3

d3r̃χij(r⃗, ⃗̃r, t, t̃)Ej(⃗̃r, t̃), (2.22)

where we have tacitly used Einstein summation convention [28] to sum across doubly occurring
indices6. The index i can take on x, y, z and Ej , PL

i are the j-th and i-th component of E⃗
and P⃗L, respectively, and χij(r⃗, ⃗̃r, t, t̃) is known as the dielectric susceptibility. The shape of
equation (2.22) permits the system under examination to possess two features:

• The temporal or spatial response of a material χij (⃗r,⃗ r̃, t, t̃) is allowed to be non-local and
non-instantaneous, as its dependence on external variables is given explicitly and describes
temporal and spatial dispersion properties. For instance, this will be the case, if the dipoles
of a material cannot instantaneously follow the change of the electric field vector, either
because they are too sluggish or because the irradiated electric field influences dipoles in
the near vicinity.

• The direction of the matter response χij(r⃗, ⃗̃r, t, t̃) does not have to be parallel to the
externally applied field, because the response χij can be thought of as a second order
tensor, leading to the concept of anisotropy. It is this property that describes birefringence
of matter, for example. This happens when the dipoles cannot freely follow the electric
field, but are influenced by their surroundings. For instance, in a non-cubic crystal lattice
the distances vary along different crystal axes.

As equation (2.22) looks quite complicated due to the occurrence of the convolution, it possesses
a simple form, once it is Fourier transformed via equation (2.6). Then, it can be interpreted as
a simple matrix product, when expressed in the reciprocal space:

6summation of j runs over the coordinates x, y, z.
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Pi(ω, k⃗) = ϵ0χij(ω, k⃗)Ej(ω, k⃗) (2.23)

Likewise, the electromagnetic wave equation can be expressed in Fourier space as

k⃗×
(
k⃗× E⃗(ω, k⃗)

)
+
ω2

c2
0
E⃗(ω, k⃗) = −µ0ω

2P⃗ (ω, k⃗), (2.24)

where we have explicitly written down the dependencies of the vectorial quantities on external
variables.

Inserting equation (2.23) into equation (2.24) leads to an eigenvalue problem. These are also
called dispersion relations, ω(k⃗), or equivalently, k⃗(ω). Their corresponding eigenvectors are
given as E⃗(ω(k⃗), k⃗):

[
k2δij − kikj − ω2

c2
0

(
δij + χij(ω, k⃗)

)]
Ej(ω, k⃗) = 0, (2.25)

where ki is the i-th component of the k⃗-vector, k2 is the square-modulus of k⃗ and δij is the
Kronecker-delta, that equals 1, if both indices are identical and 0 otherwise. In order to fulfill
equation (2.25) for all angular frequencies ω and k⃗-vectors the determinant of the left-hand-side
square bracket has to vanish identically and one obtains in matrix notation

det
(
k21 − k⃗k⃗T − ω2

c2
0
ϵ̂(ω, k⃗)

)
= 0, (2.26)

where 1 symbolizes the identity matrix, T denotes the transpose and where we have introduced
the relative permittivity tensor according to

ϵ̂ = ϵij(ω, k⃗) = δij + χij(ω, k⃗). (2.27)

Usually equation (2.26) constitutes an implicit equation, since the relative permittivity tensor
depends formally on the k⃗-vector and angular frequency ω.

Hereafter, we assume vanishing spatial dispersion of ϵij , which is equivalent to an independence
of the external variable k⃗, ϵij(ω, k⃗) = ϵij(ω). Attributed to the fact that the relative permittiviy
tensor of dielectrics is symmetric with respect to its anisotropy indices, we can always find a
coordinate system, in which ϵij emerges to be diagonal [29].

In order to ease the upcoming discussion, we will distinguish between two cases only and omit
the case of highly anisotropic materials, like biaxial crystals. The first case is where ϵij describes
an isotropic material and reduces to a multiple of the identity matrix δij . The second case is
where the material exhibits a preferential axis with respect to light propagation, also called the
optic axis. Here, ϵij possesses two nontrivial eigenvalues.
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2.2.2.1 Isotropic Case

Isotropy describes a property, that is independent of the chosen direction, as all directions are
equivalent to each other. This holds true for cubic crystal lattices (e.g. primitive cubic (pc),
body-centered cubic (bcc) or face-centered cubic (fcc)), but is also applicable to liquids or gaseous
media, which do not exhibit any long-range order. In those cases, the ω-⃗k-relation appears to
be scalar-valued, since ϵij(ω) = ϵ(ω)δij , and is given by

k(ω) = ± ω

c0

√
ϵ(ω) = ± ω

c0
n(ω), (2.28)

irrespective of direction and where we have considered either signs, as the electromagnetic wave
equation (equation (2.20)) is a representative of a second order differential equation and thus
supports two solutions, a forth and a backwards propagating wave. Additionally, we have
introduced the refractive index n(ω) as

n(ω) =
√
ϵ(ω) = ñ(ω) + iκ(ω), (2.29)

where ñ(ω) and κ(ω) denote the real and imaginary part of the refractive index, respectively.
Both parts are not independent of each other, but rather connected by the Kramers-Kronig-
relations, which can be found elsewhere [30]. The refractive index n(ω) is a complex function
of angular frequency in general. The real part ñ(ω) describes both refraction and dispersion
effects, while κ(ω) is known as the attenuation coefficient, governing attenuation or gain of the
electric field, depending on the sign.

In order to address chromatic dispersion, that is induced by the irradiated material, and to
continue with the discussion of the spectral phase (section 2.1), we can expand equation (2.28)
in a Taylor series about angular frequency ω0, according to

k(ω) =
∞∑

n=0

1
n!
k(n)(ω0) (ω− ω0)

n , (2.30)

where k(n)(ω0) is the n-th derivative of k(ω) with respect to angular frequency ω, but evaluated
at ω0. Because of the fact that this Taylor expansion is frequently used for the description
of ultrashort pulses, the most important derivatives in equation (2.30) are linked in ascending
order with the terms group-delay (GD), group-delay dispersion (GDD), third-order dispersion
(TOD) and fourth-order dispersion (FOD). Figure 2.4) depicts their influence on an initially
compressed ultrashort pulse (red and black dashed lines) that serves as a reference.

Consequently, the pulse can be delayed as an entity when exposed to a material which exhibits
a group-delay, as displayed in Figure 2.4 a). It shall be stated that even the CEP of the delayed
pulse has changed with respect to the CEP of the reference pulse. The situation changes, when
the pulse is subjected to a material, that features group-delay-dispersion, as depicted in Figure



16 CHAPTER 2. THEORY16 CHAPTER 2. THEORY16 CHAPTER 2. THEORY

-40 -30 -20 -10 0 10 20 30 40
Time [fs]

-1

-0.5

0

0.5

1
A

m
pl

itu
de

 [a
rb

. u
ni

ts
]a GD = 0 fs

GD = 15 fs

-40 -30 -20 -10 0 10 20 30 40
Time [fs]

-1

-0.5

0

0.5

1

A
m

pl
itu

de
 [a

rb
. u

ni
ts

]b GDD = 10 fs2

-40 -30 -20 -10 0 10 20 30 40
Time [fs]

-1

-0.5

0

0.5

1

A
m

pl
itu

de
 [a

rb
. u

ni
ts

]c TOD = 20 fs3

-40 -30 -20 -10 0 10 20 30 40
Time [fs]

-1

-0.5

0

0.5

1

A
m

pl
itu

de
 [a

rb
. u

ni
ts

]d FOD = 40 fs4

Figure 2.4: Influence of GD, GDD, TOD and FOD on an ultrashort reference pulse (dashed
lines in a)), centered around λ = 780 nm. Black lines: Electric field. Red lines: Pulse enve-
lope. Initial FWHM pulse duration is assumed to be 2.4 fs. a) GD=15 fs, b) GDD=10 fs2, c)
TOD=20 fs3 and d) FOD=40 fs4.

2.4 b). The temporal spread is the most eye-catching difference besides an also present up-chirp7

for positive GDD. In Figure 2.4 c), we introduce a non-vanishing third-order-dispersion and find
the prior compressed pulse to form post-pulses on the trailing edge. Needless to say, that the
occurrence of these secondary pulses depends on the magnitude and sign of the TOD and could
also emerge on the rising edge. Since ultrashort pulses are extremely prone to dispersion effects,
one also has to take fourth-order-dispersion into account, which usually manifest itself in the
formation of symmetric pedestals, as illustrated in Figure 2.4 d).

In ultrafast optics, it often appears that one faces dispersion management in order to compress
the entire pulse spectrum, i.e. to change the relative timing between different frequency compo-
nents. For its description, a spectral approach in terms of the spectral phase ϕ(ω) of the pulse is
most beneficial, because it provides an intuitive comprehension of which frequency components
hurry ahead and which lag behind. This is not the case when dealing with the temporal phase
ϕ(t). Apart from that, the response function of dispersive optical elements, like gratings, prisms
or chirped mirrors used for dispersion management, are usually given in frequency domain. In
order to explore their action on a certain pulse, one simply has to multiply their response func-
tions by the pulse spectrum. This is why we postponed the discussion concerning ϕ(t) of section
2.1 to here.

Owing to the presence of a dispersive medium, the speed, at which the pulse traverses it, deviates
from the vacuum speed of light. Consequently, one distiguishes between the phase-velocity
and the group-velocity. The phase-velocity refers to the speed at which a specific frequency

7the instantaneous frequency increases with time
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component of the pulse propagates and is given as a function of angular frequency by [19]

vp(ω) =
ω(k)

k

(2.28)
=

c0
n(ω)

, (2.31)

where the second equality sign is only valid in the special case of equation (2.28). In contrast to
the last quantity, the group-velocity describes the propagation speed of the envelope function
and is defined as [19]

vg(ω) =
∂ω(k)

∂k

(2.28)
=

c0

n(ω) + ω ∂n(ω)
∂ω

, (2.32)

where again the second equality sign only holds true for equation (2.28), but may be adapted for
other expressions of ω(k), too. In general the group-velocity does not have to be constant, but
is allowed to vary with angular frequency and the terms group-delay and group-delay-dispersion
derive from that expression.

2.2.2.2 Anisotropic Case - Uniaxial Crystal

If we drop the constraint of directional independence of the material response to electric fields,
we will access the anisotropic domain. Here, the dielectric permittivity tensor can still be di-
agonalized, but in contrast to the previous case does not longer appear to be a multiple of the
identity matrix. If we restrict ourselves to the case of an uniaxial crystal, we can write it down
in its principal coordinate system with no loss of generality as

ϵ̂ =

ϵo 0 0
0 ϵo 0
0 0 ϵe

 , (2.33)

where ϵo (subscript o: ordinary) and ϵe (subscript e: extraordinary) denote two distinct dielectric
permittivities and are inextricably linked to birefringence. Their meaning will become obvious
immediately. If one solves equation (2.26), using the above matrix, one will arrive at two
nontrivial solutions of the eigenvalue problem (equation (2.26)) for the dispersion relation

ω2
o(k⃗)

c2
0

=
k2

x

ϵo(ω)
+

k2
y

ϵo(ω)
+

k2
z

ϵo(ω)
(2.34)

ω2
e (k⃗)

c2
0

=
k2

x

ϵe(ω)
+

k2
y

ϵe(ω)
+

k2
z

ϵo(ω)
, (2.35)
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depending on the chosen eigenvector E⃗(ω, k⃗). If the eigenvector E⃗(ω, k⃗) has a component Ee

parallel to the optic axis8, it is attributed to the extraordinary wave, whereas components Eo,
perpendicular to the optic axis, are referred to as ordinary waves. The equations (2.34) – (2.35)
are formally equivalent to each other and only differ in the first two terms on the right-hand-
side. As the formulation of the dispersion relation in k⃗-space is quite cumbersome, we express
the same relation in polar coordinates. There, we neglect the azimuthal angle, because the new
equations do not depend particularly on it. Thus, the solution for the dispersion relation is
supposed to be cylindrically symmetrical about the z-axis and handier equations are presented
in the following

no(θ,ω) = no(ω) (2.36)

1
ne(θ,ω)

=
cos2(θ)

n2
o(ω)

+
sin2(θ)

n2
e(ω)

, (2.37)

where we identify the refractive indices no and ne with the square root of the dielectric permit-
tivities ϵo and ϵe, respectively, according to equation (2.29). The symbol θ denotes the polar
angle between the optic axis (z-axis) and the direction of the k⃗-vector.

A graphical version of these equations is depicted in Figure 2.5 for two cases: a) an isotropic
crystal and b) a negative (ne −no < 0), uniaxial birefringent crystal. The red and blue arrows in
Figure 2.5 refer to the k⃗-vector of the ordinary and extraordinary wave, respectively, and belong
to their correspondingly colored dispersion relations (red sphere: ordinary / blue spheroid:
extraordinary).

Figure 2.5 a) shows only a single indicatrix (ordinary wave) and implies that the refractive index
no(θ,ω), determined by the distance between the origin of the coordinate system and the position
on the corresponding surface pointed to by the electric displacement vector D⃗o(ω, k⃗) (yellow
arrow), depends neither on polarization nor on the direction of the k⃗o-vector (red arrow). Figure
2.5 b) also covers the case of ordinary waves (red sphere, red and yellow arrows), but additionally
describes the dependence of the extraordinary refractive index ne(θ,ω) (blue spheroid) on the
orientation of the electric displacement vector D⃗e(ω, k⃗) (green arrow) and the direction of the
k⃗e-vector (blue arrow), respectively. Here, D⃗e(ω, k⃗) lies in the plane spanned by the optic axis
(z-axis) and the k⃗e-vector of the extraordinary wave.

As mentioned before, the yellow (ordinary wave) and green (extraordinary wave) arrows in Figure
2.5 do not refer to the electric field eigenvectors E⃗o/e(ω, k⃗), but rather to their associated electric
displacement eigenvectors D⃗o/e(ω, k⃗). If one prefers dealing with the electric field eigenvector
E⃗, rather than with the electric displacement eigenvector D⃗, one could calculate the former
by inverting the relation D⃗ = ϵ̂E⃗. The vectors D⃗ and E⃗ need not necessarily be parallel to
each other, if ϵ̂ is not a multiple of the unity matrix. Since the D⃗-E⃗-relation in Figure 2.5 a)

8In our case, the optic axis is the z-axis, as its assigned permittivity element ϵe in equation (2.33) differs from
the others.
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a b

Figure 2.5: Comparison between the so-called indicatrices in k⃗-space of a) an isotropic and b)
an anisotropic negative, uniaxial birefringent crystal. In a),b), the k⃗-vector is represented either
by a red arrow (ordinary) or by a blue arrow (extraordinary). The electric displacement vector
D⃗(ω, k⃗) (yellow arrow) is perpendicular to the k⃗-vector. The dashed lines indicate the projection
onto the kx-ky-plane. While a) exhibits a single spherically symmetric indicatrix, that depends
neither on polarization nor on the direction of the k⃗-vector (red sphere), b) shows two non-
degenerate indicatrices, a spherical (ordinary, no(θ,ω)) and another ellipsoidal (extraordinary,
ne(θ,ω)) one. The refractive index that is associated with a certain indicatrix is determined
by the position on the surface, pointed to by the D⃗(ω, k⃗)-vectors (yellow: ordinary / green:
extraordinary), and its distance from the origin of the coordinate system.

is scalar valued, the electric field vector E⃗ (not shown) and the electric displacement vector D⃗
are parallel to each other, E⃗ ∥ D⃗. Consequently, the Poynting vector S⃗ is parallel to k⃗, S⃗ ∥ k⃗,
because k⃗ ⊥ E⃗ ⊥ H⃗ in nonmagnetic media. Now, if we turn to the extraordinary wave in Figure
2.5 b), this relation becomes invalid, since the scalar relation between E⃗ and D⃗ will be violated.
Therefore, E⃗ and D⃗ basically meet at an angle, E⃗ ∦ D⃗, just as the Poynting vector S⃗ and the
k⃗-vector themselves. This implies that the Poynting vector S⃗ is parallel to the k⃗-vector in case
of ordinary waves, S⃗o ∥ k⃗o, but not parallel in case of extraordinary waves, S⃗e ∦ k⃗e, except for
selected points. In general, the Poynting vector is oriented perpendicularly to the dispersion-
relations, explaining why there may be two separate beams, since the Poynting vector describes
the direction of energy flow. For example, in an experiment where unpolarized light is incident
normally at a vacuum–birefringent-crystal interface, it will lead to two separate beams, if the
optic axis orientation of the birefringent crystal is neither perpendicular to nor in-plane with the
interface. However, birefringence can be quite beneficial in terms of second harmonic generation
(SHG), because it can help compensate chromatic dispersion, and will be discussed in the next
subsection.
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2.2.3 Nonlinear Regime

In this subsection, we want to extend our previous discussion, concerning light–matter inter-
action in terms of polarization P⃗ to such an extent that we leave the linear domain, which is
represented by P⃗L, and focus on the nonlinear contribution P⃗NL in equation (2.21). As we
consider this contribution as a perturbation to the total polarization P⃗ , we can expand it in a
Taylor series in powers of the electric field strength E. Therefore, we expect that the Taylor
series converges for moderate field strengths. Nevertheless, one should keep in mind that in
general, the Taylor series need not converge [18], especially in cases, where the electric field
strength is not negligible with respect to the atomic unit of the electric field Eat, given by

Eat =
Eh

ea0
≈ 5.142 . . . · 1011 V

m
, (2.38)

where e is the elementary charge, a0 is the Bohr radius and Eh is the Hartree energy. In the
following, we assume that the electric field strength E is way less than Eat: E ≪ Eat. The
other case, in which E is comparable to Eat, will be dealt with in the subsection covering the
generation of isolated attosecond pulses. Under the present condition, the nonlinear part P⃗NL

of the polarization term of equation (2.21) can be expressed in general and in the frequency
domain as a sum of ever increasing nonlinear order. The two lowest orders are explicitly given
below, but all other orders can be deduced accordingly as the scheme is quite apparent,

P
(2)
i (ω) = ϵ0

∑
(nm)

χ
(2)
ijk(ω,ωn,ωm)Ej(ωn)Ek(ωm) (2.39)

P
(3)
i (ω) = ϵ0

∑
(mno)

χ
(3)
ijkl(ω,ωo,ωn,ωm)Ej(ωo)Ek(ωn)El(ωm) (2.40)

...

and their forms are reminiscent of equation (2.23). As before, Einstein summation convention
has been exploited for convenience and the summation across indices, encircled by parantheses
(for example (nm)), incorporates all frequencies, whose sum equals the frequency ω on the left-
hand-side9. This is simply a manifestation of conservation of energy. The tensors, which appear
on the right-hand-side of equations (2.39) – (2.40), are classified by their orders — given as
superscripts — as well as by their contribution of components ij . . . to the resulting nonlinear
polarization. Here, we have omitted the NL superscript. The aforementioned equations have
been adapted from [18]. Similar to the preceding discussion, equations (2.39) – (2.40) could
also be expressed in the time domain as convolutions, but is omitted here, because the present
equations are more compact.

9The resulting frequency ω is allowed to be positive or negative, although both signs are connected via
P
(n)
i (ω) = P

(n)∗
i (−ω) and ∗ stands for complex conjugate. This relation holds true, as the nonlinear polar-

ization is supposed to be a real quantity. The very same argument is valid for the electric fields E(ω) as well as
the nonlinear susceptibilities χ(n)(ω = ωm + . . . + ωn) = χ(n)∗(−ω = −ωm − . . . − ωn).
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2.2.3.1 Second-Order Nonlinear Effects

Now, we want to look into equation (2.39) a bit more deeply and we will briefly discuss nonlinear
effects arising from it. Special attention is therefore paid to both symmetry considerations with
respect to frequency constraints and index permutations, as they simplify the treatment of
equation (2.39) enormously.

Symmetry Considerations Besides many more symmetry-related simplifications, we will
solely mention the three relevant to us inasmuch as they have been applied for numerical simu-
lations concerning DUV pulse generation, which are presented in chapter 4.

Intrinsic Permutation Symmetry The intrinsic permutation symmetry states that
the coupling of the electric field components, emerging in equation (2.39), does not depend on
the order in which they show up. Consequently, the index pairs (n,m) and also (j, k) can be
interchanged simultaneously, leaving the resulting nonlinear polarization unchanged. This leads
to the following identity, where as before ω = ωn + ωm

χ
(2)
ijk(ω,ωn,ωm) = χ

(2)
ikj(ω,ωm,ωn). (2.41)

Full Permutation Symmetry The importance of the last equation can be seen when
used in conjunction with lossless media, where the nonlinear susceptibilities χ(2) are real quan-
tities [18]. Further, it can be shown that the permutation property is not solely restricted to the
latter two components, but to any index permutation as long as the frequencies are interchanged
as well. Here, special attention is necessary due to the condition that ω = ωm + ωn, which may
result in a sign change in the corresponding nonlinear susceptibilities. For example, one obtains
the following relation

χ
(2)
ijk(ω,ωn,ωm) = χ

(2)
jki(ωn, −ωm,ω). (2.42)

Kleinman’s symmetry If we assume that the interaction takes place off-resonantly with
a medium’s transition, then one can expect the nonlinear susceptibilities to not depend on
frequency explicitly. This suggests that we are allowed to freely interchange indices without the
need to interchange the frequencies as well. One can imagine that Kleinman’s symmetry [31] is
capable of reducing the number of tensor elements χ(n)ij... dramatically in a numerical simulation,
if applicable. However, one always has to check, whether the application of any of the recently
introduced symmetries is justified for a specific situation. For example, in some chiroptical
systems the application of Kleinman’s symmetry is questionable and a Kramers-Kronig approach
seems to be more realistic [32]. Moreover, the exact expression of the nonlinear susceptibility also
depends on the point group of a medium, because some of its principal axes can be considered
equivalent.
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Second-Harmonic-Generation (SHG) One of the very first nonlinear effects observed
was second harmonic generation (SHG) [33] and offers a decisive means to generate laser radi-
ation at wavelengths that are normally unobtainable in common materials due to a variety of
reasons. For instance, one of these reasons is that lasers in the deep-ultraviolet spectral range
are hard to build, because the rate of spontaneous emission scales with the third power of the
optical frequency (∝ ω3). This introduces a spurious contribution to the entire laser spectrum,
that is temporally not coherent. Let us assume we have a monochromatic electric field at angu-
lar frequency ω with a sufficiently high electric field strength to trigger second-order nonlinear
effects. Then, we would receive a nonlinear polarization term according to equation (2.39) that
reads

P
(2)
i (2ω) = ϵ0χ

(2)
ijk(2ω,ω,ω)Ej(ω)Ek(ω), (2.43)

where we have already evaluated the summation across (nm) and did not restrict the input fields
polarization term, that is provided by the indices (jk). As this expression is simply the amplitude
of the nonlinear contribution, we would expect it to oscillate at the very same frequency 2ω.
Because of the fact that the polarization oscillates at twice the fundamental frequency, we know
from classical electrodynamics [26] that oscillating dipoles10 radiate electromagnetic waves at
the very same frequency. Even from the viewpoint of light as consisting of particles (photons),
one can think of second harmonic generation as the conversion of two photons at fundamental
frequency ω into a single photon of frequency 2ω. Because of the fact that those radiated
waves also suffer from chromatic dispersion of the medium, which they travel in, one has to
ensure that the wave driving the nonlinearity and the generated wave are properly phased to
each other in order to make them exchange energy most efficiently along their propagation
direction. This is commonly referred to as phase-matching. The idea behind phase-matching is
to guarantee for an in-phase macroscopic built-up of the second harmonic. Only if all radiating
dipoles oscillate in phase with the driving field, the emitted waves will add up constructively in
the forward direction. With the help of equation (2.24), one derives that the SHG intensity I2
approximately scales with the input intensity I1 of the fundamental wave as

I2 ∝
d2

effω
2
2L

2

n2
1n2ϵ0c2

0
I2

1 sinc2
(

∆kL
2

)
, (2.44)

where deff is a measure of the nonlinearity pole strength and is related to the tensor elements
of χ(2). L and ∆k are the length of the medium and the wave vector-mismatch quantity be-
tween the fundamental wave at frequency ω and the second harmonic at frequency ω2 = 2ω.
The sinc2-function abbreviates the term sin(x)/x and comprises the phasing among all waves.
The quantities n1 and n2 describe the refractive indices, evaluated at fundamental and second
harmonic frequency, respectively. A rigorous derivation can be found in [18]. The wave vector-
mismatch is usually defined as the wavenumber difference between SHG and fundamental wave
according to

10The polarization density P has units of number of dipoles per volume (C/m2).
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∆k = 2k1 − k2, (2.45)

where k1 = n1ω/c0 and k2 = n2ω2/c0 have already been defined previously in equation (2.28). It
is noteworthy that the output intensity is quite sensitive to the argument of the sinc2-function.
Although the output intensity increases quadratically with the length L of the medium, it
becomes harder to maintain perfect phase-matching (∆k = 0) with an argument close to zero.
Apart from that, one could imagine that equation (2.45) can almost never be fulfilled in isotropic
media, as those are prone to chromatic dispersion, usually leading to an increase of the refractive
index with increasing frequency. Because equation (2.45) can be reformulated for SHG as

∆n = n(ω) − n(2ω). (2.46)

It is obvious that ∆n < 0 for isotropic, normally dispersive media11. A way out is provided by
the use of birefringent materials, because they exhibit two distinct refractive indices. One of
them depends on the incident polarization. At this, the fundamental wave would be the ordinary
wave and the second harmonic wave can be regarded as the extraordinary wave. This geometry
is commonly called Type-I-phase-matching and refers to parallel input polarization, whereas
Type-II-phase-matching is defined by orthogonal input polarization [34]. As these birefringent
materials are meant to compensate for chromatic dispersion, we can sometimes find an angle θ,
following equation (2.37), so that equation (2.46) can be fulfilled and the angle is referred to as
phase-matching angle. In terms of the indicatrices12 depicted in Figure 2.5, it can be visualized
as the intersection between a sphere constructed at frequency ω and a spheroid constructed
at frequency 2ω. Consequently, either waves share the same k⃗-vector, both in direction and
magnitude. Getting back to equation (2.44), the behavior for different phase-mismatches is
depicted in Figure 2.6 in terms of SHG intensity.

Sum-/Difference-Frequency-Generation (SFG/DFG) and Optical Rectification
(OR) Up to here, we have dealt with SHG as the simplest nonlinear effect, but it has been
mentioned in the beginning of this section, there is a cascade of second order nonlinearities. If
we dropped the constraint of a single fundamental frequency, but allow two fundamental fre-
quencies to be present, we would get a similar expression that is akin to equation (2.43). This
leads us to sum-frequency-generation (SFG) and difference-frequency-generation (DFG). The
main difference to the previous case is that the sum running across all unique combinations of
(nm) is twice as big. It originates from the fact that we dropped the frequency degeneracy of
the incident fields. Whether or not SFG or DFG are observable in an experiment depends on
whether the phase-matching condition ∆n = 0 (equation (2.46)) can be satisfied. The general-
ized phase-matching requirement for noncollinear wave vectors can be written down as

11Normal dispersion refers to the situation, in which the refractive index grows with increasing angular fre-
quency. Correspondingly, anomalous dispersion refers to the contrary behavior.

12This argument is only valid for negative uniaxial crystals (ne < no) and must be adapted for positive uniaxial
crystals (ne > no) accordingly.
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Figure 2.6: Dependence of SHG intensity on wave vector-mismatch ∆k for three different
values. All values are given in arbitrary units. For vanishing mismatch, there is a quadratic
built-up of SHG intensity (blue line) with the length of the nonlinear material. For non-vanishing
wave vector-mismatch, the maximally attainable SHG intensity decreases and starts oscillating
(red and yellow lines).

∆k⃗ = k⃗1(ω1) ± k⃗2(ω2) − k⃗3(ω3), (2.47)

where ω1, ω2 and ω3 are the incident and generated angular frequencies, fulfilling ω3 = ω1 ±ω2,
and k⃗i (i = 1, 2, 3) are their respective wave vectors. The sign in equation (2.47) depends
on the chosen process (SFG(+)/DFG(–)). The importance of DFG and SFG must not be
underestimated, because they pave the way for generating new frequencies in the infrared and
ultraviolet range of the optical spectrum, which are normally unattainable via SHG due to a
lack of appropriate laser sources. Above all, DFG provides a means to retrieve the carrier-
envelope-offset frequency fCEO, as will be discussed in chapter 3. A special case of DFG is
optical rectification (OR), that is the difference frequency analog of SHG for degenerate input
angular frequencies.

2.2.3.2 Third-Order Nonlinear Effects

Now, we would like to cast an eye on the effects originating from equation (2.40). In the beginning
of this section, we noted that the perturbative expansion of the nonlinear polarization term is
supposed to converge for certain conditions. This implies that the strength of those third order
nonlinear effects is weaker than those arising from second order nonlinearities. Nevertheless,
they are still strong enough not to be neglected, especially for ultrashort pulses. Therefore, we
will focus on the most prominent features that are important to us, namely, third harmonic
generation, Kerr effect and self-steepening. Depending on the presence of centrosymmetry13,

13Centroymetry means that a system possesses a center of inversion such that all system properties relative to
this center do not change, when all coordinates r⃗ are replaced by their corresponding counterparts −r⃗.
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third order nonlinear effects might be the lowest nonlinear order, as second order effects only
occur in noncentrosymmetric media.

Third-Harmonic-Generation (THG) The direct generalization of SHG, but for third
order nonlinearity, is third-harmonic-generation (THG), where three photons at fundamental
frequency ω are mixed to one single photon at three times the fundamental frequency 3ω and
was first observed by [35]. The corresponding nonlinear polarization term might be written as

P
(3)
i (3ω) = ϵ0χ

(3)
ijkl(3ω,ω,ω,ω)Ej(ω)Ek(ω)Ek(ω), (2.48)

where, as before, the sum across (mno) has been evaluated to one, because there is only one
permutation to create the third harmonic from a single field with angular frequency ω. Apart
from that, the incident polarization has not been specified to keep the discussion as general
as possible. Once again: equation (2.48) refers exclusively to the one-atom response, not tak-
ing the constructive phasing between dipoles into account. However, obtaining a measurable,
macroscopic signal requires the phase-matching condition to always be accomplished within the
phase-matching bandwidth14.

Optical Kerr-effect Another very important third order nonlinear effect is the Optical
Kerr-effect, describing the change of refractive index with intensity. Although one might be
tempted to assume that the optical Kerr-effect is of minor importance, it plays a decisive role in
the construction of ultrafast laser oscillators via Kerr-Lens-Modelocking and will be addressed
later on. Let us write the nonlinear polarization expression for the optical Kerr-effect down as

P
(3)
i (ω) = 3ϵ0χ

(3)
ijkl(ω,ω, −ω,ω)Ei(ω)E

∗
j (ω)Ek(ω), (2.49)

where the polarization term oscillates at the fundamental frequency ω, as opposed to the case of
THG. If we assume to have an electric field that is linearly polarized along a certain direction and
assume further that the nonlinear polarization term has the same polarization as the incident
field, equation (2.49) will simplify to

P (3)(ω) = 3ϵ0χ(3)(ω,ω, −ω,ω)
∣∣∣E(ω)∣∣∣2E(ω), (2.50)

where we have dropped the indices ij . . . and
∣∣∣ . . . ∣∣∣2 defines the square of the absolute value. It

is related up to constants to the optical intensity of the incident electric field at frequency ω.
Following the derivation of the optical Kerr-effect [18], one can define an effective susceptibility,
including the linear contribution, as

14The phase-matching bandwidth refers to the width of the sinc2-function for which the argument ∆kL takes
on the value π/2.
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χeff = χ(1) + 3χ(3)
∣∣∣E(ω)∣∣∣2, (2.51)

where we have omitted the frequency dependency of χ(3). This effective susceptibility can be
related to the effective refractive index, which is modified by the intensity of the electric field.
After some maths [18] one obtains

neff = n0 + n2I, (2.52)

where n0 is the low-intensity refractive index and n2 is the second order nonlinear refractive
index. The latter is linked to the third order nonlinear susceptibility via

n2 =
3

4n2
0ϵ0c0

χ(3). (2.53)

It is this relation that leads to an intensity-dependent refractive index and has far-reaching
consequences for ultrashort pulses, because the intensity variation across an ultrashort pulse is
huge.

Self-Phase-Modulation (SPM) One of the aforementioned consequences, emerging for
ultrashort pulses, is Self-Phase-Modulation (SPM). Its notion is self-explanatory. It describes
the phenomenon of an ultrashort pulse that modifies its own temporal phase ϕ(t), when it
propagates through a nonlinear medium with third-order nonlinearity χ(3). As we have seen in
the last paragraph, the effective refractive index neff is a function of intensity I(t). Since the
intensity I(t) varies quite rapidly with time across the pulse, parts of it experience a bigger or
smaller impact by the effective refractive index. In general, we can write down the instantaneous
temporal phase Φ(t) of the pulse (equation (2.2)) as

Φ(t,L) = ω0t− kL = ω0t− neff (t)ω0L

c0
= ω0t− (n0 + n2I(t))ω0L

c0
, (2.54)

where we have omitted the slowly varying phase ϕ(t) and the carrier-envelope phase ϕCEP .
L denotes the length of the medium. We recognize the second term as an intensity dependent
modification of the instantaneous phase, which translates to a spectral broadening of the original
spectrum. The broadening is proportional to the first order time derivative of the intensity and
is most prominent for ultrashort pulses, because the instantaneous frequency ω(t) is related to
the instantaneous temporal phase Φ(t) via

ω(t,L) = dΦ(t,L)
dt

= ω0 − n2ω0L

c0
· dI(t)

dt
. (2.55)
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In case of a Gaussian-shaped temporal pulse profile, we would expect the spectrum to be broad-
ened symmetrically around ω0, because leading and trailing edge have identical slopes, but with
opposite signs.

Self-Steepening One could go one step further and include not only the effect of the
intensity-dependent refractive index n2I(t) onto the phase velocity vp (equation (2.31)), but
also on the group velocity vg (equation (2.32)) of the pulse inside a medium. In the course of
the pulse propagation through the nonlinear medium, the most intense part of the pulse will
travel more slowly than the less intense wings of the pulse. Consequently, the envelope function
will be influenced such that its shape gets more and more asymmetric. For positive n2, the weak
leading edge travels faster than the most intense part and will therefore become flatter, whereas
the weak trailing edge will catch up with the most intense part, as it travels faster than it.
Hence, it will make the trailing edge steeper. Following equation (2.55), this process results in
an asymmetric spectral broadening due to the modified intensity profile and explains the term
Self-Steepening.

Self-Focusing The optical Kerr-effect inside a third order nonlinear material does not merely
influence the temporal evolution of an ultrashort pulse, but can also change its spatial propa-
gation. For example, the more intense inner regions of a moderately intense pulse with radially
slanting intensity profile experience a bigger effective refractive index due to the optical Kerr-
effect. Thus, the optical path, that is the product between the length of the medium L and the
effective refractive index neff (I), has increased with regard to the outer, less intense regions.
This, in turn, leads to a decreased phase velocity vp, which implicates that the outer regions
travel at a faster phase velocity vp and can catch up with the inner regions and even overtake
them. In total, the wavefront of the beam starts curving due to the nonlinearity-induced refrac-
tive index changes and is illustrated in Figure 2.7. As this phenomenon arises from the optical
pulse itself, it is termed Self-Focusing (see for example [18, 36]). In general, self-focusing will
only become important, if the optical power exceeds the critical power that is given by [37] as

Pcr = α
λ2

4πn0n2
, (2.56)

where λ is the optical wavelength and α is a numerical constant on the order of one.

2.2.4 Extreme Nonlinear Regime

It was pointed out in subsection 2.2.3 that the perturbative description loses its validity, once
the electric field strength E approaches the atomic unit of the electric field Eat: E ≈ Eat. This
implies that the electric field is as intense as the inherent electric field inside a medium in such a
way that it can compete with it. As will become evident in the course of this subsection, there is
a fundamental difference between nonlinear optics and extreme nonlinear optics inasmuch as that
the former can be described by bound and virtual states exclusively [18], while the treatment



28 CHAPTER 2. THEORY28 CHAPTER 2. THEORY28 CHAPTER 2. THEORY

normalized Intensity 10

Figure 2.7: Illustration of Self-Focusing for an intense laser beam (blue object) with cylindri-
cally symmetric, but radially dependent intensity distribution (false color plot on the left hand
side of the blue object). The focused beam propagates from left to right along the black arrow.
If an intense beam (blue object) is subjected to a third order nonlinear medium (red rectangular
solid), it will experience a spatially dependent refractive index change that is linearly propor-
tional to its optical intensity profile. These refractive index changes act as a focusing lens, such
that the divergence angle of the beam diminishes after the nonlinear medium, compared to an
unaltered beam (red object).

of the latter enforces the incorporation of continuum states [38]. Another indication for the
invalidity of a perturbatory approach in case of extreme nonlinear optics is that the strength of
certain individual harmonic orders needs not fall off with increasing harmonic order. This might
have been expected from a perturbation theory point of view, but the strength of the harmonics
remains nearly constant over a remarkably huge range [38]. The present subsection aims at
giving a brief introduction to the underlying process of high harmonic generation in general
and the generation of isolated attosecond pulses in particular, as they pave the way for pump–
probe experiments with unprecedented time resolution. This time resolution can normally not
be obtained with laser pulses in the infrared range of the optical spectrum, since their pulse
duration is limited by the period of their center frequency. In order to generate even shorter
pulses one has to increase the frequency, where high harmonic generation comes into play.

2.2.4.1 High Harmonic Generation

The term high harmonic generation (HHG) usually refers to the production of harmonics, ex-
ceeding those that are producible by perturbative nonlinear optics and can be produced up to
some hundredth harmonic order [39]. As for all harmonic generation schemes, phase-matching
is the most important issue, which also applies to HHG [40]. Due to the extreme wavelengths,
chromatic dispersion, re-absorption of radiation and some other effects render a solid-state ap-
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Figure 2.8: Illustration of the Three-Step-Model [38, 45]. The upper panel shows one cycle of
the electric field of an ultrashort laser pulse. The lower panel depicts the associated modifications
of the atomic potential at different times (t1–t4) (see main text for explanation).

proach challenging and is still under intense investigation [41–43]. Maybe, this is why HHG was
first observed in rare gases [44]. A similar gas-phase approach is used for the experiment that
is presented in this thesis.

In order to attain an intuitive understanding of the underlying process, it is worth looking
at the response of a single atom which is exposed to an intense ultrashort laser pulse. An
illustration of the following semi-classical Three Step Model [45] of HHG can be obtained by
looking at Figure 2.8, whose validity even holds when comparing its predicted results to those
retrieved from quantum mechanical calculations [38, 46] and only minor changes are necessary.
The reason, why it is considered semi-classical, is that the first and last step are treated in a
quantum mechanical way, while its intermediate step makes use of classical mechanics only. We
will walk through this model step by step:

If we imagine to have a linearly polarized, ultrashort and intense laser pulse, shone on a single
atom, its presence and its comparable strength relative to the intrinsic, atomic electric field
will change the total atomic potential dramatically. At time t1 in Figure 2.8, the instantaneous
electric field strength equals zero (upper panel / red line) and the atomic potential has not
changed yet (lower panel / blue funnel). At a later time t2, the field becomes as strong as to
lower the atomic potential well and allows an electron to tunnel through the potential barrier
(lower panel / green line) at zero velocity15. The effect of tunnel ionization is quite sensitive,
because its probability scales exponentially with applied electric field strength [47, 48]. In the
subsequent optical half-cycle (t3) the field direction is inverted and the electronic wave packet is

15More precisely: All freed electrons with a variety of initial velocities after tunnel ionization have to be taken
into account, but it turns out that only those having no initial velocity and which do return to the ion contribute
most strongly [38].
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Figure 2.9: Schematic representation of a typical high harmonic spectrum. It basically consists
of three areas. (I): perturbative regime. (II): plateau regime. (III): cutoff regime. In (III), we
observe modulations in case of a sine-shaped ultrashort pulse, while for a cosine-shaped pulse (see
inset) we get an unmodulated cutoff (white dashed line). The adumbrated electron trajectories
in the inset are drawn for positively charged particles for clarity reasons. Every optical half-cycle
an attosecond pulse is emitted with varying energy and color encoded in the plot.

accelerated back along a specific trajectory away from its parent ion in the continuum (indicated
by the upright gray arrow in the lower panel). Consequently, it is directed backwards, thus
gaining kinetic energy from the field and indicated by the gray arrow, pointing towards the ion
core in the lower panel. Upon recombination between the continuum wave packet and the left
part of the ground state at time t4, the acquired kinetic energy gets released by emission of a
high-energy XUV-photon. The prerequisite of linear polarization is of paramount importance
here, because otherwise the continuum wave packet will be deflected to such an extent that it
will miss its parent ion, effectively prohibiting recombination and emission.

The exact amount of kinetic energy, that is acquired by the wave packet in the continuum under
the influence of the electric field, is a unique function of ionization time (t) or recombination
time (t′), respectively, as both are linked to each other in an unambiguous way and is dictated
by classical mechanics (t(t′) or t′(t)). The resulting spectrum of this so-called attosecond pulse
train is shown in Figure 2.9. As the underlying process of HHG repeats every half optical cycle
of the laser pulse, we get a train of XUV-photons of varying energy separated by half an optical
cycle. The corresponding HHG spectrum can be decomposed into three areas:

The first area (I) in Figure 2.9 can be attributed to the perturbative regime, as indicated by their
diminishing intensity with increasing harmonic order. Due to the presence of a center of inversion
in case of atoms, only odd harmonics appear, which are separated by twice the fundamental
frequency 2ω0. The second area (II) is called the plateau range, in which all harmonic orders are
of similar intensity. This is a clear manifestation of the continuum contribution to high harmonic
generation. The modulation of the plateau is quite obvious and originates from the interference
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of XUV-photons from adjacent half-cycles with nearly identical energy (inset in Figure 2.9).
The third area of the spectrum (III) is characterized by an exponential decay in intensity and is
commonly termed cutoff. Regarding attosecond pump–probe experiments, the cutoff domain is
most interesting, because it can be provoked by a single attosecond pulse of highest energy for
properly adjusted CEP [49]. It can be proven that the duration of this attosecond pulse decreases
with decreasing pulse duration of the HHG-driving laser pulse [50]. The CEP-dependence was
mentioned in the beginning of this chapter and its influence on the cutoff range is schematically
depicted in area (III) of Figure 2.9. For a cosine-shaped electric field, there is only one electron
trajectory that results in a highest energy XUV-photon, while for a sine-shaped electric field two
adjacent electron trajectories lead to two XUV-photons of comparable energy. For the latter
case we would expect to observe interference in the overall HHG-spectrum near the cutoff, while
for the former case we would not expect any (dashed white line in Figure 2.9). The situation
for a cosine-shaped pulse is illustrated in the inset of Figure 2.9, in which the electron following
the trajectory just before the most intense crest of the pulse will return to the ion core with
the highest kinetic energy. The adumbrated trajectories refer to positively charged particles for
clarity reasons.

In order to express the cutoff energy of the emitted high harmonic spectrum, we have to introduce
the ponderomotive energy Up in terms of laser center angular frequency ω0 and peak electric field
strength E as

Up =
e2E2

4meω2
0

, (2.57)

where me and e are the electron mass and elementary charge, respectively. The ponderomotive
energy describes the cycle-averaged quiver energy of an electron in an oscillating electric field.
With the help of equation (2.57), we can express the cutoff energy Ecut [38] as

Ecut ≈ 3.17Up + Ip, (2.58)

where Ip is the ionization potential of the neutral atom and the constant factor 3.17 results from
the electron trajectory in the continuum, that results in the highest kinetic energy on its return
to the parent ion.

2.2.4.2 Generation of Isolated Attosecond Pulses

Up to now, we have solely discussed the single atom response, but in an experiment the total
response comes from an atom ensemble. Therefore, phase-matching must not be neglected.
There are basically four main contributions to phase-matching [51] with partly different signs and
magnitudes [40], but are beyond the scope of this thesis. We will list them here for completeness:

• atomic dipole phase

• neutral atom dispersion
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• plasma dispersion

• geometrical phase

The first item accounts for the phase shift between any generated harmonic and the external
electric field amplitude of the fundamental wave and is identical with the intensity-dependent
phase of the induced dipole moment [40]. The second and third items refer to chromatic disper-
sion effects, arising from neutral atoms and ions. The last term takes the position-dependent
influence of the Gouy-phase [52] into account, since in an experiment the laser pulse is usually
focused into a target for high harmonic generation. Assuming optimized phase-matching and
in order to obtain an isolated attosecond pulse, one could simply apply spectral filtering of
the cutoff range, since we know that it comprises a single attosecond pulse of highest energy
for cosine-shaped, linearly polarized laser pulses. This is the preferred technique used for the
experiment presented in this thesis16.

16Besides this technique many others exist, for instance polarization-gating [53] or attosecond lighthouse [54].
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Chapter 3

Experimental Tools

After having discussed the theoretical concepts of ultrashort laser pulses and their interaction
with matter, the present chapter is dedicated to their experimental realization. This includes
tools needed to generate them, as well as all the components of the experimental infrastructure.
In the first section of this chapter, we present the laser system FP3 and, as the demands on
the aforementioned ultrashort pulses are high in terms of energy and stability, we are going
to address all of its modules in greater detail and show how to satisfy these requirements. In
section two, we introduce the attosecond beamline AS2, which the experiment is performed in.
As the entire beamline is composed of vacuum chambers and is set up in a modular fashion,
we will quickly summarize all their building blocks and point their versatility out, regarding the
provided freedom and also the constraints that are related to this freedom.

3.1 The FP3 Laser System

The basis of the FP3 laser system is formed by a commercially available Femtopower Compact
Pro CE-Phase HP/HR1 by Femtolasers2. The laser system has been adapted to satisfy our
needs for even shorter and more intense ultrashort pulses with respect to its factory-owned
specifications. A schematic of the laser system is depicted in Figure 3.1 and more information
about FP3 in general can be found in the PhD thesis of W. Schweinberger [55]. The entire
FP3 laser system consists of an oscillator, two serialized chirped pulse amplification stages,
a transmission-grating compressor prior to a rare gas hollow-core fiber-based supercontinuum
generator and a final chirped mirror compressor. All these stages will be addressed in the course
of this chapter.

1HP= High Power; HR = High Repetition Rate
2Femtolasers has completely been acquired by Spectra-Physics in the meantime.
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Figure 3.1: Schematic sketch of the FP3 laser system. For more information, see main text.
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3.1.1 Oscillator

To start with, the ultrashort laser pulses are emitted from the oscillator at 80 MHz repetition
rate and possess a pulse duration of ∼6 fs and a pulse energy of ∼3 nJ [56]. They are produced
directly in a Kerr-lens mode-locked, titanium-doped sapphire (Ti:Sa) crystal-based femtosecond
oscillator. An oscillator usually consists of a gain medium, a resonator, that is formed by at
least two mirrors, and a pump source. In case of femtosecond oscillators, further requirements
must be met. Therefore, the presented oscillator consists of several negatively double-chirped
mirrors for compensation of chromatic dispersion, which is introduced by the Ti:Sa-crystal itself,
and a pair of glass wedges, which are also located inside the oscillator. The Ti:Sa-crystal is cut
at Brewester’s angle to favor a well-defined polarization and to get rid of spurious polarization.
The aforementioned glass-wedges serve as a chromatic dispersion fine-tuning tool to balance
negative as well as positive chromatic dispersion contributions in order to maintain a short
pulse. Moreover, they act as a lever to adjust the carrier-frequency-offset-frequency (fCEO) by
adding or removing a variable amount of glass. The determination and experimental extraction
of the CEP will be described soon. Ti:Sa-based solid state lasers provide an unprecedented
broad emission band around 800 nm and a FWHM of ∼200 nm, that is not even met to some
extent by other lasers. Actually the emission band extends from 670 nm up to 1050 nm and,
hence, can support broad laser spectra in principle. As we have learned in chapter 2, a broad
optical spectrum is indispensable in order to produce very short pulses and Ti:Sa-lasers fulfill
this requirement extraordinarily well. Like every laser, the Ti:Sa-oscillator must be pumped and
so it is done optically here, using a Coherent Verdi V6 frequency-doubled cw Nd:YVO4 laser
emitting light around 532 nm and usually runs at ∼3.9 W pump power.

3.1.2 Multipass Regenerative Amplifiers

Although the pulse duration of the pulses leaving the oscillator is suited for femtosecond pump–
probe experiments in principle, the pulse energy is still insufficient, as HHG calls for high electric
field strengths. Hence, subsequent pulse amplification is indispensable and this is why we make
use of two multipass regenerative amplifiers, which are discussed in the following and with which
we increase the optical power by approximately five to six orders of magnitude.

1st Multipass Regenerative Amplifier

The Femtopower Compact Pro is inherently equipped with a nine-pass Ti:Sa-crystal-based re-
generative amplifier. It is pumped with a frequency-doubled, pulsed Neodymium-doped Yttrium
Lithium Fluoride (Nd:YLF) solid state laser (Photonics Industries DM30 ) and is usually oper-
ated at 4 kHz repetition rate. The pump laser emits 527 nm nanosecond light pulses at 32 W
pump power. Since the Ti:Sa-crystal of the oscillator strongly absorbs the 527 nm light and
heats up, it is cooled down to ∼176 K, which also increases its heat conductance and decreases
thermal lensing effects. Getting back to the nine-pass regenerative amplifier, the optical power
gradually increases with every pass and, consequently, increases the risk of damaging amplifier
components. Therefore, we have to ensure their integrity even when the last amplified pulse
has made it through the last passage, since it carries the maximum amount of pulse energy
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then. If we decided to use a femtosecond pulse in our amplifier, its accumulated pulse energy
and huge peak electric field strength would easily exceed the damage threshold of the amplifier
crystal. Therefore, the pulses are temporally spread on purpose in a 13.5 cm long SF57 glass
block stretcher. It is located in front of the entrance to the amplifier and is traversed twice by the
oscillator pulses (back and forth). Here, we make use of its excessive chromatic dispersion, that
is exerted on the pulses which are heavily chirped from 7 fs to 17 ps. Right after the stretcher
and prior to the second transit, there is another glass wedge pair, which will be used in the slow
part of the CEP-feedback-loop (subsection 3.1.4).

The amplification works as follows: The chirped pulses pass the Ti:Sa-crystal four times, are
then sent through a Pockels cell, which also acts as a pulse picker. The Pockels cell is necessary
to reduce the repetition rate and to ensure more efficient pulse amplification for the remaining
passes, because the temporarily stored energy in the Ti:Sa-crystal is not distributed among
many pulses (80 MHz repetition rate), but among a few pulses (4 kHz repetition rate). After
pulse picking, the pulse train traverses another optical device that is called Dazzler [57]. The
Dazzler is a programmable dispersive filter, which can modify the spectral phase, amplitude and
even the CEP of the amplified pulse, although it is introduced to counteract gain narrowing.
The latter arises from the spectrally non-constant gain profile of the Ti:Sa-crystal. After the
Dazzler, the pulse train is brought back to its original beam path through the amplifier and is
further amplified in the remaining five passes. At the end of the amplification process, every
pulse leaving the amplifier carries an energy of roughly ∼1.1 mJ, which is equivalent with an
almost 6 orders of magnitude increase of pulse energy, compared to what the oscillator outputs.

2nd Multipass Regenerative Amplifier — The Booster

As pointed out in the introductory part of this chapter, we make use of an additional, but three-
pass Ti:Sa-based amplification stage and is referred to as the Booster. It is pumped at 50 W
with 532 nm nanosecond pulses from a single Q-switched, Nd:YAG frequency-doubled and diode-
pumped solid-state laser (Photonics Industries DM100 ). However, the Booster was designed to
increase the pulse energy by a factor of two to three such that the final pulse energy reaches
2.5 mJ to 3 mJ [55]. In contrast to the first amplifier, a loose focusing is chosen for the present
one to prevent crystal damage to occur. Despite, there are some difficulties concomitant with
this loose focusing, which can be understood from a Gaussian optics viewpoint. For that reason,
we introduce the Rayleigh length zR here, defined by

zR =
πw2

0
λ

, (3.1)

where w0 is the 1/e2 beam waist radius, λ the wavelength and the beam diameter 2w0 of the
pulse to be amplified, which is usually 1 mm. Accordingly, the focus of the pump beam must be
matched to this and takes on the value 2w0 ≈ 1.5 mm. Due to this loose focusing and the huge
Rayleigh length, the focusing as such follows rules that totally differ from those known from ray
optics, if the focusing optics are placed within this Rayleigh length [19]. In this case, where the
focusing optics are displaced to each other, the focus position will not move accordingly, but
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altering the focal length of the focusing optics will do. Consequently, the focusing optics of the
booster are deliberately selected such that they image the beam onto itself, effectively leaving
the focus position and size of any subsequent pass unchanged with respect to its preceding
one. This situation will hold true only, if the curvatures of the focusing optics and those of
the Gaussian beam match. Since the focus position and size of any pass relies on those of its
previous pass, we insert a telescope between the first and second amplifier, which allows us to
adapt the focus size and position of the first pass nearly individually. Unfortunately, the high
optical pump power causes thermal lensing in the Ti:Sa-crystal and, hence, makes the focusing
of each pass deviate from what is expected from Gaussian optics. Therefore, proper adjustment
of all three foci enforces intermediate realignment of all successive passes at full power. Due
to the high pump power and energy deposition in the Ti:Sa-crystal and in order to reduce
thermal lensing effects, the booster is operated at cryogenic temperatures around ∼60 K. These
temperatures are produced by a customized Gifford-McMahon Cryocooler from Cryotech and
even lead to an increasing thermal conductivity of the Ti:Sa-crystal, that can even approach
that of copper for very low temperatures. Apart from this discomfort, the alignment need not
be touched, once it is adjusted, and can be operated for months. Moreover, the output power
behind both amplification stages does not vary substantially, since both amplifiers are run in
the gain saturation limit and small changes of the input power convert into minor variations of
the output power.

Transmission Grating Compressor

After the booster, we end up with high-power pulses. Since these were previously stretched
by excessive chromatic dispersion of a glass block, they need to be compressed to be useful
for femtosecond-timescale pump–probe experiments. Therefore, we make use of a Transmission
Grating Compressor. It consists of two optical gratings3 which can be shifted freely to each other
via a translation stage that is put below the first grating and which are impinged by the amplified
and stretched laser pulses at an angle of roughly 34°. While the first grating disperses the beam
into its spectral components, the second grating will collimate them again. After traversing both
gratings for the first time, the spectrally dispersed beam will be redirected by two mirrors for
a second transit through these gratings. In this way, the previously exerted spectral unfolding
is undone. Since the short-wavelength components are diffracted less strongly by the grating
than the long-wavelength components, the long-wavelength components travel more distance
than their short-wavelength counterparts. This makes the short-wavelength components catch
up with the long-wavelength components. This behavior reverses the chromatic dispersion that
is caused by normally dispersive media. By changing the distance between the two gratings,
one is able to vary the amount of negative dispersion. Moreover, this kind of compression turns
out to be highly efficient and an overall transmission of roughly 86% has been measured [55].
Nevertheless, there is one drawback of the current scheme, namely, that a transmission grating
compressor does not merely introduce second order dispersion, but also third and higher order
dispersion (subsubsection 2.2.2.1). Fortunately, these can be satisfactorily compensated with
the help of the Dazzler.

3Fraunhofer Institute for Applied Optics [55].
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3.1.3 DPHCF, Supercontinuum Generation and Final Compression

Owing to the still narrow spectral width of the amplified pulses even after compression, the pulse
duration does not fall below 21 fs. The latter is far apart from a few-cycle laser pulse. Here, we
want to describe a device, which is capable of generating a so-called supercontinuum spectrum
from the aforementioned Fourier-limited pulses so that intense few-cycle laser pulses come within
reach. What we exactly mean by supercontinuum is explained soon. However, the only way to
generate even shorter pulses from Fourier-limited pulses is to augment their spectrum by new
spectral components and is a direct consequence of the time-bandwidth product, introduced in
section 2.1.

Differentially Pumped Hollow Core Fiber (DPHCF) and Supercontinuum
Generation

Practically, this extension of the optical spectrum by new spectral components is accomplished
by SPM (paragraph 2.2.3.2) in a 1.3 m long, two-sided differentially pumped hollow core fiber
(DPHCF), made of glass and filled with a gaseous, nonlinear medium such as helium4. The
DPHCF-assembly is schematically sketched in Figure 3.1. The high intensity, required for SPM
to occur, is realized by smooth focusing of the beam into the DPHCF by a telescope consisting
of a set of mirrors and lenses (not shown in Figure 3.1). These offer some freedom to find
the optimal focus size, shape and position for a decent degree of transmission and spectral
broadening. For optimal fiber coupling, the focus diameter 2w0 and inner fiber diameter a must
obey the relation [58]

2w0 ≈ 0.64a. (3.2)

The fiber diameter a is determined by balancing spectral broadening effects and fiber losses of
the DPHCF. The latter scale proportionally to λ2/a3, where λ is the laser wavelength [59]. In
our setup, we agreed on an inner diameter of 380 µm. Additionally, it is experimentally found,
that a couple of positively chirped mirrors behind the telescope could enhance the temporal pulse
compression in front of the DPHCF, since spectral narrowing in the focusing lenses does not
occur anymore. This is attributed to amplified pulses, which need to accumulate an increased
negative frequency chirp before traversing the focusing lenses of the telescope in order to be
compensated by the positively chirped mirrors. Consequently, the nonlinear effects, taking
place in the focusing lenses, are negligible. The design of the DPHCF is based on the original,
statically gas-filled hollow core fiber (HCF) [55,56] and is considered a refined version thereof [60],
as will become apparent soon. Speaking of the original setup, the statically gas-filled HCF
serves two purposes: First, it acts as a weak wave guide to keep the intensity high within the
nonlinear medium and, second, as a container for the nonlinear medium, thus increasing the
nonlinear interaction length dramatically. Nonetheless, unlike the HCF, the DPHCF is not

4One could claim that neon, instead of helium, is a much better option, because of its even bigger third order
nonlinearity. Indeed, neon has been used for quite some time in our fiber, but there was an intermediate worldwide
shortage, which entailed a price explosion and rendered it economically irrational for further usage.
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flooded once a day with a static amount of a nonlinear medium, but is continuously refilled with
it. The main advantage of the new DPHCF over the old HCF approach is that a continuous
exchange of helium prevents the system from contamination with air, that might leak into the
fiber and which could compromise SPM inside the fiber. Moreover, it minimizes the impact
of undesired nonlinear effects at the entrance and exit part of the fiber, like self-focusing in
helium, followed by filamentation5. Of course, both effects usually take place inside the fiber,
but while these are desired to happen inside the DPHCF, they are not wanted to take place
close to its entrance or exit. The reason is that self-focusing in front of the fiber modifies the
focus in an unpredictable fashion and normally leads to degraded fiber coupling efficiency and,
consequently, to less spectral broadening. At the exit, self-focusing in residual helium results
in the formation of a very intense spot ("hotspot") in the otherwise homogeneous beam profile,
since more intense parts of the fiber-exiting beam will experience more self-focusing than weaker
areas [60]. This has the disadvantage of destroying subsequent optics due to the occurrence of
this "hotspot" and, moreover, to additional nonlinearities taking place in the fiber exit window.
However, in order to reduce these effects at the entrance and exit of the DPHCF, its setup is as
follows:

The initially unbroken HCF is split into two equally long fiber pieces under consideration of
its mutual rotation about the fiber axis. As the inner core of the HCF need not be perfectly
concentric due to technical imperfections during its fabrication, their mutual orientation turns
out to be crucial to produce a nice beam profile. After splitting of the HCF, the end facets of
both fiber pieces are glued into three vacuum compatible housings to isolate the DPHCF from
the environment. Two of them serve as gas outlets for the escaping, but continuously refilled
nonlinear medium. Values for the residual gas pressure at either end of the fiber are on the order
of a few mbar. As the gas is continuously removed, it explains why the new design is termed
DPHCF. Additionally, the two housings are used as holders for the entrance and exit windows
for the laser, respectively. The third one, instead, serves as an inlet system for the nonlinear
medium, which is usually supplied in form of helium at a pressure of 1.5 bar – 2.3 bar. However,
after splitting, the two inner facets of the two fiber pieces must be brought close to each other
to ensure ideal optical coupling into one another at their juncture. Nonetheless, an unavoidable
small gap between the two terminal facets proves beneficial to guarantee the gas to enter the
inner core region of the DPHCF. Once the DPHCF is set up correctly, it delivers spectrally
broad pulses of 1.2 mJ – 1.5 mJ pulse energy. Furthermore, special attention must be paid to
the fiber suspension during its alignment, because it was proven to have a crucial impact on the
overall transmission and beam profile, if the fiber is bent [59]. A typical broadened spectrum
(red shading) and a reference spectrum (blue shading), taken in front of the fiber, are shown in
Figure 3.2. Since the broadened spectrum spans more than an octave, it is commonly referred to
as a supercontinuum. In our case, it extends from roughly 450 nm up to approximately 1000 nm.

5Filamentation describes the phenomenon of self-amplified self-focusing in nonlinear media due to high in-
tensity, culminating in the ionization of the nonlinear medium. This usually modifies the refractive index such
that the beam might break up in multiple beams or starts diverging again, as the plasma-related refractive index
contribution is smaller than unity.
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Figure 3.2: Typical spectrum that is spectrally broadened inside the DPHCF (blue-shaded
area) and a typical unbroadened reference spectrum (red-shaded area). The broadened spectrum
was recorded after the DPHCF with an inner core diameter of 380 µm and at a helium backing
pressure of 2.3 bar. Both spectra are normalized with respect to their integral.

Chirped Mirror Compressor

As a result of the SPM-generated new frequencies on either side of the original spectrum (Figure
3.2), the pulse is not Fourier limited anymore. Hence, we need to compress the pulse once again
and chirped mirrors turned out to be the method of choice for few-cycle femtosecond pulse
compression, because they add little extra amount of material as opposed to prism or grating
compressors and due to their rather high damage threshold. Chirped mirrors are based upon
Bragg reflectors6. Unfortunately, Bragg reflectors are known to be too narrow-band to support
the entire supercontinuum of the SPM-broadened pulse at once. Fortunately, one can drastically
extend their reflectivity bandwidth by means of a simple trick, that also results in the capability
of the mirror to compress SPM-broadened pulses. The idea is to concatenate a series of Bragg
reflectors, each optimized for a certain wavelength. Consequently, each wavelength is reflected
as efficiently as possible across most of the supercontinuum, making use of the high reflectivity
of individual Bragg reflectors and of the fact that different wavelengths penetrate to a various
extent into the mirror. When properly designed, shorter wavelengths can be forced to penetrate
the mirror less deeply than long wavelengths do. This in turn can be identified with a negative
GDD (subsubsection 2.2.2.1) and effectively compresses the SPM-broadened laser pulse. In our
case, we achieve a pulse compression down to ∼4 fs, while maintaining a pulse energy of ∼1 mJ
by using six pairs of chirped mirrors in a double-angle design. Their total reflectivity profile
spans 400 nm to 950 nm, nearly supporting the entire spectrum. The high number of chirped

6Bragg reflectors are a periodic structure of high- and low-index materials for a given wavelength λ, where the
optical path length for each material equals a quarter of the wavelength, at which one wants the Bragg reflector
to reflect light, i.e. ni · di = λ/4, where ni is the refractive index of the i−th material and di is its thickness.
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mirrors is necessary to compensate the 2 mm amount of glass of the entrance window to the
vacuum system of the AS2-beamline (section 3.2), as shown in the lower right corner of Figure
3.1.

3.1.4 CEP-Stabilization

As we saw in chapter 2, the CEP of ultrashort laser pulses plays a crucial role for the generation
of isolated attosecond pulses. Therefore, we discuss two techniques now, which enable us to
stabilize and control this quantity and both of them are required, as short- and long-term CEP-
drifts arise during laser operation. The former is coped with by the Fast Loop, whereas the
latter long-term drifts are compensated by the Slow Loop.

Fast Loop — CEP-stabilization scheme for short-term drifts

Let us start with the description of the fast loop. Between the incoupling of the pump beam
into the oscillator and the Verdi V6 laser head, an acousto-optic modulator (AOM) is inserted
into the beam path, that is used to modulate the pump laser intensity. It makes use of the
refractive index of the Ti:Sa-crystal, which depends on the instantaneous intensity of the pump
pulse compliant with the optical Kerr effect (subsubsection 2.2.3.2). Since the optical Kerr effect
impacts the phase and group velocity of a pulse in the crystal, this can be exploited to vary
the carrier-envelope-offset frequency fCEO of the emitted pulse train. As stated above, it is
suited to stabilize it against possible fast CEP-drifts, which might arise from nonlinearities. In
order to accomplish a full feedback system, which is able to compensate these fast CEP-drifts,
we first need to extract the fCEO frequency of the pulse train and this is usually performed
with the f-0-technique. Why it is named like this, will become apparent soon. The idea of the
f-0-technique is to generate a down-converted pulse train from the fundamental wave (emitted
pulse train from the oscillator) via DFG (subsection 2.2.3) in a periodically-poled-lithium-niobate
(PPLN)-crystal, which removes fCEO according to

fmn = (fm + fCEO) − (fn + fCEO) = fm − fn, (3.3)

where fm , fn denote two longitudinal modes of the spectrum of the fundamental pulse train and
fmn labels the difference frequency. As a consequence, we have gained a well-defined "ruler",
starting from f̃CEO = 0 (0 in f-0-technique), and which we use to measure the fCEO (f in
f-0-technique) of the fundamental pulse train, that did not undergo DFG in the PPLN-crystal.
This is achieved via extraction of their beating frequency fBeat by spectral interference and
low-frequency filtering. Anyway, one prerequisite must be fulfilled, namely, the initial spectrum
must be as broad as to extend down to the newly generated difference frequency fmn for spectral
interference to occur, in accord with

fBeat = (fk + fCEO) − fmn = (fk − fmn)) + fCEO
fk=fmn
= fCEO, (3.4)
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where fk is another longitudinal mode in the long-wavelength range of the spectrum, matching
the DFG-signal, and thus providing the extracted fCEO-frequency. Fortunately, the fundamental
pulses are spectrally broadened inside the PPLN-crystal by SPM. The corresponding setup of
the f-0-technique, just described, is usually located behind the oscillator and outputs a signal
that is proportional to the fCEO-offset from a target value. However, the fast loop is usually
locked to a quarter of the repetition rate, i.e. 20 MHz. This implies that the CEP of only
every fourth pulse is identical. Since the Pockels cell of the first multipass regenerative amplifier
(subsection 3.1.2) lets only every fourth pulse pass, it ensures that all pulses leaving the Pockels
cell have identical CEPs. This is why the repetition rate is reduced by a factor that is a multiple
of four.

Slow Loop — CEP-stabilization scheme for long-term drifts

Now, that we know how the f-0-technique works, we would like to finish this subsection with
the discussion of the Slow Loop. Like the fast loop, the slow loop is another CEP-stabilization,
that tries to cope with CEP-drifts, that take place on a longer timescale, and can be used to
vary the CEP-value in an arbitrary fashion, as it is necessary for HHG. In contrast to the f-0-
technique, the slow loop makes use of the so-called f-2f-technique. Therefore, we pick off the
reflection from the Brewster window to the vacuum system of the AS2-beamline and steer it into
a f-2f-setup (right-hand-side of Figure 3.1). It consists of a λ/2-waveplate, a focusing lens, a
beta-barium-borate (BBO) nonlinear crystal, suitable for SHG, another lens to focus the beam
into a Thorlabs HR-spectrometer and a polarizer. The waveplate is needed to align the laser
polarization perpendicularly to the optic axis of the BBO for proper type-I phase-matching. The
idea behind the f-2f-method is to generate the second harmonic (SH) of the laser and to make it
interfere with its fundamental, i.e. the very same SH wavelength from the laser spectrum that
does not originate from SHG. The polarizer is necessary to project the SH and the fundamental
onto a common axis to make both beams interfere. From the spectral interference pattern one
can deduce fCEO via the beat frequency fBeat according to

fBeat = 2 · (fn + fCEO) − (fm + fCEO) = (2fn − fm) + fCEO = fCEO. (3.5)

Here, fn is the laser wavelength of the fundamental wave and fm is the SH wavelength from
the SPM-broadened laser spectrum that does not arise from SHG and the last equality will
hold, if 2fn = fm. The slow loop feedback signal stems from the displacement of the spectral
interference fringe pattern and is fed back to a piezoelectric transducer, that is attached to one
of the wedges behind the glass block stretcher, as schematically sketched in Figure 3.1. Small
changes on a few-ţm scale in the amount of glass, which is inserted into the beam path, leads
to a shift of the CEP due to an induced phase-shift ∆ϕ = 2πn∆L

λ . Here, n is the refractive index
of the wedge material, λ the center wavelength of the laser pulse and ∆L denotes the change
of the material thickness. The beam-pointing and temporal pulse profile remain unaffected by
those small changes, but do have a big impact on the CEP.
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3.2 The Attosecond Beamline AS2
Once the ultrashort pulse generation is accomplished, one has to ensure that the ultrashort pulse
remains short until it arrives at the experiment. We learned in chapter 2 that an ultrashort pulse
tends to disperse temporally when exposed to dispersive media. Since the experiment covers
two floors at the Max Planck Institute of Quantum Optics (MPQ)7, pulse propagation in air
is prohibited, because its dispersive character is already enough in terms of pulse spreading.
Therefore, quickly after the final pulse compression, it enters a vacuum system as already men-
tioned in the last section and is called the AS2-beamline. The entire beamline is based upon
a modular design, which allows us to vent and modify each vacuum chamber in the beamline
separately. We will introduce the vacuum chambers one by one in this section.

3.2.1 High Harmonic Generation Chamber

The first step in every pump–probe TRPES-experiment consists in the generation of the probe
pulse by means of HHG, as explained in subsubsection 2.2.4.1, and takes place in the High
Harmonic Generation chamber. A schematic sketch of the corresponding chamber is depicted
in Figure 3.3 a).

The laser beam comes from the second floor and is guided through another chamber — the
Switchbox8 — and finally enters the HHG-chamber with a pulse energy of approximately 650 µJ
– 900 µJ, owing to the non-perfect reflectivity of several silver mirrors between the laser upstairs
and the HHG-chamber downstairs. In order to facilitate beam alignment, we placed several
motorized apertures (MA) in the beam path, which are adjustable from the outside. These
apertures are necessary to ensure reproducible alignment into the experimental setup by steering
the beam concentrically onto the aperture. Moreover, it is used to vary the intensity for HHG
by clipping the beam on purpose, in this way reducing the optical intensity. In front of the
motorized aperture we inserted a glass wedge pair (not shown) at Brewster’s angle for final
pulse compression, since the last chirped mirror compressor stage overcompensates the chromatic
dispersion a bit. Only after the glass wedge pair, the pulse is fully compressed down to roughly
4 fs. Subsequently, the beam is loosely focused by a concave focusing mirror (FM) into the high
harmonic target (HHT) (Figure 3.3 b)). With the help of two motorized mirrors (MM1/MM2),
we are given some freedom to steer the beam through the HHT until the incoupling into the
next chamber (subsection 3.2.2) is sufficiently good. Furthermore the HHT is placed onto a
one-dimensional translation stage to move the HHT along the beam path through the laser
focus and to meet the HHG-related phase-matching condition (subsubsection 2.2.4.2). The high
harmonics are generated in a collinear fashion with the fundamental laser beam in a quasi-static
gas cell. It is formed by a 3 mm thick ceramics tube, where one end is sealed with Torr Seal ®

Low Vapor Pressure Epoxy, whereas the other is used for neon gas supply as nonlinear medium.
Two 300 µm holes are pre-drilled perpendicularly to the tube axis and in line with the laser to

7The laser system FP3 is located on the second floor, whereas the beamlines are placed on the first floor.
8As the laser facility itself consists of several lasers and beamlines, one basically has the possibility to use

different lasers for different experiments. Therefore, the Switchbox acts as a distributor unit to assign a certain
laser to a particular experiment.
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Figure 3.3: a) Schematic sketch of the HHG chamber. MA: motorized aperture; MM1/MM2 :
motorized plane mirrors; FM : focusing mirror; HHT : high harmonic target. The laser polariza-
tion is out-of-plane. b) closeup view of a typical ceramics high harmonic target with predrilled
holes on either side of the ceramics target (dark spot).

allow the pulse to interact with the nonlinear medium. The advantage of ceramics targets over
stainless steel targets, which have been used quite frequently in the past, is that the former
survive the high laser intensity more easily than the latter and need not be replaced that often.
By adjustment of the applied neon gas pressure (usually 100 mbar – 130 mbar), the position of
the high harmonic target and the amount of inserted glass, one can optimize the high harmonic
generation in terms of phase-matching (subsubsection 2.2.4.2). Despite the gas load, the backing
pressure inside the HHG chamber remains below 1 × 10−2 mbar. This pressure is low enough
not to suffer from high harmonics being reabsorbed by residual background neon atoms. This
low pressure is achieved by use of two Alcatel Adixen ATH 300 Hybrid Turbomolecular Pumps,
developed for high gas load.

3.2.2 Interferometer — Delay Chamber

The High Harmonic Generation chamber is followed by the Delay-Chamber and a schematic
sketch is displayed in Figure 3.4. The purpose of this chamber is to provide space to manipulate
the pump pulse (chapter 4). Moreover, it is employed to delay the probe pulse with respect to
the pump pulse, effectively forming a Mach–Zehnder interferometer. This enables us to perform
pump–probe TRPES-experiments on ozone, in particular, as it is the topic of this thesis. The
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Figure 3.4: Schematic sketch of the delay-chamber, providing a lot of freedom due to its size
and which serves as a Mach–Zehnder interferometer in order to delay the pump pulse (upper
arm) with respect to the probe pulse (lower arm). For a description of various components, see
main text.

setup is as follows: The fundamental pulse and the high harmonics (in the remainder of this
chapter called NIR and XUV, respectively) enter the delay-chamber in a collinear way that
is enforced by the HHG process. Due to the deviating divergence angles of NIR and XUV,
respectively, which originate from its photon energy scaling (NIR: ∼1.5 eV, XUV: ∼100 eV), the
XUV diverges less strongly than the NIR does. Consequently, as both beams propagate, they
differ in size at the position of the first perforated mirror (PM). If we want to separate both
beams, we will not be allowed to insert a common beamsplitter to two major reasons: First, the
additional chromatic dispersion of a beamsplitter may lead to temporal broadening and second,
what is more severe, any material would simply absorb the XUV, which must be prevented.

This is the reason why a silver-coated perforated mirror is used instead, that has a 1 mm hole and
which lets the XUV pass, while the NIR is reflected due to its bigger beam size (relative to the
XUV) at 45° (upper left corner in Figure 3.4). While both beams are separated, they propagate
along the two arms of the interferometer. On the one hand, the XUV travels along the lower arm
and optionally traverses very thin and freestanding metal filters mounted on a motorized filter
wheel (FW2) for spectral filtering of the cutoff range of the HHG spectrum. Subsequently, it is
reflected by a multilayer mirror (MLM), exclusively designed to meet experimental constraints,
like photon energy, reflectivity, spectral phase and bandwidth. The combination of freestanding
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metal filters9 and MLM lead to the generation of isolated attosecond pulses and serve in the
following as probe pulses for our experiment. On the other hand, the NIR propagates along the
upper arm of the interferometer and is focused via appropriate mirrors of the first "Z" — formed
by two opposing mirrors — into an intermediate focus (IF). The first of these mirrors is mounted
on top of a translation stage for coarse balancing of the interferometer and, additionally, on top
of a one-dimensional piezoelectric nanopositioning stage from Piezosystem Jena. The latter is
used for delaying the pump pulse with regard to the probe pulse with attosecond precision and
with a span of several hundred femtoseconds (DM in Figure 3.4).

Getting back to the intermediate focus, it can be used for pump pulse modification, nonlinear
conversion or experiments themselves. After the intermediate focus, the NIR is reflected by
two suitable mirrors in the second "Z" and the divergence of the NIR is adapted to that of
the XUV. Both beams, NIR and XUV, are then recombined on a second perforated mirror
in a collinear way again (PM in upper right corner of Figure 3.4). Since their divergence is
identical behind the second perforated mirror, they will be focused on the very same spot via
a grazing incidence, nickel-coated toroidal mirror (TM). Despite the huge amount of space,
which enables the chamber to be used versatilely, there are a few constraints to be fulfilled for
performing pump–probe TRPES-experiments successfully. First, the two arms have to be equally
long, down to a few microns. This sometimes proves to be quite difficult to achieve without
destroying the spatial overlap in the focal plane after the toroidal mirror and maintaining a nice
NIR focus, as each arm has a length of roughly 2 m. Second, the size of the interferometer calls
for special attention concerning the overall pointing and timing stability, which would make
pump–probe experiments impossible, if they were not fulfilled. Apart from the interferometer,
the delay-chamber provides lots of diagnostic tools to monitor the beam profile, beam-pointing
and spectrum of the high harmonics by means of an additional filter wheel (FW1), filled with
various freestanding metal filters, an unprotected rhodium mirror or, optionally, an imaging
XUV-grating10 (G). The XUV radiation is detected with a Princeton Instruments SX-400 CCD
camera. In order to prevent its absorption by residual gas, the backing pressure inside the
delay-chamber is kept well below 1 × 10−4 mbar.

3.2.3 Experimental Chamber

The Experimental Chamber constitutes the back end of the AS2-beamline and a graphical il-
lustration can be found in Figure 3.5. In this chamber, streaking measurements are usually
performed in either parallel or perpendicular configuration (section A.1 in the appendix). The
two-color, collinear NIR-XUV-beam, as it leaves the delay-chamber, enters the experimental
chamber from the left. Both beams have a common spot underneath the electron time-of-flight
(TOF) detector11. Any sample is placed right underneath the TOF in the gas phase and is pro-
vided through a glass nozzle target (N) from the outside. The nozzle is coated with graphite for
reduction of charging effects and is aligned perpendicularly to the TOF axis. For pump–probe

9We use commerically available freestanding metal filters from Lebow Company, that are 150 nm up to 1500 nm
thin, depending on the experimental demands and which must be treated carefully.

10We use a trapezoidal high reflectivity XUV-grating (2105 lines/mm; HORIBA Jobin Yvon).
11We use an ETF10 electron TOF from Stefan Kaesdorf - Geräte für Forschung und Industrie.
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Figure 3.5: Schematic sketch of the experimental chamber in which pump–probe experiments
are conducted. TOF: electron time-of-flight detector; N: gas nozzle for sample supply; AT:
alignment tool for spatial overlap; M1–M3: mirrors; L1–L2: focusing lenses; NIR CCD: camera
for validation of spatial and temporal overlap; G: XUV-grating; XUV CCD: XUV radiation sen-
sitive CCD camera for XUV beam profile and spectrum measurements; UV-BF: deep ultraviolet
bandwidth filter for UV pulse measurement (adapted to meet experimental conditions presented
in chapter 4).

experiments, proper spatial overlap between XUV and NIR at the place of the experiment is
stringently required. Therefore, an alignment tool (AT) is installed close to the nozzle. Basi-
cally, it is a thin copper foil with a 100 µm small hole inside. The alignment procedure works as
follows: Both beams are steered through this hole and their transmission can be monitored via
various diagnostic tools, that are sensitive to either NIR, XUV or even DUV radiation (chapter
4). Since the AT can be moved along the beam propagation axis, optimal transmission is likely
to be found at the focus. Afterwards, the nozzle as well as the TOF are placed at this point
where spatial overlap is assured. For temporal overlap between XUV and NIR, both beams are
imaged onto an NIR CCD camera. Looking at the interference fringes originating solely from
the NIR part, that propagates along both arms of the interferometer, one adjusts the temporal
overlap by maximizing those interference fringes via displacement of the nanopositioning stage
of the delay-chamber.

Getting back to the detection scheme for the pump–probe experiment: The TOF collects XUV-
ejected photoelectrons, emerging from the sample, and steers them onto a multichannel plate
(MCP) detector. The latter amplifies the detected signal to a measurable amount. Then, its
output signal is further processed and discerned by the particles’ time of arrival at the detector.
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From this quantity one can deduce the kinetic energy of the photoelectrons quite easily by means
of the following equation:

Ekin =
meL

2

2(t− t0)2 = EXUV + Ip, (3.6)

where Ekin is the kinetic energy of the photoelectron, me its mass, L is the effective length of
the TOF and t− t0 labels the time of arrival (t), measured from the time of ionization (t0), that
is the position of the so-called light peak.

Knowledge of the XUV photon energy EXUV enables one to make a statement about the binding
energy or work function of a sample, respectively, represented in the above equation by Ip.
Additionally, if electron dynamics are triggered by the NIR or, in case of ozone by a DUV pump
pulse, one will also be able to monitor this impact onto the photoelectron spectrum as a function
of delay between pump (NIR) and probe (XUV) pulse. These impacts onto the photoelectron
spectrum manifest themselves as chemical shifts or as emergence of new spectral lines. This
forms the basis for the ozone-experiment being discussed in chapter 4. Since the MCP detector,
that is usually biased with 2.15 kV, will be prone to damage, if the backing pressure inside the
experimental chamber is too high, the pressure at the MCP detector is kept below 4 × 10−6 mbar
when the sample is guided into the experimental chamber.
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Chapter 4

Electronic and Nuclear Dynamics in
Ozone

The current chapter is dedicated to the femtosecond-timescale investigation of the electronic–
nuclear dynamics in ozone. These are triggered by absorption of a single DUV-photon, followed
by the photodissociation of ozone. Besides the excited state-related potential energy surface
(PES), whose topology dictates the evolution of the DUV-induced photodissociation, ozone pos-
sesses many more excited state-associated PESs with quite different topographies. Among these,
multiple conical intersections (CIs) [61] with adjacent PESs appear and usually serve as funnels
for the nuclear wave packet to release previously absorbed energy in a radiationless manner
along different pathways. They occur quite frequently in polyatomic, especially biologically
important molecules like peptides [62], proteins [63] or DNA [64–66]. It is exactly this phe-
nomenon that makes DNA robust against ultraviolet radiation. Since ozone is one of the most
strongly DUV-absorbing molecules, it is therefore predestined to push few-femtosecond or even
attosecond timescale pump–probe experiments from the NIR into the DUV spectral domain.
However, a prerequisite that must be met before scrutinizing nonadiabatic phenomena in ozone
is the observation of its photolysis, indicating the successful promotion of the ozone molecule
into its dissociative excited state. Yet, the ozone photodissociation is known to happen on a
few tens of femtoseconds, hence enforcing few-femtosecond temporal resolution in pump–probe
TRPES-experiments. Although the ozone photolysis is successfully described by post-Hartree-
Fock methods, it has never been measured in a time-resolved fashion. Since its direct observation
has evaded experimental access so far due to the unavailability of intense and ultrashort DUV
laser pulses, we undertook efforts to close this gap.

The chapter is structured as follows:
First, we will start with a description of the principle of the ozone experiment. We will intro-
duce the ozone molecule along with its most important absorption bands and electronic states.
Then, we adumbrate its expected molecular dynamics, that are kicked off by the absorption of
a DUV-photon.
Second, we will focus on the theoretical treatment that is necessary for the description of the
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ozone photodissociation. Here, we make use of a simple three-level simulation, in which we
restrict ourselves to two levels — one for the ground and another for the excited state — in
order to quickly estimate the ozone excitation probability without the need for highly sophisti-
cated ab-initio quantum chemical calculations like multiconfigurational time dependent Hartree
(MCTDH). Nonetheless, the latter are inevitable to describe the experimental results to a very
high degree. At this point, we will further introduce — besides other quantities — the concept
of Dyson orbitals and their consequences in the estimation of the angular distribution of pho-
toelecton emission in the molecular frame and their derived photoionization probabilities upon
XUV probe pulse irradiation.
Third, before we turn our attention to the direct experimental observation of the ozone photodis-
sociation, we first need to cast an eye on group theoretical aspects regarding molecular selection
rules for photoionization. These apply to transitions that are driven between any initial and
final state of neutral ozone and its cation, respectively, and are also influenced by the ionizing
XUV probe pulse polarization in the molecular frame. To an even bigger extent than in the case
of atoms, the observability of photoelectron emission from different states into the continuum is
highly dependent on the symmetry of these states and on the molecular orientation relative to
the chosen laboratory coordinate system. Therefore, we will shed some light on these contribu-
tions and focus on how the experiment has to be designed geometrically to render excited state
dynamics in ozone observable. In order to do so, we will exemplify this circumstance by looking
at the molecular-frame angular distribution of photoelectron emission after introduction of the
most important cation states of ozone.
Fourth, following the statements made in the previous section, we will address the relative posi-
tions of the ground and the dissociative excited states in terms of energy. Their energy spacing
naturally imposes constraints considering the experimentally achievable time and energy reso-
lution, which is required to maintain their discriminability. At the end of the fourth section,
we depict the XUV spectrum that is used in the experiment to ionize and probe the electronic–
nuclear dynamics of ozone.
Fifth, after having addressed the XUV probe pulse generation, we will discuss two attempts
that have been tested for the generation of short and intense DUV pulses. Both are based upon
the concept of nonlinear frequency up-conversion of an intense NIR few-cycle laser pulse. Here,
we make use of the concepts introduced in chapter 2. To be more precise, we investigate a
THG approach in a rare gas target and an SHG approach in a solid. The section ends with a
comparison of both approaches and provides a short conclusion.
Sixth, as we need highly pure ozone for our experiment, we will explain the employed ozone
distillation setup in more detail.
Seventh, we will quickly compare photoelectron spectra of ozone and diatomic oxygen. We de-
fine energy domains being used for the evaluation of the experimental data.
The experimental results of the few-femtosecond pump–probe TRPES-measurement on ozone
are the subject of sections eight and nine of this chapter. There, we describe our multi-stage
data analysis scheme that is used to unveil the molecular dynamics from the data and, finally,
we discuss and interpret our findings before we compare them to calculated TRPES-spectra
obtained by sophisticated MCTDH-simulations.
The chapter ends with a presentation of Dyson orbitals for both undissociated and dissoci-
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ated ozone and, finally, with their interpretation in terms of photoionization cross sections for
both nuclear geometries. The latter provide an indication for why the experimental results are
detectable after all.

4.1 Principle of the Experiment
As outlined in the introduction of this chapter, we perform TRPES-experiments on the ozone
photodissociation, which permanently happens in the stratosphere, and monitor this process in
real-time. These experiments rely on a few-femtosecond timescale DUV-pump / XUV-probe
scheme, applied to a gaseous, highly pure ozone sample (section 4.6). The idea behind this
approach is to optically excite the molecule with a single DUV-photon (4.6 eV or 268 nm), which
leads to less tightly bound valence electrons due to charge redistribution, that is a sequitur
of molecular orbital population transfer, as opposed to those remaining in the ground state
(subsection 4.1.2). Thereby, electronic charge redistribution triggers nuclear motion within the
ozone molecule through the interplay of electrostatic forces. The entire action can be probed
successively for arbitrary time steps relative to when the entire dynamics started. By collecting
these photoelectrons with a TOF (subsection 3.2.3), we can discern the photoelectrons with
respect to their arrival time at the detector and is equivalent to the photoelectron kinetic energy.
The latter allows us to deduce the instantaneous binding energy of an electron within the
molecule and, consequently, any population transfer between electronic states and structural
changes. Repeating the DUV-pump / XUV-probe measurement for different instants of time
yields a spectrogram consisting of individual spectra, one per pump–probe delay time.

4.1.1 The Ozone Molecule

Now, let us have a look at the ozone molecule, O3, and its geometrical structure. It consists of
three angled oxygen atoms, O. The Lewis structure [67] or resonance structure is depicted in Fig-
ure 4.1 and indicates this issue. The three spheres indicate oxygen atoms, that are equidistantly
arranged (R = 2.42 a.u.), where the two terminal oxygen atoms form an angle of 116.8° with the
central oxygen atom. Solid lines signify doubly occupied orbitals and dashed lines illustrate the
fact that residual bonding electrons are delocalized across the molecule in the sense of quantum
mechanical superposition of orbitals. It is a simplified illustration of the circumstance that two
mesomeric Lewis structures of ozone exist, where a single and a double bond can occur on either
side of the central oxygen atom. This is due to the indistinguishability of the two terminal oxy-
gen atoms, effectively rendering them equivalent. Nevertheless, we choose the Lewis structure
on purpose to illustrate the structure of the ozone molecule, as it facilitates its assignment to a
certain point group, i.e. C2v in this case (section 4.3). Regarding this point group and whenever
we discuss any implications arising from group theoretical discussions, it is inevitable to define
the orientation of the molecular frame coordinate axes. Usually, the x-axis is perpendicular
to the molecular plane, while the z-axis is the principal rotation axis, as illustrated in Figure
4.1. This will become important when dealing with the angular distribution of photoelectron
emission in section 4.3.
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Figure 4.1: Lewis structure or resonance structure of ozone at its equilibrium configuration.
It consists of two equidistantly arranged oxygen atoms (blue spheres, R = 2.42 a.u.) to either
side, measured from the central oxygen atom, and form an angle of 116.8° with the central
O-atom. Solid and dashed lines indicate doubly occupied bonds and those, respectively, that
are delocalized across the molecule, since the electrons can either reside on its left or right bond.
The ozone body-fixed coordinate system is shown in the upper left corner.

4.1.2 Absorption Bands and Electronic States of Ozone

Figure 4.2 a) depicts the four major absorption bands of ozone, including their corresponding
absorption cross sections, whereas Figure 4.2 b), in addition, relates these bands to certain
optical transitions, where the latter start at the ground X state (X̃1A′). Further, Figure 4.2
b) depicts a one-dimensional cut through the PESs of ozone as a function of the dissociation
coordinate, while the remaining two degrees of freedom are kept fixed (R2 = 2.43 a.u.; α = 117°).
The state labeling in Figure 4.2 a) refers to ozone in Cs point group symmetry1, in which the
two terminal oxygen atoms are not necessarily arranged equidistantly around the central oxygen
atom. Nonetheless, in the following discussion we will mainly refer to state labeling in terms of
C2v point group symmetry, anticipating the discussion in section 4.3. The special topography
of these PESs is essential for the efficient and highly protective effect of the ozone molecule
against biologically harmful, solar DUV radiation. Obviously, the Hartley band (B state in
Figure 4.2 b)) in the DUV spectral domain (6.2 eV – 4.1 eV or 200 nm – 300 nm) is the most
intense, centered around ∼4.86 eV (254 nm), and is approximately three orders of magnitude
stronger than the Chappuis band absorption in the NIR spectral domain (3.1 eV – 1.8 eV or
400 nm – 700 nm). Electronic structure calculations refer the Hartley band to the electronic
transition at the Franck-Condon (FC) point2 from the ground X state (C2v: 11A1 / Cs: X̃ 1A′)
to the aforementioned excited B state (C2v: 11B2 / Cs: 31A′). Moreover, and in contrast to the
Chappuis band, the Hartley band is strongly dissociative and weakly binding, as can be deduced
from the topography of the one-dimensional cut through the PES of ozone (Figure 4.2 b)).

1The Cs point group consists of only two elements: The identity transform E, that leaves the molecule
unchanged, and the molecular in-plane reflection σ.

2The Franck-Condon (FC) point describes the ground state equilibrium configuration of ozone in terms of
nuclear coordinates, as illustrated in Figure 4.1, and follows the Franck-Condon principle. The latter states that
vibronic transitions between two electronic states are the more likely, the more their vibrational wavefunctions
overlap spatially for a given configuration (vertical transition in nuclear coordinate space).
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Figure 4.2: a) The measured absorption cross section (in cm2; logarithmic scale) of ozone
as function of the excitation energy. b) One-dimensional cuts through the potential energy
surfaces relevant for the photodissociation of ozone. R1 is one of the OO bond lengths; the
other one is fixed at R2 = 2.43 a0 and the bond angle is α = 117°. E=0 corresponds to O3(X̃) in
the ground vibrational state (zero point energy). A, B, and R indicate the three (diabatic) 1A′

states relevant for the Hartley and Huggins bands. The horizontal arrows illustrate the electronic
assignments of the absorption bands. Color coding in a) and b) stresses the relation between the
absorption bands and the underlying electronic states. Figure and Caption reproduced from [17]
with permission of the PCCP Owner Societies.

Apart from these two most prominent absorption bands, there are two more, but weaker ab-
sorption bands which are termed the Huggins (4.1 eV – 3.1 eV or 300 nm – 400 nm) and Wulff
(> 700 nm or < 1.8 eV) bands. These refer to transitions between the ground X state and other
excited electronic states, which will neither be taken into account in the discussion nor in numer-
ical simulations regarding the intramolecular dynamics of ozone due to their obviously negligible
contribution [17]. They are only mentioned here for the sake of completeness. Moreover, Figure
4.2 b) depicts multiple crossings of diabatic electronic states. These are the CIs, that are men-
tioned above. As brought up before, they act as funnels for molecules to release excess energy
after optical excitation into kinetic energy. They even allow the population of electronic states
via internal conversion or intersystem crossing, respectively, thus opening up the possibility to
populate electronic states like 1A2, which are dipole-forbidden and cannot be reached via optical
excitation from the ground X state due to symmetry reasons (section 4.3). Nonetheless, on the
timescale on which we monitor molecular dynamics, these CIs are negligible, but may become
important in future research.

http://dx.doi.org/10.1039/B701020F
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4.1.3 Expected Molecular Dynamics

Since DUV absorption of ozone triggers its subsequent photodissociation and finally leads to
its fragmentation into atomic and diatomic oxygen and because the Hartley absorption band
directly connects to the transition between the ground X and excited B state, we want to
cast an eye on the shape of their PESs. They are the solutions of the electronic Schrödinger
equation, that is part of the full molecular Schrödinger equation for fixed nuclei. They can be
understood as the potential that the nuclei of the ozone molecule experience and which steers
their motion. This can be compared to a sphere rolling down a hill due to the action of the
gravitational field and which can be influenced by surface irregularities of the hill. Nonetheless,
unlike the gravitational field, there is a great number of potential energy surfaces with different
topographies and nonadiabatic coupling terms between them. Their topography depends on the
electronic state of the molecule and, indeed, they get classified by so-called point group-related
irreducible representations of these states (appendix B). Let us have a look at Figure 4.3, showing
both the PES of the a) ground X state and b) excited B state in its full dimensionality and as a
function of the three degrees of freedom. The color scale refers to the potential height in units
of electronvolts. Concerning the ground X state PES (Figure 4.3 a)), there is a rather well-
defined potential minimum (FC point) with little extent to neither bond lengths nor angle and
which is symmetric with respect to the two terminal bond lengths. In contrast, regarding the
three-dimensional B state PES (Figure 4.3 b)), there are also two well-defined, but asymmetric
minima around (R1,2 = 3.2 a.u. and R2,3 = 2.3 a.u. and vice versa) and an increasing potential
barrier along the diagonal of the coordinate space. The occurrence of this barrier and that of
the two asymmetric minima explains, why ozone does not decay into three single oxygen atoms,
but into atomic and diatomic oxygen. Due to the presence of this barrier and the presence
of the two minima to either side of the diagonal, a saddle point structure is identifiable, that
will play a crucial role during the molecular dynamics (R1,2 = R2,3 ≈ 2.7 a.u.). To facilitate
the understanding of ozone photodynamics, the two-dimensional reduced PESs of the ground X
state (Figure 4.3 c)) and excited B state (Figure 4.3 d)) are added for α = 116.8°. The white dots
mark the position of the FC point on either PES and the white arrows indiciate the expected
nuclear wave packet (NWP) motion on the B state PES after DUV-induced excitation from the
ground X state. Since we assume a vertical transition from X to B, following the Franck-Condon
principle, the motion of the NWP starts at the FC point. It is steered by the topography of
the B state PES towards the valley-ridge inflection point, midway between the two minima and
close to the increasing potential barrier, at which the NWP trifurcates. Two parts will move
towards bigger bond lengths and lead to molecular dissociation (splitting of one white arrow
into two white arrows in Figure 4.3 d)). What might happen after NWP segregation has to be
determined either by experiment or quantum dynamical calculations and is the subject of this
thesis. In advance of the upcoming discussion, we will find evidence in TRPES-experiments that
the NWP partly returns to the FC point periodically due to the attracting character of the two
B state minima. Moreover, Figure 4.3 c) does not suggest any X state-associated NWP motion,
as the NWP is trapped inside the symmetrically arranged minimum. Nonetheless, as we will
see later on, there might be a ground X state-related NWP motion in this potential minimum
that cannot be resolved experimentally, but is predicted in the simulations. The reason for that
will be discussed in subsection 4.9.1.
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Figure 4.3: Illustration of a) the ground X and b) the excited B state-associated PESs of
ozone, that are involved in the photodissociation process. a) color-coded X ground state PES
as a function of the ozone degrees of freedom. R1,2 and R1,3 denote the two bonding lengths
between the central oxygen atom and either of the two terminal oxygen atoms, respectively,
whereas α stands for the opening angle of the triatomic molecule. b) The same as in a), but
for the excited B state PES. c),d) Projections of the corresponding PES for fixed opening angle
α = 116.8°. The FC point (R1,2 = R1,3 = 2.42 a.u.; α = 116.8°) is indicated for c) the ground
X state and d) also for the excited B state as a white dot. Arrows in d) indicate the onset
of nuclear motion during ozone photodissociation and its bifurcation at a valley-ridge-inflection
point. Color bars in a) – d) refer to potential energy values given in electronvolts with respect
to the value on the X state PES at the FC point. All PESs were plotted using the fit functions
of [68].
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4.2 Simulations of Electronic and Nuclear Dynamics
in Ozone

As pointed out at the end of the previous section, numerical simulations are indispensable for
the full understanding of the ozone photodissociation. Apparently, since ozone possesses many
electrons, which are correlated to each other and as the resonance Lewis structure in Figure
4.1 already suggests, the computations are expected to be computationally highly demanding.
Therefore, this section is dedicated to the full quantum dynamical treatment of the nuclear
and electronic motion in the ozone molecule after being excited by a 10 fs short DUV pulse
at 1 × 1012 W cm−2 and which are performed by our colleagues affiliating with the groups of
Ágnes Vibók, Gábor J. Halász, Piero Decleva and Fabien Gatti. We will quickly review the
underlying formalism of their simulations. Nonetheless, due to the complexity arising from a
correlated multi-electron system, these quantum chemical simulations take a long time until
their temporal propagation has been completed. Hence, we introduce a simplified simulation
that can be run within fractions of a second and that estimates the expected population transfer
from the ground X state to the excited B state. It is based upon Bloch equations [69], commonly
used for the description of a two-level system. It delivers reasonable results with regard to the
very first few femtosecond outcomes of the ab-initio simulations before nuclear motion starts
and provides an estimate of the B state population probability.

4.2.1 Theoretical Tools for Full Ab-Initio Simulations

4.2.1.1 Electric Field-Perturbed Molecular Hamiltonian
Let us start with introducing the underlying total Hamiltonian, that governs the entire dynamics
in ozone and includes its interaction with an external electric field. As we have already learned
in subsection 4.1.2, ozone possesses several electronic states, whose energy levels change with
nuclear coordinates and are summarized as PESs for each electronic state. Thus, the presented
calculations strive for solving the total molecular Schrödinger equation [27] as accurately as
possible. It exclusively takes light–matter interaction into account and neglects possible nona-
diabatic coupling terms between the two involved X and B electronic states of ozone (in atomic
units and adapted from [70])

Ĥ(r⃗, R⃗, t)Ψ(r⃗, R⃗, t) = i}∂Ψ(r⃗, R⃗, t)
∂t

, (4.1)

where Ψ(r⃗, R⃗, t) denotes the total molecular wave packet and the total Hamiltonian, Ĥ(r⃗, R⃗, t),
itself is given by

Ĥ(r⃗, R⃗, t) = T̂nuc(R⃗) + Ĥel(r⃗; R⃗) − ˆ⃗µ(r⃗, R⃗) · E⃗(t). (4.2)

Here, T̂nuc, Ĥel(r⃗; R⃗), ˆ⃗µ(r⃗, R⃗) and E⃗(t) designate the kinetic energy operator of the nuclei, the
electronic Hamiltonian, the nuclear coordinate-sensitive dipole moment and an external electric
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field, respectively. The two latter terms form the light–matter interaction term. The terms r⃗
and R⃗ stand, once again, for the set of electronic and nuclear degrees of freedom, respectively. In
order to receive the electronic Hamiltonian from the total Hamiltonian, we merely separate the
nuclear kinetic energy operator from it. Since the nuclear motion evolves on a slower timescale
as compared to that of the electrons, the nuclear coordinates R⃗ can be thought of contribut-
ing only parametrically to the electronic Hamiltonian3. Therefore, the electronic Hamiltonian
consists of the repulsive electrostatic potential between nuclei, the attractive potential between
positively charged nuclei and negatively charged electrons, and the kinetic energy operator of the
electrons themselves. The molecular wave packet Ψ(r⃗, R⃗, t) from equation (4.1) is represented
as a superposition of products between an electronic wave function Φi(r⃗; R⃗) and a nuclear wave
packet ψi(R⃗, t). These belong to certain electronic states, i = X,B, according to

Ψ(r⃗, R⃗, t) =
∑

i=X,B
ψi(R⃗, t)Φi(r⃗; R⃗). (4.3)

In order to solve equation (4.1), it enforces the treatment of electronic and nuclear motion on
an equal footing. Among a variety of theoretical approximations, the MCTDH approach is
considered state of the art [71–73] and is implemented in the MOLPRO quantum chemistry
software package [74] and used for the approximate solution of the nuclear wave packet.

4.2.1.2 Local Electronic Population and Coherence at the FC point

Besides the most fundamental quantities in quantum dynamics calculations, like the molecu-
lar wave function or total electric-field perturbed molecular Hamiltonian, there are some other
quantities which should at least be mentioned here. They can directly be deduced from the
molecular wave packet and are absolutely essential for the proper understanding of the coherent
photochemical wave packet dynamics. Moreover, their knowledge proves to be beneficial in the
simulation of TRPES-spectrograms, which in turn can be used to compare them to experimen-
tally measured ones. These items, to which we will return in the next subsubsection 4.2.1.3, are
the local electronic population ρii(t) and the local electronic coherences ρij(t), (i ̸= j) around
the Franck-Condon point R⃗F C and are given by

ρij(t) =
ψ∗

i (R⃗F C , t)ψj(R⃗F C , t)∑
l=X,B

∣∣∣ψ(l)(R⃗F C , t)
∣∣∣2 . (4.4)

With these quantities at hand, it is possible to keep track of the nuclear wave packet density at
the FC point on both the X and B state-related PESs. As we will see later on (section 4.8), they
already carry most of the necessary information for interpretation of the experimental results to
a very high degree. Yet, as the experimental results are based upon photoionization, we need to

3The separation of the nuclear kinetic energy operator is only justified at nuclear coordinates far away from
CIs, as electronic and nuclear degrees can be considered independent. Obviously, this does not hold true in the
vicinity of CIs, where the electronic and nuclear dynamics are strongly coupled.
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know the ionization probabilities before being able to derive theoretical TRPES-spectrograms.
These are introduced next.

4.2.1.3 Dyson Orbitals and Photoionization Probabilities
The ionization probabilities Ijk are proportional to the squared norm of the so-called Dyson
orbitals, according to

Iik ∝ ⟨ϕDyson
i,k |ϕDyson

i,k ⟩, (4.5)

which, in turn, are expressed by

ϕDyson
i,k (r⃗; R⃗) =

√
N

∫
dr⃗2 . . . dr⃗Nϕ

el
i (r⃗ = r⃗1, r⃗2, . . . , r⃗N ; R⃗) × ϕcat∗

k (r⃗2, . . . , r⃗N ; R⃗). (4.6)

Here, ϕel
i and ϕcat

k denote the N -electron electronic wave function of the neutral ozone molecule
in any state i and the N − 1-electron electronic wave function of its cation in any state k,
respectively, after removal of a single electron. Just like the electronic multi-electron wave
function, the Dyson orbitals depend parametrically on the nuclear coordinates R⃗ and can be
understood as an effective one-electron molecular orbital (MO), from which an electron has been
removed during photoionization, i.e. the wave function of the hole that is created within the
neutral molecule. This picture is only valid for an uncorrelated Hartree-Fock wave function of the
neutral and becomes more complicated in cases, where more than one configuration4 contribute
to the total wave function of the neutral molecule or its cation and are usually expressed in
terms of Slater determinants.

For the time being and for the sake of the current discussion, we are primarily interested to
obtain an approximate photoelectron spectrogram Iik(ϵ, τ ), that is a function of delay time τ
after X → B transition and of photoelectron kinetic energy ϵ = ϵik = Ephoton − (Ek −Ei). Here,
Ephoton, Ek and Ei denote the photon energy of the ionizing XUV probe photon, the energy of
the final state of the cation and the initial state of the neutral molecule, respectively. Including
the angle dependence θ on photoelectron emission, measured to the ionizing XUV polarization,
it is given by (see [70, 75, 76] for more detailed information regarding the calculation of these
quantities and references therein)

Iik(ϵ, θ, τ ) =
∑

k

ρkk(τ )Ik(ϵ, θ), (4.7)

Ik(ϵ, θ) =
∑

j

Gjk(ϵjk)
σik(ϵjk)

4π [1 + βjk(ϵjk)P2(cos θ)] . (4.8)

4In this context, configuration refers to a certain set of populated MOs. Such a configuration does not need
to consist of the lowest few, energy-ordered MOs, but is also allowed to possess higher-lying MOs at the expense
of lower-lying MOs in the sense of electron-hole excitation or multiples thereof.
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In equation (4.8), Gjk(ϵjk) refers to a Gaussian function mimicking the XUV probe pulse spec-
tral bandwidth that is used to ionize a randomly oriented sample. σik(ϵjk) and βjk stand for
the ionization cross section and ionization asymmetry parameter, respectively. P2(cos θ) =
1
2 (3 cos2 θ− 1) is the second order Legendre-polynomial.

4.2.1.4 Theoretical Results

Now, we quickly present the most important results of our colleagues Ágnes Vibók, Gábor J.
Halász, Piero Decleva and Fabien Gatti and their colleagues and which rely on the previously
defined quantities. Figure 4.4 a) shows the simulated temporal evolution of the B state popula-
tion, taking a 10 fs FWHM DUV pump pulse into account, that is centered around 268 nm and
carries a pulse energy of (2.0 ± 0.5) µJ. Thus, it should be possible to achieve a 40% excitation
probability for the B state, although this value strictly applies to ozone molecules only whose
transition dipole moment is parallel to the DUV pump pulse polarization. Figure 4.4 b), instead,
shows the local coherence as a function of delay time and around the FC point between the part
of the nuclear wave packet that is left in the ground X state and the part that is promoted into
the B state. It clearly reveals that the coherence builds up within 20 fs, because shortly after
excitation both nuclear wave packets share identical positions in nuclear coordinate space before
nuclear motion sets in. Around 0 fs delay time, the coherence decreases and pauses temporarily
at a constant value between 10 fs and 20 fs before it keeps dropping down to zero coherence
and is followed by a small transient increase around 40 fs. We will learn about this evolution
in more detail in section 4.8 and give a physical interpretation for this behavior in terms of
nuclear wave packet trajectories on the excited B state PES. Figure 4.4 c), in turn, displays
the B state-related nuclear wave packet density. It is obtained by integrating out the angle
and vibrational degrees of freedom, reducing it to a function of the dissociative coordinate only.
Apparently, the majority of the excited B state nuclear wave packet density remains localized
around the FC point for nearly all delay times, although by 20 fs part of it has already left the
FC point region, proving successful ozone photodissociation.

4.2.2 Three-Level Simulation

Without the need to approach our colleagues every time, we implemented a simulation of a simple
three-level quantum system, where the levels are assumed to represent the ground X (1A1), the
excited B (1B2) and, optionally, the bright Chappuis 1 state C1 (1B1). The latter exclusively
absorbs light in the NIR spectral domain and is therefore neglected for the interaction of the
three-level quantum system with a pure DUV pump pulse. The three-level simulation does not
call for supercomputers or computer clusters, which are necessary for the previously described
and more elaborate full quantum mechanical approach (subsection 4.2.1), but can be evaluated
rather quickly within fractions of a second. As mentioned, it relies on the temporal propagation
of a three-level quantum system under the influence of electric fields in the DUV or NIR spectral
domain, which are either resonant with the X → B or X → C1 transition. Nonetheless, the
three-level-simulation already provides — at least within the very first few femtoseconds, where
negligence of nuclear motion is legitimate — quite useful information on the expected probability



60 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE60 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE60 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE

Time [fs]

B-
st

at
e 

po
pu

la
�o

n 
[%

 / 
10

0]

Time [fs]

X-
B-

co
he

re
nc

e

a b c

Figure 4.4: a) Simulated temporal evolution of the B state population of ozone for interaction
with a 268 nm, 10 fs FWHM DUV pulse, carrying (2.0 ± 0.5) µJ pulse energy. 40% population
of the B state is achievable for aligned ozone molecules. b) Local coherence between the ground
X state and excited B state electronic–nuclear wave packet at the FC point. c) Angle and
vibrational coordinate integrated B state-related nuclear wave packet density as a function of
the dissociative coordinate. At around 20 fs after maximum excitation, a significant part has
already left the FC region, indicating completed ozone photodissociation. Adapted with courtesy
of Ágnes Vibók and Gábor J. Halász.
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Figure 4.5: Simulated temporal evolution of X (black solid line) and B (red solid line) state-
associated population probability, using a three-level simulation for a) a 10 fs FWHM DUV
pulse and b) the experimental DUV pulse (blue solid lines) as retrieved from a DUV-TG-FROG
measurement (subsection 4.5.3). In both cases, the pulse parameters are identical, although
their exact pulse shapes differ from each other. For more information on the computational
details, see main text.
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of the B state population for varying DUV pulse energy and pulse shape, although it neglects
nuclear motion completely. However, it allows us to estimate the population probabilities, if the
experimental parameters are supposed to change and we want to know how these relate to the
experimental observable.

Formally, the unperturbed Hamiltonian of the three-level-system Ĥ0 and the light–matter inter-
action term V̂ (t) are written down as

Ĥ0 = }

0 0 0
0 ωNIR 0
0 0 ωUV

 , (4.9)

V̂ (t) = − ˆ⃗
d · ˆ⃗E(t) = −

 0 d⃗01 · E⃗(t) d⃗02 · E⃗(t)
d⃗10 · E⃗(t) 0 d⃗12 · E⃗(t)
d⃗20 · E⃗(t) d⃗21 · E⃗(t) 0

 , (4.10)

where d⃗ij = d⃗∗
ji are the dipole moments between states i and j, and E⃗(t) denotes the electric field

that may be comprised of a superposition of an NIR and a DUV pulse. The former quantities,
i.e. the dipole moments, were adjusted manually to match the results obtained from the more
elaborate calculations of our colleagues [77,78]. Therefore, the dipole moment d̂02 for the Hartley
band transition amounts to 1.6 Debye. Moreover, the level indexing is chosen such that i = 0
refers to the ground X state, i = 1 to the Chappuis 1 C1 state and i = 2 to the Hartley B state.

With these operators at hand, we solve the Lindblad-equation, using the density matrix ρ instead
of simple wave functions. Further, we neglect relaxation and loss terms and the equation of
motion is defined by

ρ̇ = − i

}
[
Ĥ(t), ρ

]
, (4.11)

where [·, ·] symbolizes the quantum mechanical commutator. The output of the three-level
simulation in terms of the temporal evolution of the X/B state-related population is shown in
Figure 4.5. The simulation assumes a DUV pump pulse, centered around 268 nm, and carries a
pulse energy of approximately 2 µJ. It is further assumed to be focused down to a beam waist
radius of w0 = 50 µm. Figure 4.5 a) displays the X → B population transfer of a pure 10 fs
Gaussian DUV pulse, while Figure 4.5 b) depicts the same for the experimental DUV pulse of
comparable pulse duration, as it is retrieved from a DUV-TG-FROG trace (subsection 4.5.3).
The experimental generation and characterization of the latter is explained in more detail in
section 4.5. Apparently, the simulations suggest that the population transfer behaves similarly in
both cases, with the pulse in b) showing a 10% smaller X → B population transfer. Once again,
we would like to point out that the population transfer refers to fully aligned ozone molecules.
Consequently, the B state population has to be multiplied by a factor of 1/3 when referring this
value to randomly aligned ozone molecules. The latter case reflects our experimental condition
and yields a maximum B state population of roughly 10% in case of Figure 4.5 b).
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4.3 Group Theoretical Aspects
Apart from the mere optimization of the B state population, there is another important detail
that must not be forgotten and without which the time-resolved excited state dynamics in
ozone would hardly be detectable, that is the angular distribution of photoelectron emission.
It is dictated by the molecular symmetry and in general by molecular selection rules regarding
optical transitions. Moreover, the exact molecular symmetry governs the symmetry and shape
of molecular orbitals with regard to the molecular frame and is a consequence of the fact that
they have to reflect the molecular symmetry itself. These molecular orbitals even get classified
after so-called irreducible representations of the point group that the molecule is assigned to (for
more information on groups, classes, and irreducible representations refer to the appendix B).
The following discussion strives for deriving qualitative arguments on how the experiment has
to be designed geometrically in order to maximize the emission yield of photoelectrons in pump–
probe TRPES-experiments. Basically, the photoelectrons emanate from either the ground or
excited state of ozone, but also from states of photodissociation products, like atomic or diatomic
oxygen. Specifically, the current approach borrows lessons learned from group theory.
The current section is structured as follows:
In the first subsection we will quickly review the C2v point group, which the ozone molecule
belongs to for equal bond lengths.
The second subsection will briefly discuss the cation states of ozone and the role, they play in
photoionization events.
This discussion is followed by a description of the angular distribution of photoelectron emission
for certain transitions. Finally, we will conclude with a derivation of an experimental geometry
in terms of DUV-/XUV-polarization that is capable of detecting excited state dynamics in
ozone. On these grounds, we will exemplify the procedure by looking at two scenarios. The very
same approach can be transferred to other molecules, but the exact molecular point group must
explicitly be taken into account.

4.3.1 The C2v Point Group

As pointed out in the introductory paragraph of this chapter, the C2v point group reflects the
symmetry of the ozone molecule. Unfortunately, we have not given a definition of it yet. This is
why we make up for it here. Based upon the group theoretical concepts presented in appendix
B, we would like to illustrate their application to the C2v point group. Let us have a look at
the ozone molecule in its molecular-frame coordinate system, where the x-axis is perpendicular
to and the z-axis lies in the molecular plane, where the latter bisects the opening angle of the
ozone molecule, as depicted in Figure 4.6.

By symmetry operations we mean those transforming the molecule in such a way that the
molecule is mapped onto itself and so that it is indistinguishable from its former arrangement
as an entity, although some atoms might interchange positions. Obviously, in the case of the
ozone molecule in C2v symmetry, the set of possible symmetry operations consists of 4 elements:
G = {E,C2,σv,σ′

v}. Here, E denotes the identity transform, leaving the molecule and all its
atoms unchanged. The symbols σv and σ′

v denote the two mirror planes from which the former
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Figure 4.6: Illustration of the action of the C2v point group symmetry operations G =
{E,C2,σv,σ′

v} on the ozone molecule in its molecular frame coordinate system. Topmost sub-
plot: identity operation E serves as a reference. Bottommost subplots: principal rotation axis
C2 (left) and mirror planes σv (middle) and σ′

v (right). All oxygen atoms are assumed to be
distinguishable and color-coded (blue, green and red circles) in order to keep track of their
positions.

bisects the molecule and which is perpendicular to the molecular plane and the latter lies in the
molecular plane. The operation C2 symbolizes the principal twofold (180°) rotation about the
z-axis. One can easily prove that this set of elements forms a group in a mathematical sense,
which is identical with the statement that the consecutive execution of any number of symmetry
operations can be replaced by the execution of a single symmetry operation, i.e. an element of
the group G itself. Moreover, each element in the C2v point group generates a class by itself,
because every element is only conjugated to itself. In addition to the present point group, there
exists a vast number of other groups with different symmetry operations. For an overview, see
for example [79].

The consecutive application of group elements (i.e. symmetry operations) does not necessarily
have to be commutative, but are allowed to depend on the order in which they are applied.
This immediately becomes clear when recognizing that the group operation is represented here
by a matrix multiplication, which is generally non-commutative. The ordered output is usually
summarized in form of a group multiplication table, like the one shown in Table 4.1.

Since it is often hard to find an explicit matrix representation of an arbitrary group, one is often
content with the characters of group elements R ∈ G, that is just a number. These characters
are summarized for all these classes (columns) in the so-called character table and attributed
to certain irreducible representations (rows), similar to the group multiplication table. It is
depicted in Table 4.2. In subsection 4.3.3, we will show how we will take advantage of this
character table in order to deduce the angular distribution of photoelectron emission.
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C2v E C2 σv σ′
v

E E C2 σv σ′
v

C2 C2 E σ′
v σv

σv σv σ′
v E C2

σ′
v σ′

v σv C2 E

Table 4.1: C2v point group multiplication table. The result of the consecutive execution of
symmetry operations refers to the case where these operations, shown as columns, are applied
prior to those from the rows. In this particular case the order does not matter, as the group is
commutative, but needs not to apply in general.

C2v 1E 1C2 1σv 1σ′
v

A1 1 1 1 1 z x2, y2, z2

A2 1 1 -1 -1 Rz xy

B1 1 -1 1 -1 x,Ry xz

B2 1 -1 -1 1 y,Rx yz

Table 4.2: C2v point group character table. The set of irreducible representations (rows) of all
groups always contains the so-called totally-symmetric representation A1 and exclusively carries
"1"s. The labelling of irreducible representations follows the Schoenflies-nomenclature [80]. The
number of group elements per class (columns) is given in the header of the table. Each class
is represented by a class representative. C2v is an Abelian group, so every group element forms
a class by itself. The impact of symmetry operations on rotations Rx,y,z and coordinate axes
x, y, z (two rightmost columns) are attributed to specific irreducible representations.

4.3.2 Cation States of Ozone

Owing to the circumstance that the B state-related dynamics cannot be probed directly, but
rather indirectly, by ejection of a photoelectron through XUV probe pulse induced photoion-
ization, we have to cast an eye on the set of B state-related cation states Ej numbered by an
index j. These are the energy eigenstates of the positively and singly charged ozone molecule
after removal of an electron and are also characterized by their irreducible representation. If the
ground X and excited B states, respectively, are considered as the initial states in the process
of photoionization, the cation states can be thought of as final states. A list of the 19 lowest
cation states of ozone, which were calculated by our colleagues Piero Decleva, Ágnes Vibók and
colleagues [70], is shown in increasing order of their ionization potential (except for 14th and
15th cation states) in Table 4.3. It includes their irreducible representation, their ionization po-
tentials Ej −EX/B, measured from either the ground X state or excited B state of the neutral
molecule, and their ionization probabilities Ijk(X/B), as introduced in subsubsection 4.2.1.3.
As pointed out above, we are primarily interested in detecting excited state-related photoelec-
trons from the B state. Obviously, by looking at Table 4.3, the third cation state (B-3 (1 2A2)) is
supposed to contribute most strongly to the photoionization signal, that belongs to the excited
B state. So, we will especially focus on this one when deriving an experimental setup for the
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pump–probe experiment in order to render its angular distribution in photoelectron emission
events detectable.

cation states (j) Ej-EX (eV) Ijk(X) Ej-EB (eV) Ijk(B)

1 (12A1) 12.38 0.72 6.59 0.08
2 (12B2) 12.51 0.69 6.72 0.09
3 (12A2) 13.20 0.71 7.42 0.41
4 (12B1) 14.14 0.00 8.36 0.00
5 (22A2) 14.45 0.00 8.66 0.00
6 (22B2) 15.18 0.01 9.40 0.01
7 (22A1) 15.58 0.00 9.80 0.02
8 (22B1) 16.35 0.29 10.56 0.24
9 (32A2) 16.50 0.00 10.72 0.00
10 (32B1) 17.10 0.06 11.32 0.02
11 (32A1) 17.33 0.27 11.54 0.32
12 (32B2) 17.65 0.13 11.87 0.41
13 (42B2) 18.18 0.01 12.41 0.03
14 (42A2) 18.64 0.00 12.85 0.00
15 (42B1) 18.61 0.00 12.83 0.00
16 (42A1) 19.07 0.01 13.29 0.01
17 (52B2) 19.61 0.04 13.83 0.02
18 (52A1) 19.48 0.26 13.70 0.11
19 (62B2) 19.94 0.42 14.16 0.04

Table 4.3: Calculated ab-initio ionization potentials in MRCI-SD(Q) level of theory. The 19
lowest-lying cation states with respect to either the ground state (X) or the Hartley band (B)
at the FC point. The quantity Ijk denotes the square of the Dyson norms, using CASSCF/aug-
cc-pVQZ level of theory. Adapted from [70].

4.3.3 Angular Distribution of Photoelectron Emission
Although the previous discussion is kept mainly formal, we would like to explicitly apply group
theoretical tools to determine whether the photoelectron continuum wave function for a specific
photoionization process might be detectable. The tools used here are based upon those in [81].
This approach is particularly important in the case of ozone, as the strength of the photoion-
ization process is to some extent proportional to the norm of the Dyson orbital between some
initial and any final state and its angular distribution. Moreover, the continuum wave function
of the ionized photoelectron needs not be totally symmetric, but is allowed to be a nonuniform
function of angle, exhibiting nodal lines or nodal planes. For the latter the knowledge of the
molecular symmetry is indispensable. The Dyson orbital, that is represented here as ϕD

IF , be-
tween an N -electron initial state (I) with wave function ϕ

(N)
I and an N − 1-electron final state

(F ) with wave function ϕ
(N−1)
F is defined as their overlap integral, just like in equation (4.6).

There, the integration runs across N − 1 electronic space and spin degrees of freedom (subsub-
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section 4.2.1.3). Now, the objective of the current discussion can be reduced to the calculation
of the photoionization cross section σIF f (Ek), using a certain polarization for the ionizing XUV
probe pulse ϵ̂ under photoelectron emission, the latter represented in form of a continuum wave
packet by ϕ(1)kf . It is defined by a momentum quantum number k and another quantum number
f , that is necessary to disentangle degenerate states associated with k, which in turn relates to
a kinetic energy Ek = }2k2

2me
. It is known [82,83] that the photoionization cross section σIF f (Ek)

in the single-active-electron approximation and in the sudden ionization limit is proportional to

σIF f (Ek) ∝
∣∣∣⟨ϕ(N)

F ,kf |µ⃗ · ϵ̂|ϕ(N)
I ⟩N

∣∣∣2 ∝
∣∣∣⟨ϕ(1)kf |r⃗ · ϵ̂|ϕD

IF ⟩r⃗

∣∣∣2, (4.12)

where µ⃗ is the dipole moment of the sample and r⃗ is again the electronic space coordinate.
ϕ
(N)
F ,kf summarizes the total wave function consisting of both the cationic final state F and the

continuum wave function ϕ(1)kf of the photoelectron with quantum numbers k and f . Integration
is performed over the set of all N electronic coordinates r⃗.

Additionally, if one is interested in the angular distribution and not in the total photoionization
cross section, one could simply restrict the integration in equation (4.12) to the radial coordinate
r =

√
r⃗ 2 and write the photoionization cross section down in terms of polar coordinates (θ,ϕ)

in the following way [82]

σIF f (Ek, θ,ϕ) ∝
∣∣∣DIF

kf (θ,ϕ)
∣∣∣2 , (4.13)

DIF
kf (θ,ϕ) = ⟨ϕ(1)kf |r⃗ · ϵ̂|ϕD

IF (r, θ,ϕ)⟩r, (4.14)

where we have expressed the angular part of the photoionization cross section in equation
(4.13) as the modulus square of the angular part of the so-called photoelectron matrix ele-
ment DIF

kf (r, θ,ϕ). The latter contains all the information to derive the angular distribution of
photoelectron emission.

Now, we want to fully devote ourselves to the observability of this photoelectron continuum
wave function in pump–probe TRPES-experiments along certain directions in the molecule-
fixed coordinate system. In order not to make the photoionization cross section σIF f (Ek)
(equation (4.12)) vanish at all, it must contain — in the language of group theory — the
totally symmetric irreducible representation A1 (Table 4.2). Consequently, this would yield a
photoelectron continuum wave function ϕ

(1)
kf that is more likely to be detected [81] and relates

to a certain angular distribution of photoelectron emission, compliant with equations (4.13) –
(4.14).

As of now, we do not want to calculate the integrals in equations (4.13) – (4.14) explicitly, but
take advantage of the strengths of group theory in predicting the irreducible representation of the
Dyson orbital. Knowing its irreducible representation allows us to determine the irreducible rep-
resentation of the photoelectron continuum wave function, which we are interested in to observe
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excited state dynamics in ozone. The irreducible representation of the Dyson orbital is simply
given by the row-wise and column-after-column multiplication of the corresponding characters
from Table 4.2 of its composing initial state and final state wave functions. For example, if the
initial wave function of the neutral I was characterized by the irreducible representation A2 and
the final wave function of its cation F by the irreducible representation B1, we would multiply
their characters (Table 4.2) element-wise, i.e. (1, 1, −1, −1) ⊙ (1, −1, 1, −1) = (1, −1, −1, 1),
where "⊙" stands for the entrywise Hadamard-product [84]. The result must usually be decom-
posed into a linear combination of character vectors (equation (B.6) of appendix B), associated
with an irreducible representation, but in the case of C2v point group, it reduces to a char-
acter vector of a single irreducible representation. Here, the result (1, −1, −1, 1) refers to the
characters of the B2 irreducible representation and is commonly written in form of a direct
product, like A2 ⊗B1 = B2, where "⊗" symbolizes the direct product, as defined in equation
(B.7) of appendix B.3. It should be stated that for the current point group, the direct product of
any irreducible representation with itself yields the totally symmetric irreducible representation
A1 = A1/2 ⊗A1/2 = B1/2 ⊗B1/2.

Regarding our aspiration of finding an experimental design, that is capable of rendering pho-
toelectron continuum wave function detectable, and for the sake of the upcoming discussion,
we want to keep our mind on the three lowest B state-related cation states from Table 4.3. In
particular, we want to focus on the third cation state B-3 (12A2), because it is expected to
contribute the strongest, based upon its huge squared Dyson norm (Ijk = 0.41), as compared
to the remaining B state-associated cation states.

Similarly, in order to optically excite the ozone molecule from its ground X (11A1) state into
the excited B (11B2) state via a DUV pump photon, the dipole transition matrix element
⟨X|µ⃗ · ϵ⃗|B⟩ for this process must not vanish either. Therefore, in order to make this integral
contain the A1 irreducible representation, the product of the transition dipole moment and
the DUV laser polarization µ⃗ · ϵ⃗ has to belong to the B2 irreducible representation so that
⟨X|µ⃗ · ϵ⃗|B⟩ =̂ A1 ⊗B2 ⊗B2 = A1 ⊗A1 = A1. Consequently, the B state can exclusively be
excited via a DUV pump pulse polarization pointing in y-direction of the molecular frame.
Following the same argument, it is impossible to populate a state from the ground X state
(11A1) that belongs to the A2 irreducible representation, since the possible laser polarization
refers to either x (B1), y (B2) or z (A1), respectively. Hence, the resulting dipole integral never
contains the A1 irreducible representation and is therefore dipole-forbidden. Only magnetic
dipole transitions (Rz) or electric quadrupole transitions (xy), all attributed to the A2 irreducible
representation, can drive this particular transition (Table 4.2).

In advance of the subsequent discussion, let us first have a look at what the experimental setup
is going to look like (Figure 4.7). The pulse train, consisting of DUV pump pulse (blue solid
line) and XUV probe pulse (purple solid line), enters the interaction region along the laboratory
x-axis from the upper right corner. A randomly oriented ensemble of ozone molecules is released
into the interaction region along the laboratory y-axis through a graphite-coated glass nozzle.
The ionized photoelectons, which carry information on the entire molecular dynamics in ozone,
are collected along the laboratory z-axis by a TOF detector (subsection 3.2.3).
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Figure 4.7: Experimental geometry as used for the pump–probe TRPES-measurements on
ozone. The pulse train, consisting of the DUV pump pulse (blue solid line) and the XUV probe
pulse (purple solid line), comes from the upper right corner (x-axis) and interacts with the ozone
sample. The latter exits a graphite-coated glass nozzle (y-axis) in a randomly oriented fashion,
as we forgo molecular alignment. The entire molecular dynamics are detected by an electron
time-of-flight (TOF) detector (z-axis).

From now on, we always require that detection of ozone-related electronic and molecular dynam-
ics has to take place perpendicular to the DUV pump pulse polarization in order not to compete
with laser-induced photoelectron momentum shifts by parallel attosecond streaking (section A.1
of appendix A). If these streaking-shifts were not prohibited, our measurements would otherwise
be compromised by them and it would be impossible to discriminate between momentum shifts
induced by molecular dynamics or streaking. Considering the constraints with regard to the
used polarization of the XUV probe and the DUV pump pulses, only two possible experimental
designs come into consideration:
The first option (I) features a parallel polarization of the ionizing XUV and the DUV pulses
(XUV ∥ DUV ). There, one measures the released photoelectrons in a plane that is perpendic-
ular to the laser polarization. The second possibility (II) comprises a detection of the ejected
photoelectrons alongside the XUV polarization, while being perpendicular to the DUV polar-
ization (XUV ⊥ DUV ). As we will see soon, only the second option (II) of crossed XUV–DUV
polarization — indicated in Figure 4.7 — proves itself promising in detecting B state-related
electronic and nuclear dynamics, whilst streaking-induced momentum shifts are minimized.

Let us start with the discussion of option (I), i.e. parallel XUV–DUV polarization. Since the
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ozone molecule gets excited via a y-polarized DUV pump photon (in the molecular frame) and is
probed by a y-polarized XUV-photon and as we are mainly interested in excited ozone molecules,
we always need to detect the photoelectrons along any direction within the molecular x-z-plane.
Because the molecular and laboratory frames need not coincide, regarding their orientation, they
do coincide for ozone molecules, which are accidentally aligned like the red molecule (except for a
rotation about the common y-axis in Figure 4.7) and to which we restrict our discussion here. As
stated above, even a rotation about the molecular y-axis (identical with the laboratory y-axis)
does not change much in terms of the arguments of the current discussion, because orientation
of the x-z-plane is maintained.

Getting back to the current discussion of the first case (I), Figure 4.8 a) tells us that the
continuum wave function for the most intense, excited state-related photoionization process
B (1 1B2)

y−pol.−−−−→ B+ (1 2A2) (cation state B-3 in Table 4.3) belongs to the A2 irreducible rep-
resentation (column "y-pol.", lowermost row). Generally, the continuum wave function of the
ejected photoelectron is expanded in a Taylor series of partial waves. Figure 4.8 b) depicts their
angular distribution as a function of angular momentum quantum number (columns) and de-
pending on their irreducible representation (rows). In case of the A2 irreducible representation,
we conclude that the x-z-plane is a nodal plane, effectively reducing the detection yield of pho-
toelectrons along directions within this plane. Consequently and due to low photoelectron yield,
we discard the experimental geometry (I) of parallel XUV–DUV polarization, i.e. y-polarization.

The situation changes when looking at the second case (II) of crossed XUV–DUV polarization.
As the DUV polarization is always assumed to point along the molecular y-axis, the XUV
polarization is allowed to point along any direction within the x-z-plane, which is identical with
the TOF-axis orientation in the laboratory frame. Now, Figure 4.8 a) predicts either the A1 or
the B1 irreducible representation for the photoionization process B (1 1B2)

x/z−pol.−−−−−→ B+ (1 2A2)
(columns "x-pol."/"z-pol."). By comparison with Figure 4.8 b), we conclude that some of the
angular distributions referring to either A1 or B1 lack nodal lines or nodal planes within the
x-z-plane. This shows that we found an experimental geometry in which the photoelectron yield
is inherently higher than compared to the first geometry (I). This derivation of an experimental
configuration was possible by exploiting group theoretical means without the exact knowledge
of the photoelectron continuum wave function and solely results from symmetry considerations.

4.4 Few-Femtosecond XUV Probe Pulse Generation
After having discussed the detection of photoelectrons emerging from the excited B state of
neutral ozone by means of group theoretical arguments, we now want to concentrate our attention
on the required energy resolution, given by the bandwidth of the XUV probe pulse spectrum.
Although some of the X and B state-associated cation states (in particular: X-1 to X-3 and B-3;
Table 4.3) are well separated from each other in terms of energy, the XUV bandwidth cannot
be chosen arbitrarily due to the following reason: Measuring the fastest processes in molecules
or solids and trying to unveil their femtosecond or even attosecond dynamics is at the heart
of pump–probe experiments. For retaining a decent spectral and temporal resolution of these
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a b

Figure 4.8: a) Irreducible representations of continuum wave functions (bold characters),
dependent on the state which the XUV pulse ionizes photoelectrons from (first column),
cation channels (second column) and XUV-polarization in the molecular frame (three rightmost
columns). b) Angular distribution of photoelectron continuum wave functions, represented by
surface spherical harmonics and as a function of angular momentum (columns) and sorted by
irreducible representations (rows). Adapted from [81].

dynamics without smearing out any of them, both must be chosen accordingly. The concept of
the time–bandwidth product was already introduced in section 2.1 when we dealt with few-cycle
laser pulses. The main message conveyed was that the shorter a pulse (temporal resolution),
the broader its spectrum (spectral resolution) and vice versa. This statement can directly be
transferred to our current situation when realizing that the temporal resolution is directly linked
to the duration of the ionizing XUV probe pulse. It implies that the energy separation between
the dynamics-involved states limits the maximally acceptable bandwidth and determines the
minimal XUV pulse duration. Regarding the current situation, where we try to unravel the
temporal evolution of the transiently populated B state during ozone photodissociation, we try
to discern it unambiguously from the ground X state dynamics. Therefore, we ran numerical
simulations trying to mimic a photoelectron spectrum of ozone for a specific spectral bandwidth
of the XUV probe pulse and are introduced and explained in the first subsection. The second
subsection finally presents the XUV spectrum, as it is used in the experiment.

4.4.1 Required XUV Probe Pulse Energy Resolution

Figure 4.9 displays the cation states from Table 4.3 graphically, neglecting their rovibrational-
structure such that they appear as peaks in a sticky spectrum at well-defined energies. The blue
and red vertical lines refer to the ground X state- and excited B state-associated cation states,
respectively. Moreover, this illustration neglects any angular dependence, that might vary with
the irreducible representation, and detection issues, as they would occur in TRPES-experiments
(section 4.3). Now, we try to derive a reasonable XUV spectral bandwidth so that the X state-
related cation states remain distinguishable from the third cation state (B-3 in Table 4.3). The
latter state is chosen, since it exhibits the highest photoionization probability and, additionally,
is characterized by a distinct energy separation from the X state-associated cation states (X-1 to
X-3 in Table 4.3). Aside from this, photoelectrons that are associated with oxygen and which get
produced after completion of ozone photodissociation will show up in the gap between the two
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primary peaks of the ozone photoelectron spectrum (Figure 4.9). If the XUV bandwidth had
been chosen too broad, their observation would have been hampered by reasons similar to those
mentioned above. The green solid line in Figure 4.9 shows the result of a convolution between X
and B state-related cation states (blue and red vertical lines) and a Gaussian of 1.1 eV bandwidth
FWHM. Apparently, it allows for the unambiguous assignment of photoelectrons to either X or
B state-associated cation states and to oxygen-related cation states in the gap between the two
primary peaks (X-1 to X-3 and X-16 to X-19).

Consequently, Figure 4.9 further displays a typical photoelectron spectrum, measured with an
XUV probe pulse that has a FWHM bandwidth of 1.1 eV and that is centered around 99.5 eV
(light gray shaded area). The dark gray solid line depicts another simulated ozone photoelec-
tron spectrum considering X state-related cation states only. These states belong to different
irreducible representations and, consequently, refer to different angular distributions upon pho-
toemission. Further, they are weighted by fit to the experimentally obtained ozone photoelectron
spectrum (light gray shaded area). This is necessary to account for issues regarding the observ-
ability of certain cation states at least qualitatively. Moreover, it performs a convolution of all
these weighted states with the experimental XUV spectrum (central photon energy: 99.5 eV /
1.1 eV bandwidth FWHM; subsection 4.4.2). Additionally, it is convolved with another Gaussian
of 1.5 eV bandwidth FWHM. The latter, however, is needed to take the limited relative temporal
resolution of the TOF detector into account and amounts to T/∆T ≈ 100. Here, T and ∆T
refer to the time of flight of an electron and temporal measurement uncertainty, respectively.
This value is equivalent to an energy resolution of roughly 2 eV around 99.5 eV and shows very
good agreement with the measured photoelectron spectrum of ozone (light gray shaded area),
except for very low photoelectron kinetic energies. The deviation is due to missing information
on cation states in this energy range. On the whole, such a narrow-bandwidth XUV spectrum
(1.1 eV bandwidth FWHM; 1.7 fs XUV pulse duration Fourier limit) allows for the uncompro-
mised distinction between photoelectron wave packets emerging from the ground X state, the
excited B state or even from oxygen associated cation states.

4.4.2 XUV Spectrum used in the Experiment

Regarding the XUV pulse generation, explained in section 3.2, we generate a train of XUV
probe pulses via HHG in a quasi-static gas cell, filled with neon at approximately 165 mbar
backing pressure. This target is then subjected to our CEP-controlled few-cycle NIR pulse
(1.2 mJ, 3.9 fs). Spectral filtering, that fulfills the temporal and spectral constraints discussed
previously, takes place via a suitably designed dielectric multilayer XUV bandpass mirror, whose
reflectivity profile is shown in Figure 4.10 a) as a function of XUV photon energy. It is based upon
a molybdenum–silicon (MoSi) system, in which the silicon absorbs high-energy photons above
100 eV and which has a central energy of 99.6 eV at the position of the highest reflectivity value.
Moreover, it is characterized by a rather narrow spectral bandwidth of approximately 1.75 eV
FWHM. It is the silicon that enables the 1.1 eV narrow bandwidth of the XUV mirror. Using it
together with a combination of a 500 nm silicon filter and a 150 nm molybdenum metallic filter
(Figure 4.10 b)), both being used in transmission, completes the spectral filtering of our original
XUV spectrum (Figure 4.10 b)). In total, their application gives rise to a spectrally narrow



72 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE72 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE72 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE

70 75 80 85 90 95 100
Photoelectron Kinetic Energy [eV]

0

0.2

0.4

0.6

0.8

1

Co
un

ts
 [a

rb
. u

ni
ts

]

experimental data

XUV + Gaussian convolved 
cation states 
Gaussian convolved X-/B-state
related cation states
X state-related cation states
B state-related cation states

Figure 4.9: Typical ozone photoelectron spectrum (light gray shaded area), recorded with an
XUV probe pulse spectrum centered around 99.5 eV and with 1.1 eV bandwidth FWHM. The
ground X (blue vertical lines) and B (red vertical lines) state-related cation states are shown
as well. The dark gray solid line illustrates a simulated photoelectron spectrum for X state-
associated cation states, convolved with both the XUV spectrum (1.1 eV bandwidth FWHM)
and with an additional Gaussian function of 1.5 eV bandwidth FWHM. The latter accounts
for the energy resolution of the TOF detector. Moreover, the pole strength of X state-related
cation states belonging to different irreducible representations are scaled with respect to those of
other irreducible representations in order to find the best accordance with the measured ozone
photoelectron spectrum (light gray shaded area). The green solid line shows both X and B
state-related cation states convolved with the Gaussian XUV bandwidth only (1.1 eV FWHM).

XUV probe pulse with roughly 1.7 fs FWHM duration and is displayed in Figure 4.10 d). The
resulting XUV spectrum is centered around 99.5 eV with a 1.1 eV bandwidth, showing a rather
clean high-photon-energy side as compared to the unfiltered, calibrated XUV spectrum. The
XUV spectrum itself is usually recorded after transmission through a 3 µm thick zirconium filter.
It is necessary to protect the XUV-CCD camera against NIR radiation, that would otherwise
damage the camera. In total, we achieve an XUV pulse energy of roughly 1 pJ on target, that
is equivalent to 1 × 1012 W cm−2 at a focal beam waist of roughly 15 µm.

4.5 Femtosecond DUV Pump Pulse Generation
The first subsection of this section deals with two approaches concerning the generation of ul-
trashort DUV pulses. In order to motivate these attempts, it is quite helpful to recapitulate
the necessary features which our radiation source has to fulfill. On the one hand, we aim at
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Figure 4.10: a) Reflectivity of the 1.75 eV-bandwidth, molybdenum–silicon (MoSi) multilayer
XUV mirror as a function of XUV photon energy and without additional metallic filters. b)
Typical calibrated XUV spectrum, taken after transmission through a 3 µm thick zirconium
filter. c) Total transmission function of the set of metallic filters used (150 nm Mo and 500 nm
Si). d) Simulated XUV spectrum with 1.1 eV bandwidth FWHM, as used on target, taking all
mirror reflections (MoSi-multilayer XUV mirror and Ni-coated grazing incidence toroidal mirror
of the AS2-interferometer) and filter transmission factors from c) into account. Please notice
that the x-axis in d) deviates from those in a) – c) for clarity.

kicking off the photodissociation of ozone. It is known to happen on a few tens of femtoseconds
and, hence, calls for short DUV pulses to enable its experimental observation. On the other
hand, relatively high intensities in the DUV spectral range on the order of 1 × 1012 W cm−2 –
1 × 1013 W cm−2 are a prerequisite for launching the photolysis of ozone to a measurable extent.
Since the DUV pulse generation rests on nonlinear frequency up-conversion, we know from chap-
ter 2 that the conversion efficiency usually increases with the length of the nonlinear material,
but chromatic dispersion also does. The latter leads to temporal spreading of the generated
harmonic. Apparently, short and intense pulses are usually mutually exclusive. Moreover, the
fact that the third harmonic of our laser spectrum accidentally coincides quite well with the
position of the Hartley absorption band between 200 nm and 300 nm, our very first attempt
is to generate the required DUV pulses via THG in neon. Because gases usually exhibit less
chromatic dispersion than solids, this approach is predestined to solve this problem in the first
place. Nonetheless, we will see in the course of this section that ultrathin BBOs perform better
due to a bunch of reasons.
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Figure 4.11: Schematic illustration of the THG setup for the generation of ultrashort DUV
pulses, as used in the AS2-beamline at MPQ before DUV source revision. For explanation of
the various components, see main text.

4.5.1 Early Attempt — THG Gas Phase Target

As atoms possess an inversion symmetry center, their lowest order of nonlinearity is three5.
Among all rare gas atoms, neon has proved to perform best for THG, whilst introducing little
chromatic dispersion, and that it is possible to generate 3 fs short DUV pulses [7, 85]. A sketch
of the adapted experimental setup, as implemented in the AS2-delay chamber together with
Michael Jobst [56], is illustrated in Figure 4.11.

The heart of this setup is formed by a quasi-static neon gas cell. It is basically realized by a
ceramic tube with 300 µm small holes on either side, which are predrilled perpendicularly to the
tube axis. These are similiar to the ones already employed for HHG (Figure 3.3). The predrilled
holes enable the fundamental NIR laser pulse to traverse and interact with the nonlinear medium.
The NIR pulse in front of the THG target usually has a pulse energy of roughly 540 µJ [56].
The targets are put close to the intermediate focus of the delay chamber and are encased in
an additional vacuum system for differential pumping, which, in turn, is embedded in the delay
chamber itself. A one-dimensional translation stage put underneath the entire assembly offers
us the possibility to move the THG target along the focus and allows us to find the point
of best operation in terms of optimal phase-matching. Another degree of freedom for proper
phase-matching emerges from the neon gas pressure and is adjusted by a highly sensitive dosing
valve from outside the chamber. It usually runs at 9 bar for nearly optimal phase-matching.

5Only materials lacking centrosymmetry exhibit second order nonlinearities (chapter 2).
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Because of the vast amount of exhausting gas from the ceramic target, one has to prevent
it from getting into the delay chamber by the already mentioned, target-encasing two-stage
differentially pumped vacuum system, as indicated by the big red arrows in Figure 4.11 and
which is presented in more detail in the following:

The first stage of the differential pumping assembly removes most of the gas spilling out of
the target, whereas the second stage, right after the first one, turned out to be essential to
remove residual amount of gas. If the neon was not removed, it would hamper the experiment
otherwise, due to residual neon atoms reabsorbing XUV-photons on their passage through the
delay chamber. In order to retain enough gas within the first as well as in the second stage,
we added extra predrilled sinter filters at the junctures between the first and second stage, and
also at the transition from the second stage into the delay chamber (sketched as light blue
rectangles inside of the differential pumping scheme in Figure 4.11). Both effectively act as
a flow resistance for the exhausting gas. In order to lock up the first stage on the entrance
side and to further reduce the residual gas load inside the delay chamber, we used a rather
thin (approximately 50 µm) fused silica entrance platelet (abbreviated as EW in Figure 4.11).
Unfortunately, we could not simply use another fused silica platelet as exit window due to a
more dramatic impact of chromatic dispersion, that is imposed on the DUV pulse in contrast to
the NIR pulse. With this setup, we are able to keep the residual backing pressure of the delay
chamber below 6 × 10−3 mbar when the THG target is run at 9 bar neon backing pressure. In
this way, the setup is shown to deliver DUV pulses around 266 nm and even down to shorter-
wavelengths, having an energy per pulse of 7 µJ at 7 bar of neon [56].

Despite these extraordinary good performance, we now want to turn to its drawbacks, as we
could not use all of its power, once it arrives at the interaction zone of the experimental chamber.
The first drawback can be sought in the following: Governed by the nature of the THG process
in an atomic vapor, the polarization of the third harmonic (DUV) was identical with that of the
fundamental pulse (NIR). This issue is indicated by an encircled black dot (⊙) in Figure 4.11 and
refers to a polarization that is out of plane with the chamber. As outlined in subsection 4.3.3,
the uncompromised measurement of the ozone photodissociation dynamics requires to get rid of
the NIR almost completely in order to avoid momentum shifts induced by streaking (appendix
A.1). This is quite a challenging task, because the third harmonic is collinearly generated with
the NIR and the overall THG conversion efficiency is rather poor (approximately 1%). Since
transversal streaking scales quadratically with increasing wavelength6 the overall attenuation of
the fundamental needs to be on the order of 104 or better.

In our case, the spectral filtering of DUV and NIR relies on the following approach: A combi-
nation of two NIR suppressing, but DUV reflecting dielectric mirrors (Figure 4.12 a)) and two
silicon wafers (SW in Figure 4.11) put at Brewster’s angle for the NIR (Figure 4.12 b)) lead
to a sufficiently good NIR reduction at the expense of a 90% loss of DUV radiation, solely in
the latter case. We have to use the silicon chicane anyway, since the dielectric mirrors (Figure
4.12 a)) only suppress the NIR between 700 nm and 900 nm by a factor of approximately 10,
while they reflect DUV radiation around 266 nm up to 95% (DUV mirror reflectivity curve is

6due to its linear dependence on the ponderomotive potential Up (equation (A.2b) in appendix A.1)
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shown in Figure 4.12 a)). Regarding the silicon chicane, the reason for why they transmit DUV
radiation so poorly lies in their 30% reflectivity in the DUV spectral range when applied at
Brewster’s angle (red solid line in Figure 4.12 b)). Consequently, we lose more than 90% of the
DUV radiation after two reflections (roughly 10% overall reflection efficiency). The situation
would change, if the DUV polarization was rotated by 90° with regard to the NIR polarization.
Then, we would keep approximately 83% after traversal through the silicon wafer chicane (blue
solid line in Figure 4.12 b)). It is this property that will make us use the silicon wafer chicane
in this configuration, once the DUV generation setup has been revised (subsection 4.5.2) and
finally makes the ozone experiment work due to better DUV / NIR separation and improved
DUV transmission into the experimental chamber. The second drawback refers to the long-term
pointing stability, necessary to run the ozone experiment: As stated above, the DUV generation
takes place in an interaction region whose profile is on the order of 300 µm in diameter. This
circumstance enforces a highly reliable beam pointing stability over a very long time. Experi-
mentally, we found that — in spite of exploiting a beam pointing stabilizing feedback loop —
recording even a single measurement on ozone easily exceeds a three-quarter hour. Still, evolv-
ing long-term drifts turned out to be hard to compensate for, as the beam stabilizer follows the
motion of the chamber, which it resides in. Only short to moderate drifts could be coped with.
In the sequel, the DUV flux could not be maintained over the course of a single measurement,
but deteriorates to a noteworthy extent so that the collected data is useless. We attribute this
to the sheer fact of having such a small THG target aperture of 300 µm, making the NIR beam
leave its aperture. A third drawback — basically of economical character — but must not be
neglected, came into play when the Ukraine crisis culminated in 2014. Back then, the neon price
has kept increasing for quite some time and finally peaked at a maximum of 30.000 per bottle.
For comparison, in former years a single Ne bottle could be purchased for approximately 1.000
. Owing to this market development, retention to this kind of DUV generation was rendered
unreasonable and in combination with the aforementioned scientific reasons involved a revision
of our DUV generation scheme.

4.5.2 Current Attempt — SHG Solid State Target

Before reviewing our DUV radiation source, we should be aware of its required features first,
making up for the disadvantages of the former approach. Preferably, the new DUV radiation
source has to be . . .

• minimally dispersive and should provide short and intense DUV pulses on target

• easy to implement

• long-term stable with respect to minor beam pointing instabilities

• long-term stable in terms of DUV flux

• tunable to some extent in terms of wavelength

• separable from NIR without losing too much DUV

• cross-polarized with respect to the XUV.
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Figure 4.12: a) Reflectivity of a single DUV reflecting / NIR attenuating, specially designed
dielectric bandpass mirror at normal incidence (0°). b) Total reflectivity of p-polarized (red solid
line) and s-polarized (blue solid line) light at a two-stage silicon wafer chicane, both set at 75°
angle of incidence with regard to the wafer’s normal. If the DUV light was s-polarized relative
to the wafer’s plane of incidence, we would maintain more than 83% after traversal through the
silicon wafer chicane. However, the NIR part should still be p-polarized in order to make the
silicon wafer chicane work as a DUV–NIR filtering stage.

In principle, one could have thought of a setup, that satisfies each of the aforementioned features
to a very high degree, which, in turn, would commonly cause tremendous amount of space and
complexity. Unfortunately, the spatial extension of the delay chamber limits the intricacy of our
revised DUV radiation source, as it should fit into the AS2-interferometer, placing approximately
two meters of space at our disposal to accomplish these tasks. It is not an uncommon step,
deliberating the rather simple THG setup used previously. So we sought a compact replacement
for it and strove for an SHG scheme that is supposed to be even more efficient than THG and
that already satisfies the first condition. If the crystal thickness was chosen reasonably, it would
even satisfy the prerequisite of delivering short and intense DUV pulses. This issue is addressed
individually in the next subsubsection.

However, exploiting second order nonlinear effects, like SHG, implies the usage of materials that
lack a center of inversion, unlike in the case of THG. This is the case for birefringent crystals,
like BBO. Usually the size of their aperture (roughly 3 mm in diameter as opposed to 300 µm
in case of THG targets) renders the second and third feature achievable, because small beam
pointing instabilities do not lead to a total loss of DUV radiation as long as the beam traverses
the crystal. The fourth feature is supposed to be fulfilled automatically, because the amount of
DUV generating material does not change with time and is supposed to deliver a temporally
stable DUV flux. This has to be contrasted with the gas-based THG approach, where the
temporal stability directly depends on the amount of provided gas. As we learned in chapter 2,
when we dealt with second order nonlinear effects in particular, phase-matching must be fulfilled
for efficient second harmonic generation (paragraph 2.2.3.1). Wavelength tunability can to some
extent be considered as a by-product of the phase-matching condition and merely depends on the
bandwidth of the DUV generating spectrum. The most important and most beneficial features
of the revised DUV setup are summarized by the last two items in the above list. As stated
previously, efficient DUV separability from the NIR radiation is a prerequisite for the ozone
experiment, and so is a cross-polarized DUV–XUV pulse train. In subsection 4.3.3 we explicitly
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Figure 4.13: Illustration of a spectrally broadened NIR spectrum, concomitant with HHG at
140 mbar backing pressure of neon (red) and an unbroadened NIR spectrum without accompa-
nying HHG at 0 mbar backing pressure of neon (blue) are shown for comparison. A substantial
increase of spectral components between 500 nm and 600 nm is visible and turns out be respon-
sible for 90% of the subsequent DUV yield.

deal with the angular distribution of photoelectrons emanating from different states and from
the B state in particular, using a picture that is motivated by group theory. There, we conclude
that the observability of photoelectrons tremendously depends on the symmetry of the involved
states during photoelectron emission, the polarization of the ionizing XUV probe pulse and on
the orientation of the ozone molecule relative to the detector in the laboratory frame (equations
(4.13) – (4.14)). Regarding the efficient separation of DUV and NIR, we have found a way out
of this dilemma, that even allows us to retain the two-stage silicon wafer chicane and benefit
from its full filtering capability (NIR suppression factor: 104), when using crossed DUV–NIR
polarization. Because type-I SHG inherently rotates the polarization of the generated DUV with
respect to that of the NIR, our goal is reached automatically. Thus, subsequent rotation of the
DUV polarization is superfluous.

Still, an overall problem consists in the lack of appropriate spectral components in the range
between 500 nm and 600 nm of the NIR spectrum in order to efficiently generate DUV via
SHG. In the former setup we make use of the fact that the spectral range of the ozone Hartley
band accidentally overlapped with the third harmonic of our laser spectrum. Unfortunately,
this is not the case regarding an SHG approach. Up to now, we do not have a sufficient
amount of spectral components between 500 nm and 600 nm (Figure 3.2), that is a prerequisite
to produce light between 250 nm and 300 nm. One way out is to exploit HHG-accompanying
nonlinear effects, like plasma-induced blue-shifting [86] of the optical NIR spectrum, as well
as SPM [87] (paragraph 2.2.3.2), effectively producing new spectral components in the desired
spectral domain. It is experimentally proven that one can find a compromise between HHG and
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Figure 4.14: Schematic illustration of the SHG setup for the generation of ultrashort DUV
pulses, as used in the AS2-beamline at MPQ after revision of the DUV source. For explanation,
see main text.

spectral broadening of the NIR spectrum so that DUV generation becomes more efficient without
spoiling our XUV yield to a noteworthy extent. Spectrally broadened (red shaded area) and
unbroadened (blue shaded area) NIR spectra are shown in Figure 4.13. The oscillatory pattern
on the high frequency / short wavelength side of the optical spectrum is a clear indication for
plasma contributions as explained for example in [86,88].

A schematic illustration of our revised DUV generation setup is depicted in Figure 4.14. The
HHG-accompanying spectral broadening of the NIR spectrum is illustrated as a red-green-shaded
beam, entering the Mach-Zehnder interferometer of the AS2-delay chamber at its first perforated
mirror (PM1). There, the XUV–NIR pulse train gets separated and the spectrally broadened
NIR pulse is focused into the intermediate focus of the NIR-arm of the AS2-interferometer.
As we go along our revised DUV setup, we implement a sequence of NIR-only attenuating
elements. The first attenuating device is a specially designed broadband dielectric attenuating
mirror (MF1 in Figure 4.14) that reflects light around 536 nm with a bandwidth of 210 nm
FWHM. Its reflectivity curve is displayed in Figure 4.15.

Regarding the BBO holder (BBO SHG in Figure 4.14), two motorized rotation stages allow us
to rotate the crystal about two axes7 in order to satisfy the phase-matching condition (indicated
by two arrowed circles next to and above the BBO). Now, since we exploit type-I SHG for DUV
generation, its polarization is crossed with regard to that of the NIR. As our second filtering

7one along the propagation axis and another about an out-of-plane axis
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Figure 4.15: Reflectivity of the first NIR-only attenuating dielectric bandpass mirror (MF1 in
Figure 4.14). It mainly reflects up to roughly 56% of green spectral components around 536 nm
(FWHM bandwidth: 210 nm). Only 10% of 800 nm radiation are reflected.

stage, we once again apply the silicon wafer (SW) chicane (subsection 4.5.1). In contrast to the
former THG setup, we do not lose as much DUV as before, owing to the s-like polarization with
respect to the plane of incidence of the silicon wafer chicane. This fact is the key, since more
than 83% make it through the second filtering stage, while the NIR is attenuated by more than
four orders (> 104) of magnitude. After the silicon chicane, we are basically supplied with a pure
DUV beam. Residual NIR contributions could be got rid of by a set of identical NIR-attenuating
dielectric mirrors (MF2 in Figure 4.14), as they are already used in the THG approach. They
usually reflect more than 95% of the DUV with negligible phase distortions (Figure 4.12 a)).
The polarization of our pure DUV beam is illustrated by a two-sided arrow, that is oriented
perpendicularly to the DUV beam (blue beam in Figure 4.14). As we recombine the XUV and
the DUV (purple and blue beams in Figure 4.14, respectively) on the second perforated mirror
(PM2), we end up with a collinear, NIR-free, cross-polarized and pure XUV–DUV pulse train.
Both beams are then — as always — focused by a nickel-coated grazing-incidence toroidal mirror
(TM) into the experimental chamber onto a common spot underneath the TOF.

Simulation of Ultrashort DUV Pulses in Ultrathin BBO Platelets

Before implementing a revised SHG-based DUV setup, we performed numerical calculations to
find the more or less optimal BBO crystal thickness. The simulation assumes a one-dimensional
propagation through such a crystal and is based upon the spatially propagated unidirectional
pulse propagation equation (z-UPPE) [89], whose equation of motion is written down as
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∂

∂z
Eo/e(ω, z) = ikzEo/e(ω, z) + iω2

2ϵ0c2
0kz

Po/e(ω, z). (4.15)

Here, we neglect contributions arising from electric or magnetic currents and momentum compo-
nents along the remaining x- and y-axes as well as any back-propagating waves. Eo/e(ω, z) is the
Fourier transform of the ordinary (o) or extraordinary (e) electric field vector, respectively, and
is defined relative to the orientation of the crystal optic axis. kz = kz(ω, θ) = ω

c0

√
no/e(ω, θ)

is the momentum vector along the propagated z-axis and depends on the angle between the
crystal optic axis and the z-axis for the extraordinary beam only. The term Po/e(ω, z) is the
Fourier transform of the polarization vector for either the ordinary or extraordinary ray and
comprises linear and nonlinear contributions. While the former expression is calculated using
the linear susceptibility tensor in the spectral domain according to equation (2.23) and following
a Sellmeier equation approach, the latter is calculated using a time domain version of equations
(2.39) – (2.40) up to third order. Since any order of nonlinearity is assumed to follow the driv-
ing electric field instantaneously, we neglect dispersion effects, concomitant with the nonlinear
susceptibility. To some extent, this is a reasonable and legitimate approximation as long as
one is far away from resonances. On that account, i.e. calculating the nonlinearity in the time
domain, the simulation benefits from covering all second (SHG, SFG/DFG and OR; subsub-
section 2.2.3.1) and third (THG and SPM; subsubsection 2.2.3.2) order nonlinearities at once
in the time-domain picture. Moreover, we take the tensor nature of the linear and nonlinear
susceptibilities in their full dimensionality explicitly into account and, hence, the influence of
the crystal orientation with regard to the incident pulse via a coordinate transformation from
the reference frame into the crystal frame [34]. As the pulse propagates at the speed of light
through the crystal, it would leave the computation window rather quickly, if we did not choose
a reference frame that travels at the same speed along with the pulse.

Concerning the nonlinear coefficients, we assumed intrinsic permutation symmetry, Kleinman’s
symmetry and full permutation symmetry to be applicable (paragraph 2.2.3.1). The applicabil-
ity of these approximations seems to be justified, since we simulate DUV generation far from
resonance and in such a narrow spectral domain that nonlinear coefficients can be regarded
frequency-independent. The simulation is numerically propagated using a Runge-Kutta algo-
rithm of fourth order at reasonably small steps [90].

In order to obtain realistic results that compare to the experiment, we use the broadened spec-
trum from Figure 4.13 as input to our simulation. We further assume it to possess a flat spectral
phase. Since the NIR is expected to contribute negligibly to the overall SHG process due to
improper phase-matching, we forgo removing the NIR before running the simulation. Moreover,
we estimate an input peak intensity for the green spectral components of the NIR spectrum of
Ipeak ≈ 2 × 1013 W cm−2 via Ipeak = 0.94 · Ep

π·w2
0 ·τp

. Here, Ep = 0.30· 300 µJ = 90 µJ, w0 = 180 µm
and τp = 4 fs are used and the 300 µJ refer to the overall pulse energy of the NIR in front of the
BBO. We calculate that 30% of this energy comes from spectral components between 500 nm
and 600 nm after spectral broadening in the HHG target. The numerical calculations propose
to make use of approximately 20 µm thin and freestanding BBO platelets as nonlinear medium,
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Figure 4.16: Comparison of DUV spectra, obtained from a direct measurement (blue shaded
area), from the z-UPPE simulation, taking the broadened spectrum from Figure 4.13 as input
and assuming a flat spectral phase (red solid line), and from a reconstructed DUV-TG-FROG
spectrogram (green dashed line). In order to ease comparison, the simulated and retrieved
spectra are multiplied by the DUV transmission profile (Figure 4.17), used for measuring the
DUV spectrum.

which are cut at θ = 44.3° and ϕ = 90° for suitable SHG around 536 nm. Thus, Figure 4.16
shows a comparison between spectra obtained in various ways: The blue shaded area illustrates
a measured DUV spectrum for a ∼20 µm thin and freestanding BBO crystal, while the solid
red line depicts a simulated spectrum from the aforementioned z-UPPE simulation, assuming
an identical crystal. The dashed blue line, instead, is a spectrum received from a reconstructed
DUV-TG-FROG spectrogram. For more information on the temporal characterization of the
DUV pulse, see subsection 4.5.3. All these spectra are made comparable to each other by mul-
tiplying the transmission profile of a DUV-bandpass filter8 to them. The DUV filter is used to
prevent the spectrometer from being saturated by NIR contributions during the measurement
of the DUV spectrum. Its transmission profile is shown separately in Figure 4.17. Obviously,
by comparison with the spectra shown in Figure 4.16, we hardly falsify the real spectrum by its
application, because the width of the DUV-bandpass filter exceeds that of the DUV spectrum.

4.5.3 Temporal Characterization of Ultrashort DUV Pulses — DUV-TG-
FROG

Full knowledge of our DUV pulses requires a characterization of their pulse duration. An
attosecond streaking measurement (appendix A.1), conducted with DUV pump and XUV probe

8Edmund Optics 254 nm CWL, 40 nm FWHM, 25 mm Mounted Diameter
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Figure 4.17: Transmission profile of the Edmund Optics DUV-bandpass filter (CWL 254 nm;
FWHM: 40 nm) as a function of wavelength, that is multiplied to the data shown in Figure 4.16.

pulses, would have been desirable, since it would yield their temporal information directly.
However, an insufficient DUV intensity had rendered this approach impossible, owing to the
circumstance that the required intensity for streaking scales linearly with wavelength. This
means that, as the DUV wavelength (266 nm) is a third of that of the NIR (800 nm), we need a
DUV intensity that must be three times as high as for the NIR to result in an identical streaking
shift. Anyway, a DUV streaking has never been performed yet and in order to circumvent this
problem, we agreed on a DUV capable, vacuum version of a transient grating frequency resolved
optical gating (TG-FROG) approach, instead. The entire FROG must be encased in a vacuum
chamber, because DUV pulse propagation through air poses a source for falsified temporal pulse
characterization due to increased chromatic dispersion in this spectral range. Nonetheless, it is
even more important to prevent the DUV pulse from propagating through any kind of material
(for example a UV fused silica exit window) before its pulse duration can be measured. With
the help of the TG-FROG, we will show that the DUV pulse duration is different for both DUV
generation schemes (THG gas target and SHG solid state target). For more information on
FROG and TG-FROG in particular, refer to the appendix A.2.

A picture of a self-built version of a vacuum TG-FROG, that is explicitly designed for DUV pulse
characterization, is visualized in Figure 4.18. Most of the optomechanical components (mirrors
and apertures are controllable from the outside via a hand key pad) are necessary to align the
incoupled DUV beam in a reproducible fashion into the FROG setup (red shaded area in Figure
4.18). Special emphasis was put on its compact design, as it has originally been intended to
be attached to the back-end of the AS2 experimental chamber. Due to limited space, it does
not allow for an arbitrarily big TG-FROG. The original idea was to characterize the DUV pulse
duration as close as possible to where the ozone experiment is performed later on, namely, in
the vicinity of the experimental chamber. Nonetheless, we were forced to flange the TG-FROG
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Figure 4.18: Illustration of the vacuum-compatible DUV-TG-FROG. Blue arrows indicate
the beam path of the DUV beam entering the FROG from the lower left corner. Lower left
inset: DUV-TG-FROG encasing vacuum chamber. Upper right inset: Close-up view of the
red-shaded area: It shows the hole mask, cutting out three DUV beam replicas in a so-called
BOXCARS-geometry, and the double-mirror arrangement for time delay control between the
three replicas. All three DUV beams are focused into a nonlinear medium (50 µm UV-grade
fused silica platelet), where the nonlinear signal is generated before it is sent into a spectrometer
for characterization.

to one side of the delay chamber, because the DUV losses — in case of the THG approach —
between the delay chamber and the experimental chamber turned out to be extraordinarily high
and ruled a DUV pulse characterization at the back-end of the AS2-beamline out (subsection
4.5.1).

Exemplary DUV-TG-FROG traces are depicted in Figure 4.19. Subplots a) and c) give the
result for the gas phase THG target being run at 3 bar neon backing pressure relative to atmo-
sphere. The pressure is optimized for maximum DUV yield, while forgoing NIR attenuation.
Figures 4.19 b) and d), by contrast, display a FROG trace associated with the solid-state SHG
target for DUV generation in 20 µm thin BBO platelets (θ = 44.3°; ϕ = 90°), but with NIR
attenuation. The upper row shows the experimentally measured traces, while the lower row
illustrates their reconstructed counterparts, respectively. It should be stated that performing
FROG-measurements in the DUV spectral range are quite challenging due to the following rea-
sons: First, the DUV beam is invisible to the human eye and trying to align the DUV beam
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Figure 4.19: Measured DUV-TG-FROG traces in case of a) the THG target and b) for the
SHG target. Reconstructed FROG traces are shown in c) and d). The intensity of the recorded
nonlinear signal is color-coded and shown on the right.

from outside the vacuum chamber is a rather demanding task. Actually, this is not really tragic,
as this argument holds true for the invisible part of the NIR spectral domain as well. Nonethe-
less, the second reason is different: As FROG generally relies on nonlinear effects, high DUV
intensities are indispensable, but hard to achieve in the DUV spectral domain, in contrast to the
NIR spectral range. Moreover, the increased contribution of chromatic dispersion in the DUV
spectral range, as opposed to the NIR, enforces an evacuated TG-FROG for uncompromised
pulse characterization, which is not the case for the NIR. Obviously, the sheer fact that we work
in the DUV spectral range complicates an experimental access to their pulse characterization.

From the FROG traces (Figure 4.19) we can now retrieve the temporal shape and duration of our
DUV pulses. The retrievals are presented in Figure 4.20, obtained by an algorithm9, introduced
in [91] and improved by [92]. The exemplary DUV pulse created via THG has a pulse duration
of roughly 5.8 fs FWHM at 240 nm (Figure 4.20 a)). In turn, the SHG-associated DUV pulse is
almost twice as long as its THG-related pendant, namely 11.7 fs FWHM at 268 nm (Figure 4.20
b)). Here, we assume that the nonlinear signal, from which we deduce the FROG traces and

9The retrievals are obtained with a software package, encompassing the binner and frogger programs, that is
distributed by R. Trebino at http://frog.gatech.edu/code.html.

http://frog.gatech.edu/code.html
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Figure 4.20: a),b) Temporal and c),d) spectral shape of the DUV pulses, retrieved from
the FROG traces shown in Figure 4.19. a),c) refer to DUV generation via THG, while b),d)
relate to DUV generation via SHG. It is assumed that the nonlinear signal within the UV-grade
fused silica sample is generated in its front facet such that the pulse characterization is not
compromised by chromatic dispersion effects during pulse propagation.

subsequently the DUV pulse duration, is generated at the front facet of the FROG’s nonlinear
medium (50 µm UV-grade fused silica platelet). The above behavior in terms of generated
DUV pulse duration for the two differing approaches is expected, since a solid-state target
introduces more chromatic dispersion than a gaseous target like neon does. Consequently, it
leads to a narrower phase-matching bandwidth, limiting the achievable pulse duration. Despite
this fact, the gas in the THG approach can actually contribute negative dispersion through
laser-induced plasma formation. Indeed, the results suggest that the THG approach tends to
produce negatively chirped DUV pulses (Figures 4.19 a) and c)), while those generated via the
SHG method carry a positive chirp (Figures 4.19 b) and d)). In both setups, we do not have
the possibility to temporally compress them to the full extent after their generation, unless
one is willing to employ specially designed chirped mirrors which are currently not available.
Nonetheless, we determined the DUV pulse duration in either case as part of the full DUV pulse
characterization in terms of polarization, pulse energy, temporal shape and spectrum.
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Egen [µJ ] Etarget [µJ ] τ [fs] CWL [nm] ∆λ [nm] pol. LTS
THG 2.3 0.9† 5.8 246.0 24.1 "∥" −
SHG 5.2 2.0 11.7 268.5 11.2 "⊥" +

Table 4.4: Tabulated properties of DUV pulses, generated either via THG or SHG, respectively.
Here, we provide the set of values measured in both approaches and for which the DUV pulse
duration was known through TG-FROG measurements. The listed values mean the following:
DUV pulse energy at the place of generation (Egen) and on target (Etarget). Measured FWHM
pulse duration (τ). Center wavelength (CWL) and spectral FWHM bandwidth (∆λ). The DUV
polarization (pol.) is given with respect to that of the NIR. Long-term stability (LTS) in terms of
DUV flux are indicated qualitatively via + or –. The symbol † refers to the situation where NIR
attenuation is neglected. In order to make this value comparable to the SHG associated value,
one would have to consider the influence of the silicon wafer chicane on the total transmission
factor, yielding 0.15 µJ.

4.5.4 Comparison between THG Gas Target and SHG Solid State Target

Next, we compare the two DUV pulse generation schemes in terms of their usability for the
ozone experiment. It should be mentioned that a general comparison between the SHG and
THG approach proves difficult due to different prerequisites and varying performance of the laser
at the time, when these measurements were carried out. Yet, big differences among the set of
generated DUV pulses and between corresponding values are not expected to occur and, indeed,
are not observed. On the whole, the pros and cons of both approaches are summarized in Table
4.4, giving an overview of typical performance values. Here, they refer to DUV pulses whose
pulse duration is determined aside from other quantities. Among those, the pulse energy and
duration, the spectrum-associated center wavelength (CWL) and its FWHM bandwidth should
be mentioned, as these are, by far, the most important quantities regarding the feasibility of
the ozone experiment. The pulse energy Egen is retrieved by measuring the pulse energy with a
powermeter10 and the result is corrected for reflection and transmission factors of optical devices
in between the places of generation and detection, respectively. The amount of energy, that a
pulse carries when arriving at the target Etarget, is derived in the same way, but is recorded at
the back-end of the experimental chamber.

With respect to the amount of DUV pulse energy, we obviously do not generate that much more
DUV via SHG than compared to THG in neon-filled gas cells (first column in Table 4.4). In
erstwhile approaches, it was actually possible to generate even more DUV pulse energy up to
7 µJ and, in the first place, seemed to be more promising than SHG [56]. We attribute this
to the fundamental NIR laser spectrum carrying the biggest amount of energy around 800 nm.
Moreover, THG partly relies on plasma formation due to its benefits on fulfilling the phase-
matching condition and it is thus not necessary to limit the NIR intensity prior to THG, e.g. by
an aperture in front of the gas target. Compared to the maximum producible DUV pulse energy
via SHG, THG was shown to perform better. Nonetheless, regarding the amount of DUV pulse

10We use an Ophir Photonic Vega PD10-v2 powermeter
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energy (second column in Table 4.4), that is transmitted onto the target, the situation is different.
In case of THG, we report a value for Etarget = 0.9 µJ, that refers to DUV transmission from the
delay chamber into the experimental chamber without NIR attenuation. In order to render this
value comparable to its SHG-associated analogue (Etarget = 2.0 µJ), where NIR attenuation is
fully accounted for, one would have to consider the influence of the silicon wafer chicane on the
resulting total DUV transmission. Special emphasis must be laid on the DUV polarization that
is identical with that of the NIR. Because the DUV is shone on the silicon wafers at Brewster’s
angle of the NIR and in a p-polarized fashion with respect to the plane of incidence of the silicon
wafer chicane, it is reflected very inefficiently (Figure 4.12). Consequently, this would yield an
Etarget-value that is approximately 14%11 as big as the value given in Table 4.4. As a matter
of fact, in case of SHG, we get roughly one order of magnitude (≈ 15×) more DUV on target,
while still retaining the NIR-attenuating property of the silicon chicane, and experience little
losses between the delay and experimental chamber (Etarget = 0.9 µJ (THG) vs. Etarget = 2.0 µJ
(SHG)). This circumstance can be ascribed to the efficient separation of DUV from non-DUV
spectral components.

Apart from a pulse energy viewpoint, the THG approach was initially believed to be more
promising than its SHG counterpart, since it delivers shorter DUV pulses (τ = 5.8 fs) than the
SHG approach does (τ = 11.7 fs). With regard to the ozone experiment, shorter DUV pulses
would be highly advantageous in unraveling the fundamental molecular dynamics, while suffering
less from temporal smearing. Nonetheless, this is only half the truth, since the experiment
heavily relies on a long-term stability (LTS in rightmost column of Table 4.4) with regard to the
DUV flux. This is equivalent to saying that a longer measurement-related integration time is
necessary, compared to a laser with higher repetition rate. The former condition concerning the
long-term stability is way easier to fulfill, because BBOs have a much larger aperture (3 mm in
diameter) in the case of SHG, than in the case of THG (300 µm THG target hole diameter). The
latter makes the NIR beam leave the THG target quickly and leads to a total loss of DUV yield
for minor long-term beam instabilities. Even the application of a two-stage beam stabilization
feedback loop cannot get rid of this problem (subsection 4.5.1). Despite this, these long-term
beam deviations are less crucial regarding the much bigger aperture of the BBO crystals, for the
laser keeps interacting with the medium and delivers more or less stable DUV pulses over a long
period of time. Another advantage of SHG over THG is that the polarization of the DUV with
respect to the XUV is crucial (pol. in Table 4.4) and is addressed in section 4.3. Moreover, the
DUV polarization is inherently rotated by the type-I SHG process and therefore perpendicularly
polarized to the XUV, which makes successive rotation superfluous.

4.5.5 Conclusion

Let us conclude: We have presented two compact DUV-generating as well as NIR-filtering
schemes, which are investigated in the course of the present thesis. On the one hand, we focus on
THG-based DUV generation in quasi-static gas-cells filled with neon. This approach has initially
promised to be successful, as the wavelength of the DUV fits quite well to the third harmonic

11Reflectivity at a single silicon wafer for 75° angle of incidence is RSi = 0.38 at λ = 241 nm
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of our fundamental NIR laser wavelength. On the other hand, we make use of solid-state
based type-I SHG scheme in ultrathin (20 µm) BBO crystals and in single pass configuration.
This attempt is less obvious, since our laser spectrum lacks components at wavelengths between
500 nm and 600 nm, essential for efficient second harmonic generation. In both cases, we conduct
experiments on their long-term stability regarding DUV photon flux, on their reliability due to
experimental insufficiencies and on their overall suitability with regard to a direct measurement
of the ozone-photodissociation via pump–probe TRPES-experiments. Further, we performed a
full characterization of the DUV pulses with regard to their pulse energy content at the place
of their generation and after arrival at the ozone target. The pulse duration, spectrum and
polarization is also looked at explicitly. Moreover, we find a way of eradicating the fundamental
NIR pulse as well as possible, while not losing much of the DUV. The former is indispensable
to get rid of NIR contributions which otherwise tend to compromise the results of the ozone-
experiment, as one could not easily discern between DUV-induced chemical shifts and NIR
contributions via attosecond streaking. On the whole, we conclude that the SHG-based DUV
generation setup performs better and is advantageous over the gas-based THG target, because
it directly delivers the right DUV polarization and results in a more efficient DUV separation
from NIR (attenuation factor: > 104). Despite the great number of advantages, the SHG-DUV
scheme exhibits some drawbacks originating from the thinness of the BBO crystals. Under
the thermal load, exerted by the green spectral components of the NIR radiation, the crystals
usually bend. After several heating and cooling cycles12 the crystals eventually break due to
insufficient mechanical stability. Thicker crystals should get rid of this problem.

4.6 Synthesis of Highly Pure Ozone — Sample Prepa-
ration

Before we discuss our results considering the electronic and nuclear dynamics of ozone after
DUV excitation, the sample preparation shall be discussed, as investigation of its photodynamics
enforces the presence of a highly-pure sample thereof. Unfortunately, ozone is a metastable and
volatile substance that cannot be stored in gas bottles for an arbitrarily long time. Illumination
with light, high temperature, reaction with organic compounds or even vibrations could trigger
exothermic fragmentation of ozone into atomic and diatomic oxygen which, in turn, would cause
further fragmentation of surrounding ozone molecules in an uncontrollable fashion and usually
leads to explosion. One way out of this dilemma is provided by our ozone distillation setup,
depicted in Figure 4.21, and shows an assembly that is capable of producing a sufficient amount
of highly pure ozone [56]. We will explain its functionality from left to right: Starting substance
is bottled, pure oxygen, which is fed into a high-voltage gas discharge unit (subsequently termed
ozonizer13) at low pressure around 0.05 bar between inlet and outlet and with a flux of 200
Nl/h. The gas-discharge leads to fission of diatomic into atomic oxygen. The latter forms ozone
molecules by bonding to other diatomic oxygen molecules. Finally, an O2/O3-mixture with a low
concentration of ozone leaves the ozonizer. The next part is essential to generate a highly pure

12due to unblocking and blocking of the laser in front of the BBOs
13Sander Labor-Ozonisator 301.19.
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Figure 4.21: Schematic sketch of the high-purity ozone distillation setup. See main text for a
detailed description.

ozone sample and serves as a filtering stage to get rid of parasitic oxygen, while it accumulates
desirable ozone. It consists of a Dewar flask filled with liquid nitrogen (LN2; T = 77 K). Into
the LN2 we dipped another container made from steel, which itself contains a U-shaped silica
and is surrounded by metal washers. The latter serve as heat exchanger, serving to establish a
thermal contact between the U-shaped silica pipe and the surrounding LN2 thermal bath. A
heating coil wrapped around the U-shaped silica pipe allows us to tune its temperature via a
computer-controlled feedback loop. The U-shaped silica pipe is filled with silica gel, traversed
by the O2/O3-mixture and is only connected to stainless steel tubes before and after it. Silica
gel is used here to hamper the sudden conversion of ozone into oxygen. The use of stainless
steel tubes is indispensable, because ozone turns out to be inert only against a few materials.
Among those are Teflon®, silica and stainless steel. The separation of ozone from oxygen works
as follows: We cool the U-shaped silica pipe down to −90 ◦C forming a cold trap for ozone
and keep it constant throughout distillation. At this temperature, ozone and oxygen do not
liquefy, but remain gaseous. Owing to the higher vapor pressure and smaller surface area of
oxygen than compared to those of ozone, it does not get trapped and leaves the cold trap,
in contrast to ozone. Ozone itself adsorbs to the silica gel and accumulates within the cold
trap. Once, we have created a sufficient amount of ozone, the entire assembly gets flushed with
oxygen, while the ozonizer has been shut off in the meantime. Then, the oxygen supply will
be stopped via valves before and after the ozonizer in order not to damage it and the ozone
distillation setup is pumped down to a few mbars to get rid of residual oxygen. After this step,
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all valves are closed (valves labeled as "to pump" and "to experiment" as well as the valve at the
ozonizer outlet) and we gradually heat our ozone-containing U-shaped silica pipe. Meanwhile
adsorbed ozone desorbs from the silica gel and collects itself in another container serving as a
sample reservoir. The reservoir pressure is permanently monitored and stabilized by a computer
program, effectively supplying the experiment with a constant flow of ozone molecules. The
purity of ozone is determined separately in the following way: Once we have temporarily stored
a certain amount of ozone inside our reservoir, we measure its pressure, while it is isolated from
the rest of our distillation setup. Then, we keep heating it up until the O2/O3-mixture converts
into oxygen, according to the reaction

2O3 → 3O2. (4.16)

If we stored pure ozone in our reservoir, we would expect the pressure to have increased by 50%
when measured at identical temperatures and by using equation (4.16). The following formula
yields the purity C(O3) of desorbed ozone [56]

C(O3) = 2pe − ps

ps − p0
, (4.17)

where ps, pe and p0 stand for the reservoir pressure before and after conversion as well as for its
residual pressure after pumping down. In that way, we determine a purity of 99% for desorbed
gas. The purity usually deteriorates insignificantly with time and even after hours we measure
concentrations exceeding 95%.

4.7 Ozone vs. Oxygen Photoelectron Spectra and
Energy Domains

In the current section, we will eventually discuss the experimental results concerning the pho-
todissociation dynamics in ozone, which are obtained by few-femtosecond XUV probe pulses
and intense ultrashort DUV pump pulses, as explained in sections 4.4 and 4.5. Nonetheless,
before being able to discriminate between ozone and oxygen related dynamics, some preliminary
considerations are inevitable. They are necessary for the definition of distinct energy domains
of our DUV-XUV-spectrograms, which can be unambiguously identified with either the ground
X or excited B state dynamics of ozone or, alternatively, with oxygen dynamics. The latter
indicate successful ozone photodissociation. Consequently, we recorded photoelectron spectra of
pure ozone and pure oxygen one after another on the same day and under identical conditions
with the XUV probe pulse present only (1.7 fs Fourier limit FWHM pulse duration, 99.5 eV
central photon energy, 1.1 eV FWHM bandwidth). The result is depicted in Figure 4.22 as
a function of photoelectron kinetic energy. Both spectra are normalized to their inelastically
scattered background between 50 eV and 70 eV.

The blue solid line stands for the ozone-related, while the red solid line represents the oxygen-
related photoelectron spectrum. Obviously, the ozone photoelectron spectrum comes along with
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Figure 4.22: Exemplary photoelectron spectra of ozone (blue solid line) and oxygen (red
solid line), recorded with our XUV probe pulse present only (1.7 fs Fourier limit FWHM pulse
duration, 99.5 eV central photon energy, 1.1 eV FWHM bandwidth). Both spectra are normalized
with regard to their inelastic background (50 eV – 70 eV). The gray shaded areas determine the
four most important energy domains used in the analysis of molecular dynamics in ozone.

a two-peaked structure, which we have already related to certain, energy-bunched cation states,
in conjunction with their convolution with the XUV spectrum (subsection 4.3.2), whereas the
oxygen-related photoelectron spectrum exhibits a three-peaked structure. Thus, both spectra
can be well distinguished from each other. Moreover, the most prominent peak of the oxygen
spectrum (82.5 eV – 85 eV), accidentally falling in the energy region midway between the two
outer peaks of the ozone photoelectron spectrum, can be used to keep track of possible ozone
fragmentation into oxygen. Then, we would expect this peak to slowly emerge between the two
most intense peaks of the ozone photoelectron spectrum (79.5 eV – 81 eV and 86.5 eV – 88 eV)
in a time-resolved measurement. Probably, it would show up at the expense of ozone-related
peaks and this is exactly what we are going to see (subsection 4.8.1). However, for the time
being, we have just determined the energy domains relating to cation states of the ground X
state of ozone and to cation states of oxygen, which are not described in more detail. Anyway,
we are mainly interested in the excited B state dynamics and therefore expect — by comparison
with the cation states discussed in subsection 4.3.2 — them to fall within the energy domain
between 90 eV and 93 eV. Choosing 90 eV as lower bound for the B state energy domain ensures
oxygen-related photoelectrons to not contribute to dynamics that are linked to excited B state
dynamics.

To conclude, by comparison between the photoelectron spectra of ozone and oxygen, respectively,
and with the help of the cation states of ozone, we have defined dynamics-related energy domains.
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These are going to be used in the subsequent discussion regarding the temporal evolution of the
ground X state and excited B state of ozone as well as dynamics corresponding to the buildup
of oxygen, following ozone photodissociation. They are listed below again, including the cation
states of ozone, as listed in Table 4.3. Although the cation states of oxygen are not known,
they can be related to ionization from specific orbitals, which are also given below and are taken
from [93] and [94], respectively:

• (I): 79.5 eV – 81.0 eV (O3: X-16 to X-19)

• (II): 82.5 eV – 85.0 eV (O2: 1πu and 2σg)

• (III): 86.5 eV – 88.0 eV (O3: X-1 to X-3)

• (IV): 90.0 eV – 93.0 eV (O3: B-1 to B-3)

4.8 Results and Discussion
Now, that we have defined the oxygen and ozone dynamics-related energy domains, we use these
to retrieve the temporal evolution of the three species-associated dynamics:

1. ozone in the ground state,

2. ozone in the excited state,

3. oxygen.

Therefore, we will present in the next subsection a DUV-XUV-spectrogram of ozone recorded in
few-femtosecond timescale TRPES-experiments and is composed of all collected scans. Following
this, we finally turn our attention to the temporal evolution of the involved species, as brought
up above. The experimental results are deduced from the DUV-XUV-spectrogram and are
compared to simulated traces with regard to the temporal evolution of the excited B state.
Qualitative agreement between theory and experiment allows us to interpret the results in terms
of nuclear wave packet motion on the excited B state PES by comparison to nuclear wave packet
density plots simulated via the MCTDH approach (subsection 4.2.1).

4.8.1 DUV–XUV Pump-Probe-Measurement of Ozone

Figure 4.23 depicts the combined, all measurements-comprising ozone DUV-XUV-spectrogram,
that is recorded in cross-polarized DUV–XUV pulse train geometry (section 4.3). The question
of how we combine the individual spectrograms to the resulting one (Figure 4.23) is subject
of subsection 4.8.2. In addition to the mere spectrogram, an exemplary ozone photoelectron
spectrum together with the energy domains, defined in section 4.7, is depicted on the left-
hand side of Figure 4.23 for orientation. Please note that the spectrogram is plotted, using a
logarithmic color scale for better visibility of the evolving molecular dynamics. Moreover, all
measurements are performed at an MCP voltage of 2.15 kV and at a voltage of 600 V at the
electron electrostatic lens of the TOF detector. The backing pressure in the ozone reservoir
is stabilized to roughly 100 mbar and the TOF backing pressure is held below 2 × 10−6 mbar
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Figure 4.23: Right: DUV-XUV-spectrogram of ozone. Negative delay refers to the situation
where the XUV probe pulse precedes the DUV pump pulse. Data is shown, using a logarithmic
color scale (right bar). Left: A typical ozone photoelecton spectrum — together with the energy
domains defined in section 4.7 — is plotted for orientation.

throughout our measurements in order to neither damage the MCP nor to falsify our data
via MCP-related saturation effects. We further mention that all individual measurements are
recorded on different days, but under otherwise identical conditions. Without going to much
into detail, we recognize some transient changes showing up in Figure 4.23. Especially, the clear
high-energy edge (90 eV – 93 eV) along the photoelectron kinetic energy axis (for negative delay
times) is most striking and lasts for 40 fs only. This feature can be identified with the B state
dynamics of ozone and will be discussed separately in subsection 4.8.5.

4.8.2 Multi-Level Data Analysis Scheme

To make up for the missing methodological strategy leading to the presented spectrogram (Figure
4.23), we are making good for this right here. The method is presented next and explicitly
exemplified for the example of all six individual measurements, which the overall spectrogram
is composed of: Once we have measured a single spectrogram, we convert in a first step each
of its spectra individually from photoelectron time of arrival at the MCP detector into absolute
values of photoelectron kinetic energy. An XUV photon, being scattered off the sample instead
of ionizing another electron upon contact, needs negligible time to reach the MCP detector,
because it travels at the speed of light along the TOF-axis towards the detector. Within the MCP
material, it releases electrons at the time, that is defined as time "zero" here, since these ejected
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electrons did not have to travel the distance between the actual sample and the MCP detector.
The thus created signal can then be used as a timing reference and is referred to as the lightpeak
and is reminiscent of time "zero" of a stop watch. All photoelectron arrival times, being measured
with respect to the lightpeak, can then unambiguously converted to absolute photoelectron
kinetic energy values due to the well-defined reference time. In a second step, potentially residual
momentum shifts, that are linked to NIR-induced parallel streaking, are removed from the
spectrogram for every delay time step. Subsequently, the resulting spectrum is normalized to its
background between 50 eV to 75 eV. Normalization is required, because different spectra may
contain a varying number of photoelectrons depending on which measurement they belong to.
The third step is the most crucial for the entire analysis of the ozone-related molecular dynamics
and relies on a fitting procedure (fit function is given in equation (4.18)). The idea behind this
step is to establish a common delay time scale among all individual measurements. Therefore,
we need to define a moment in time t0, that is the same for all measurements and which every
single data point can be related to. Since we assume that our DUV pulses are all similar to
each other, even when employed on different days, it seems to be reasonable to define that
very moment, by when the B state population takes on its maximum value14. Beyond this, our
approach proves itself legitimate, because the rise time in the temporal evolution of the B state
population is more or less the same for all measurements (Figure 4.24). Now, determination
of this moment is accomplished by adding up all the B state-related photoelectrons between
90 eV and 93 eV as a function of delay time. Then, we adjust the total fit function (equations
(4.18) – (4.22)) so that it represents the data as well as possible. Except for the mere fitting
of the B state temporal evolution, the very same function is also used to describe those of the
ground X state and oxygen. The results for the six individual scans are displayed in Figure 4.24,
where they are already centered around the maximum value of the fit function, i.e. where the
maximum coincides with t = 0. The total fit function is given as:

F ({b}, t) = G ({b}, t) ∗ [H ({b}, t) · (E ({b}, t) +C ({b}, t))] + offset, (4.18)

G ({b}, t) = AG · exp
(

−
(
t− t0
tG

)2
)

, (4.19)

H ({b}, t) =
{

1 for t ≥ t0

0 otherwise
(4.20)

E ({b}, t) = AE · exp
(

− t− t0
tD

)
, (4.21)

C ({b}, t) = AC · cos (ω · (t− t0)) , (4.22)
14Actually we will use the instant of time as reference, where the fit function (equation (4.18)) takes on its

maximum value, owing to the fact that our measurement points are coarsely sampled in time and the sought
moment may lie between two such delay time steps.
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Figure 4.24: Energy-integrated photoelectron yield between 90 eV and 93 eV as a function
of delay time in order to find t0, as explained in the main text (already centered about time
t = 0). Black dots stand for experimental data. Red solid curve depicts the fit to the data via
equations (4.18) – (4.22)). Please note the different time axes and that the rise time of the B
state population is identical for all plots.

where {b} denotes the set of fit parameters.

Some remarks on the total fit function: As the excitation is usually a step-like process (one-
photon transition), that is represented by a Heaviside-function (equation (4.20)), H ({b}, t), we
need to account for the temporal blur on the measurement, introduced by the non-vanishing
DUV pump and XUV probe pulse duration. This is realized in form of a convolution between
the Heaviside function and a Gaussian function, G ({b}, t) (equation (4.19)). Additionally, for
the residual part of equation (4.18), we need to add another part taking the temporal evolution
of the B state-related dynamics into account. The latter are represented by equations (4.21) –
(4.22). There, we presume their temporal evolution to be optimally described by a sum of an
exponential decay function E ({b}, t) and a cosine function C ({b}, t), where both are multiplied
with a Heaviside function, as their dynamics cannot start evolving before excitation takes place
(t ≥ t0). The exponential decay function itself considers the transient character of the B state
population, which inevitably leads to ozone photdissociation. The cosine function, instead,
anticipates an oscillatory behavior in the measured number of B state-related photoelectrons.
The reason for this oscillation is subject of the discussion in section 4.9. By now, we have fitted
the time-dependent B state-related photoelectron yield (Figure 4.24) employing equations (4.18)
– (4.22). We have determined the moment t0 of maximum B state population individually for
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all scans and shift all these scans such that their maximum coincides with t = 0, rendering all
traces comparable. In the last step, we simply concatenate all spectra from all measurements in
ascending order of delay time, since we know their exact timing with respect to the maximum
B state population now. With this procedure, we arrive at the resulting spectrogram, shown in
Figure 4.23.

4.8.3 Temporal Evolution of Ground X State Depletion

After having discussed our multi-level data analysis scheme, we make use of it in determining
the temporal evolution of the number of ground X state-related photoelectrons in particular,
according to the above scheme. Therefore, every data point in Figure 4.25 a) is obtained by
binning together those spectra that fall within one femtosecond before the resulting spectrum is
integrated over the respective X state-associated energy domains (79.5 eV – 81 eV and 86.5 eV –
88 eV). The vertical error bars and the red-shaded area refer to the 95% confidence interval of
the data (black dots) and the fit (red solid line), respectively.

Figure 4.25 a) clearly shows depletion of the ground X state of ozone, starting at −10 fs and
lasting until 10 fs. Although one would expect the X state dynamics to be completed, once the
DUV pump pulse has interacted with the ozone molecule, the measurements suggest that there
is an intermediate recovery of the ground X state population between 10 fs and 40 fs. However,
we believe this temporary rise to be partially attributable to a simultaneous build-up of oxygen,
following ozone photodissociation. Since we added all the photoelectrons up that fall in the
energy range between 79.5 eV – 81.0 eV as well as 86.5 eV – 88 eV, we know from section 4.7 that
the ozone- and oxygen-related photoelectron spectra partially overlap spectrally (Figure 4.22).
This, in turn, leads to ground X state-related data, that is compromised by oxygen-related
data. Unfortunately, it turns out to be very hard to disentangle these two contributions from
each other, even when using a global fit routine like implemented in GLOTARAN [95] and is
most likely caused by insufficient changes with regard to the state populations. Nonetheless,
Figure 4.25 b) presents simulated traces of the temporal evolution concerning the number of
photoelectrons for certain photoelectron kinetic energy values (solid lines), as they would be
detected along the XUV probe pulse polarization for a similar configuration as ours. Although
it resembles the experimental data qualitatively well (especially for 80 eV (black solid line), 86 eV
(brown solid line) and 88 eV (green solid line)) with exception for a small temporal offset between
the experimental and theoretical curves towards greater delay times, our measurement does not
resolve the predicted oscillations (Figure 4.25 b)). The discussion and interpretation of these
oscillations is postponed to subsection 4.9.1.

4.8.4 Temporal Evolution of Oxygen Build-Up

Figure 4.26 illustrates the temporal evolution of the number of O2-related photoelectrons (82.5 eV
– 85 eV) in the same way, as explained in subsection 4.8.3. It is interesting that the onset of
O2-formation, following ozone photodissociation, takes place only 10 fs after the ground X state
has partially been depleted under the impact of the DUV pump pulse. Precisely, it starts at
10 fs and lasts until 20 fs, but the entire dynamics is not over yet, but it rather seems, as if there
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Figure 4.25: a) Experimentally attained temporal evolution of the integrated number of X
state-related photoelectrons from the spectrogram S(E, t) as a function of delay time t, where
integration is performed over their respective energy domains (79.5 eV – 81 eV and 86.5 eV –
88 eV). Horizontal error bars depict the estimated temporal uncertainty in assigning a data
point to a certain delay time. Vertical error bars and red-shaded area refer to the 95% confidence
interval of data (black dots) and fit (red solid line), respectively. b) Simulated temporal evolution
of the number of photoelectrons for certain kinetic energy values, but restricted to the FC point
only. The curves associated with 80 eV (black solid line), 86 eV (brown solid line) and 88 eV (green
solid line) can be interpreted with the temporal evolution of the ground X state population. c)
shows ground X state-related nuclear wave packet density plots (blue isolines with contour values
1e0, 1e-1, 1e-2 and 1e-3) for four instants of time (−20 fs (i), 14 fs (ii), 21 fs (iii) and 30 fs (iv)).
Adapted with courtesy of Ágnes Vibók and Gábor J. Halász.
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Figure 4.26: Experimentally attained temporal evolution of the integrated number of O2-
related photoelectrons from the spectrogram S(E, t) as a function of delay time. Integration is
performed over its respective energy domain (82.5 eV – 85 eV). Horizontal error bars stand for
the estimated temporal uncertainty in assigning a data point to a certain delay time t. Vertical
error bars and red-shaded area refer to the 95% confidence interval of data (black dots) and fit
(red solid line), respectively.

is another increase in the number of O2-related photoelectrons between 30 fs and 40 fs, though
with decreasing amplitude, as compared to the first O2 rise. We will see later on that the second
jump has a physical origin with respect to nuclear wave packet motion on the excited B state
PES and is accompanied by nuclear wave packet recurrences (section 4.9).

4.8.5 Temporal Evolution of the Transiently Populated B State

Now, we look into the intermediate dynamics showing up between ground X state depletion and
O2-formation. They take place on the excited B state PES and this is why we pay our attention to
this process. Unlike the previous treatment, we combine the B state-related temporal evolution
profiles (Figure 4.24), reorder all the data points in ascending order of delay times, and bin
those data points together, that fall within one-femtosecond, just as we did before, but with
one crucial difference. Since the signal strength, i.e. the absolute number of B state-associated
photoelectrons is way smaller than those of the ground X state or O2 due to a smaller B-state
population and squared Dyson norm, we pursuit a different ansatz. Prior to temporal binning,



100 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE100 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE100 CHAPTER 4. ELECTRONIC AND NUCLEAR DYNAMICS IN OZONE

we subtract their constant background and normalized each trace with respect to its maximum
value. These steps have already been accomplished in the plots shown in Figure 4.24. This
proceeding makes sure that the B state-related data is corrected for potential deviations among
different measurements in terms of DUV intensity. Remember that all of the six measurements
were recorded on different days with slightly varying DUV pump pulse parameters. The idea
behind this ansatz is that the B state-associated dynamics evolve independently of the exact
strength of the DUV intensity and are exclusively dictated by the B state PES topography and
wavelength of the DUV pump pulse. The latter is kept constant for all measurements. The
result is displayed in Figure 4.27 a). Once again, horizontal error bars denote the estimated
temporal uncertainty in assigning a single data point to a specific delay time. Vertical error bars
and the red-shaded area refer one more time to the 95% confidence interval, respectively. The fit
parameters amount to (9.6 ± 0.9) fs for the Gaussian part, (19.6 ± 1.8) fs for the oscillating part
and (16.5 ± 2.7) fs for the exponential decay constant of equation (4.18). The specified errors
refer to the 95% confidence interval. Figure 4.27 b) shows an energy-integrated, simulated trace
of the very same B state dynamics with DUV pump pulse parameters, as defined in subsection
4.8.3. The simulation explicitly takes the angle θ between detection axis and XUV probe pulse
polarization into account. It shows exactly the angle dependence in the number of detected
photelectrons derived from a group theoretical viewpoint (section 4.3). Figures 4.27 a) and b)
agree qualitatively well with each other. We monitor a build-up of the B state excitation between
−20 fs and 0 fs. By t = 0 fs, the DUV pump pulse has already passed the ozone molecule, meaning
that everything that happens after this moment is due to the molecular dynamics. These, in
turn, are exclusively steered by the topography of the B state PES. Except for a sole exponential
decay of the B state excitation, we clearly observe an oscillatory behavior in both plots with
maxima located around 0 fs, 20 fs and 40 fs, while traversing a minimum around 34 fs, where the
B state-related photoelectron yield nearly drops to zero. The reason for that will be unveiled in
the next section.

4.9 Interpretation
Finally, we give a physical interpretation of all the differently evolving temporal profiles, dis-
cussed in subsections 4.8.3 – 4.8.5. We will recognize that they foot on a common ground. The
qualitatively good agreement between Figures 4.27 a) and b) allows us to interpret the molecular
dynamics by looking at the simulated evolution of the nuclear wave packet density on the ground
X and excited B state PESs, respectively.

We will start describing the X state dynamics in subsection 4.9.1 first, before we will look more
deeply into the excited B state dynamics in subsection 4.9.2. Density plots of the X state-
associated nuclear wave packet are depicted as blue contours15 in Figure 4.25 c) and those
corresponding to the B state (colormap) are displayed in Figure 4.27 c) as colormap plots. In
the former case, they refer to the times indicated by gray lines in Figure 4.25 b) (−20 fs (i), 14 fs
(ii), 21 fs (iii) and 30 fs (iv)), while in the latter case, they belong to the gray lines in Figures
4.27 a) and b) (−20 fs (I), 0 fs (II), 20 fs (III), 34 fs (IV) and 40 fs (V)).

15contours correspond to values of 1e0, 1e-1, 1e-2 and 1e-3
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Figure 4.27: a) Experimentally attained and b) simulated temporal evolution of the integrated
number of B state-related photoelectrons from the spectrogram S(E, t) as a function of delay
time. Integration is performed over its respective energy domain (90 eV – 93 eV). Horizontal
error bars depict the estimated temporal uncertainty in assigning a data point to a certain delay
time t. Vertical error bars and red-shaded area refer to the 95% confidence interval of data
(black dots) and fit (red solid line), respectively. The simulation in b) assumes interaction of a
randomly oriented ozone molecule ensemble with a 10 fs Gaussian DUV pump pulse, centered
around 268 nm, and carrying a pulse energy of (2.0 ± 0.5) µJ. Photoemission is simulated for
four angles θ, defined as the angle between detection axis and XUV probe pulse ionization. Here,
only wave functions at the FC point are considered in the calculation. c) shows snapshots of
the evolving nuclear wave packet on the excited B state PES (colored contour plots) for five
instants of time (−20 fs (I), 0 fs (II), 20 fs (III), 34 fs (IV) and 40 fs (V)). Adapted with courtesy
of Ágnes Vibók and Gábor J. Halász.
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4.9.1 X State-related Nuclear Wave Packet Motion

The overall temporal evolution of the ground X state dynamics is very subtle and depicted in
Figure 4.25 c). However, we will provide a physical interpretation, explaining the origin of the
oscillations showing up in the temporal evolution of the ground X state-related photoelectron
yield. The following discussion always refers to Figures 4.25 b) and c). At t =−20 fs, the nuclear
wave packet of the molecule is solely located on the X state PES at its equilibrium position,
that is the FC point (R1,2 = R1,3 = 2.42 a.u.). Its shape serves as a reference from now on
(Figure 4.25 c) (i: −20 fs)). By t = 14 fs, the DUV pump pulse has already interacted with the
ozone molecule and has partially depleted the ground X state, preferably at the FC point, and
consequently leads to less X state population at this point. This so-called R-selective depletion
triggers vibrational motion of the ground state nuclear wave packet. By R-selective depletion,
we mean that depletion heavily depends on the position of the ground X state nuclear wave
packet, with respect to the nuclear coordinate space, and favors depletion at the FC point,
whereas it inhibits depletion for other nuclear configurations. Since our DUV pump pulse is on
resonance with the X → B transition at the FC point and due to the fact that the transition
energy changes with the nuclear configuration — attributed to different evolving topographies
of the X and B state PESs with nuclear configuration — it is not surprising that there might
be an R-selectivity. As recently discussed in [96], though for strong-field ionization, R-selective
depletion may indeed lead to nuclear motion, as the nuclear wave packet is not in a steady state
any more afterwards. Consequently, by t = 14 fs (position of first minimum in Figure 4.25 b)),
the center of the nuclear wave packet has been displaced upon depopulation of the ground X
state at the FC point towards increasing interatomic distances (R1,2 = R1,3 ≈ 2.5 a.u.). This
is equivalent to nuclear motion of the ground X state-associated nuclear wave packet. Because
our colleagues solely focus on the FC point when calculating the photoelectron yield from the
ground X state, their simulations predict a minimum at t = 14 fs owing to a decreasing nuclear
wave packet density at that point. By t = 21 fs, the nuclear wave packet had enough time to
move back to the FC point, therefore increasing its density there again. This, in turn, makes the
simulated photoelectron yield grow (first maximum in Figure 4.25 b) (iii: 21 fs)). One remark
on the shape of the nuclear wave packet. Obviously, it is squeezed symmetrically along the
diagonal of the nuclear coordinate space at this moment and differs to some extent from the
shapes, which the nuclear wave packet takes on at t = 14 fs or t = 30 fs, respectively. By t
= 30 fs, one full vibrational motion of the nuclear wave packet on the ground X state PES is
completed, explaining why we observe another decrease in the photoelectron yield (Figure 4.25
b) (iv: 30 fs)) and why the shape of the wave packet again resembles that of (Figure 4.25 b) (ii:
14 fs)) once again and keeps repeating.

Now, the question arises, why do we not see these oscillations (Figure 4.25 b)) in our mea-
surements as well (Figure 4.25 a))? We attribute this to the circumstance that XUV-mediated
photoionization from the ground X state does not exclusively probe the nuclear wave packet
density at the FC point alone, as the simulations suggest, but rather probes the density of
multiple nuclear configurations in its near vicinity all at once. Nonetheless, we find evidence
in subsection 4.9.2 that photoionization in ozone, from either ground X or excited B state, is
restricted to probing the near vicinity of the FC point. Thanks to the fact that the displacement
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of the ground X state-associated nuclear wave packet is small in terms of absolute units and —
as we believe — due to insufficient R-selectivity of the ozone photoionization cross section itself,
the ground X state-related nuclear wave packet motion is smeared out in our measurements and
thus not resolvable.

4.9.2 B State-related Nuclear Wave Packet Motion

After having interpreted the ground X state-related molecular dynamics in subsection 4.9.1 by
comparison with MCTDH-simulated nuclear wave packet density plots, we want to apply these
to the excited B state dynamics as well. The following discussion always refers to Figures 4.27
a) to c). At t = −20 fs, the B state PES stays unpopulated, because the DUV pump pulse
has not interacted with the ozone molecule yet. By t = 0 fs, the situation has changed and
part of the X state-related nuclear wave packet has coherently been excited from the X to the
B state PES, which is now located around the FC point. The latter is still coherent with the
nuclear wave packet part being left on the X state PES (Figure 4.4 b)). As mentioned earlier,
we determine by fit a sub-10 fs pulse duration of the DUV pump pulse of (9.6 ± 0.9) fs, that can
be considered as an average value, and where the error refers to the 95% confidence interval.
However, part of the B state-associated nuclear wave packet has already started leaving the FC
point towards increasing interatomic distances (R1,2 and R1,3) indicated by the symmetric wings
in Figure 4.25 c) (II: 0 fs). As before, the simulations predict a high photoelectron yield from
the B state, since the nuclear wave packet density is high at the FC point. From this moment
on (t = 0 fs), the propagation of the nuclear wave packet on the B state PES is solely steered by
the topography of its respective PES. This PES is quite different from the X state PES, since it
possesses two minima in nuclear space and a valley-ridge inflection point midway between these
minima and close to the increasing potential barrier (Figure 4.3). By t = 20 fs, the nuclear wave
packet density has increased at those nuclear configurations, that are far away from the FC
point, indicating that dissociation of ozone into atomic (R1,3 = R1,2 = 4.0 a.u.) and diatomic
oxygen (R1,2 = R1,3 = 2.25 a.u..) has completed. Moreover, this explains the rise in O2-related
photoelectrons from Figure 4.26 at t = 20 fs, but even more interesting is the fact that the
nuclear wave packet density is still high in the vicinity of the FC point. Also the simulations
suggest a non-vanishing B state-related photoelectron yield at the very same moment (Figures
4.27 a) and b) (III: 20 fs)) and manifests itself as a shoulder between t = 10 fs and t = 30 fs. We
interpret its appearance in the following way: After excitation the nuclear wave packet on the
B state PES leaves the FC point quite quickly along the path midway between the two minima
of the B state PES towards the valley-ridge inflection point. There, it segregates into three
parts, where two parts keep dissociating and finally lead to ozone photodissociation, while the
remaining part returns to the FC point and arrives there at t = 20 fs. At t = 34 fs, however, the
nuclear wave packet density around the FC point has dropped to nearly zero, since the nuclear
wave packet repeats its motion along the same trajectory, giving rise to zero photoelectron yield
at this instant of time (IV in Figures 4.27 a) and b)). Nonetheless, at t = 40 fs, the nuclear
wave packet trifurcates once again on its motion towards the valley-ridge inflection point, where
two parts keep dissociating again, while another part revisits the FC point for a second time,
though with reduced amplitude due to the preceding wave packet segregation. Regarding the
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two dissociating parts of the nuclear wave packet, we find evidence for this assumption in the
nuclear wave packet density subplot (V) at R1,3 = 4.0 a.u. and R1,2 = 2.25 a.u. (and vice versa).
These features resemble those of subplot (III) of Figure 4.27 c), though with reduced amplitude
as well. Moreover, by comparison with Figure 4.26, we monitor another rise of O2-related pho-
toelectrons around t = 40 fs, also with reduced amplitude, as compared to its counterpart at t
= 20 fs, validating our interpretation. Considering the returning part of the nuclear wave packet
density, both the simulation and the experiment show another non-vanishing photoelectron yield
at t = 40 fs, also with more reduced amplitude than compared to t = 20 fs.

Now, one might wonder, why the experiment agrees so well with theory, since we already know
that the simulation is restricted to photoionization at the FC point only and neglects photoion-
ization arising from other nuclear configurations. As pointed out at the end of subsection 4.9.1,
the ozone photoionization is — by accident — only sensitive to the B state-associated nuclear
wave packet density in the near vicinity of the FC point. We refer this circumstance to a tran-
sition dipole strength between neutral ozone O3 and its cation O +

3 that is localized around the
FC point. Therefore, only those nuclear wave packets are released into the continuum that have
reasonable overlap with the nuclear wave packet of its cation, and hamper those having little
overlap. Other than in the case of the ground X state-associated oscillations in the photoelectron
yield, where the motion of its nuclear wave packet takes place on small length scales around the
FC point, the B state-related nuclear wave packet motion evolves on bigger length scales. This
is attributed to excited B state population inevitably leading to photodissociation, where the
latter is concomitant with a tremendous increase of interatomic distances.

4.10 Excited B State-Related Dyson Orbitals of O3
and O2 + O

In order to verify the assumption brought up at the end of the preceding section, which claims
that the excited state-related photoionization of ozone preferentially takes place at the FC point
(subsequently referred to as case (I)) and which is suppressed far away from it (subsequently re-
ferred to as case (II)), we calculated the Dyson orbitals at these distinct molecular configurations
given in detail by:

• (I) : R1,2 = 2.43 a.u.;R1,3 = 2.43 a.u. ;α = 116.9°,

• (II) : R1,2 = 2.43 a.u. ;R1,3 = 5.00 a.u. ;α = 116.9°,

where R1,2, R1,3 and α denote the nuclear coordinates of the ozone molecule, as defined pre-
viously. In this way, we show why oscillations occur in the B state-associated photoelectron
yield during the ozone-photodissociation and relate these to different Dyson norms for divergent
nuclear coordinates. Therefore, we performed post-Hartree-Fock quantum mechanical electronic
structure calculations of ozone, similar to those that were run by our colleagues Ágnes Vibók,
Gábor J. Halász, Piero Decleva and Fabien Gatti. Unlike them, we ran such simulations on a
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single workstation, but at the same level of theory, though using a smaller basis set16.

Technically speaking, we ran CASSCF(18,12)17/aug-cc-pVDZ simulations for the electronic wave
function of the neutral ozone molecule and CASSCF(17,12)/aug-cc-pVDZ simulations for that of
its cation with the GAMESS quantum chemistry package [97]. As always, we focus on the most
intense excited B state-related photoionization channel into the B-3 cation state with a squared
Dyson norm of Ijk = 0.41 (Table 4.3), namely B (3 1A′) → B+ (1 2A′′), where the states are la-
beled to conform with the irreducible representations of the Cs point group. Here, we restrict our
calculations to the few lowest singlet states of 1A′ symmetry for the neutral ozone molecule and
to the few lowest doublet states of 2A′′ symmetry for the cation, respectively. Since GAMESS
does not only provide singlet and doublet states during the CASSCF-calculation, we are forced
to calculate the ten lowest states in case (I) and the 20 lowest states in case (II) to guarantee
that the set of calculated states contains those that are relevant to describe the currently consid-
ered photoionization channel. Usually, CASSCF-calculations yield different converged molecular
orbitals for the neutral and the cation, respectively, since Koopmans’ theorem18 [98] does not
apply due to electronic relaxation upon photoionization [83]. In this case, evaluation of the
overlap integral between the electronic wave functions of the neutral molecule and of the cation,
expressed as a linear combination of Slater determinants, enforces a biorthonormalization of
their molecular orbitals [99], which would be quite cumbersome. Therefore, we choose another
ansatz and use the molecular orbitals obtained for the neutral molecule to express the electronic
wave function of the cation. Then, the overlap integral, that occurs in the calculation of the
Dyson orbitals according to equation (4.6), becomes quite simple, as one forgoes the otherwise
required biorthonomalization step.

Figure 4.28 depicts the Dyson orbitals, calculated according to the above description, and the
squared Dyson norms (displayed above the Dyson orbitals) for the molecular geometry (I), that
is O3 at the FC point (Figure 4.28 a)), and for dissociated ozone (II), namely O2 + O far away
from the FC point (Figures 4.28 b) – d)). Both molecular geometries are run through at some
time during the evolution of the ozone-photodissociation. All orbitals in Figure 4.28 are plotted
using the MOLDEN electronic and molecular visualization tool [100] using a contour value of 0.05
in each case. Apart from the mere illustration of the Dyson orbitals, Figure 4.28 shows the two
most important molecular orbitals (white-rimmed insets) contributing to the appropriate Dyson
orbital, the latter belonging to the photoionization channel that is indicated at the bottom of
each subplot.

While the excited B state is well-defined as the third electronic state of 1A′-symmetry at the FC
point (case (I)), it is not unambiguously identifiable for dissociated ozone (case (II)), since three

16Our colleagues use the aug-cc-pVQZ basis set [70].
17CASSCF(m,n) stands for complete active space self-consistent field and means that one considers all possible

electron–hole excitations (and multiples thereof), which can be constructed from the Hartree-Fock Slater deter-
minant. There, m electrons are distributed among n orbitals. Then, all Slater determinants arising from this
procedure are employed in a configuration interaction calculation, where the molecular orbitals, which comprise
the Slater determinants, are iteratively determined in a self-consistent fashion.

18Koopmans’ theorem argues that the energy levels do not change with the transition from a neutral molecule
to its ionized version, but remain almost constant. Consequently, this assumption implies that the molecular
orbitals of the neutral molecule and of the cation are identical.
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Figure 4.28: Dyson orbitals (blue- and red-shaded object) for the most intense excited B
state-related photoionization channel B (3 1A′) → B+ (1 2A′′). a) Dyson orbital and squared
Dyson norm at the FC point (R1,2 = 2.43 a.u.;R1,3 = 2.43 a.u. ;α = 116.9°) b) – d) Dyson
orbital and squared Dyson norm far away from the FC point for already dissociated ozone
(R1,2 = 2.43 a.u.;R1,3 = 5.00 a.u. ;α = 116.9°). b) photoionization from 3 1A′, c) from 4 1A′

and d) from 5 1A′ into the same final electronic state 1 2A′′ as in a). We choose a contour
value of 0.05 for visualization of the Dyson orbitals and for the two most strongly contributing
molecular orbitals (white-rimmed insets). All orbitals are plotted using the MOLDEN electronic
and molecular visualization tool [100]. For more information regarding the calculations, see main
text.

singlet states of 1A′-symmetry are nearly degenerate in energy. Therefore, we calculated three
Dyson orbitals for case (II) to ensure that the relevant photoionization channel is covered by
our simulation (Figures 4.28 b) – d)). The state labeling (either A, B or R for neutral ozone) is
guided by the state labeling used in Figure 4.2 b) for R1 = 5.00 a.u.. Therefore, we identify the
B state with 3 1A′, the A state with 4 1A′ and the R state with 5 1A′. However, more elaborated
electronic structure calculations might propose a state labeling that deviates from ours due to
state reordering.

However, the squared Dyson norms in case (II) (Figures 4.28 b) – d)) are smaller than the
squared Dyson norm in case (I) (Figures 4.28 a)) and differ from it by a factor of approximately
three to ten (3 – 10). Moreover, the squared Dyson norm that we calculated for case (I), almost
reproduces that obtained by our colleagues (squared Dyson norm (present calculation): 0.355
vs. squared Dyson norm calculated by our colleagues [70]: 0.41). Since the photoionization
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cross section is nearly proportional to the squared Dyson norm (equation (4.12)), it is this
circumstance that can be considered as an indication for why oscillations in the excited B state-
associated photoelectron yield is detectable after all, although the simulated TRPES-spectra of
our colleagues are known to exclusively apply to the FC point of ozone. Nonetheless, our results
suggest that photoionization from molecular geometries far away from the FC point tend to be
suppressed in comparison with photoionization around the FC point. This allows one to probe
the nuclear wave packet density on the excited B state PES almost exclusively in the vicinity of
the FC point.
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Chapter 5

Conclusion

The goal of the present thesis was to develop an as compact as possible, ultrafast radiation
source in the DUV spectral range, that provides wavelength-tunable, short and intense pure-
DUV pump pulses. Its application in a TRPES-experiment has eventually paved the way for
the first experimental, few-femtosecond study of the molecular dynamics of ozone (O3), which
are inextricably linked to the temporal evolution of its photodissociation.

The most decisive step towards a successful measurement of molecular dynamics in ozone on
a few-femtosecond timescale is achieved by discarding the previously used DUV generation
scheme, that is based upon THG in neon-filled ceramic targets, and to replace it with a setup
relying on SHG in freestanding 20 µm thin BBO crystals, instead. By doing so, it is shown
in the course of this work that SHG-based DUV pulses can be created, that are characterized
by a sub-10 fs pulse duration (THG: sub-6 fs) (measured via a self-built DUV-capable TG-
FROG), carry (2.0 ± 0.5) µJ pulse energy on target (THG: 0.15 µJ) and are wavelength-tunable
around approximately 268 nm (THG: no wavelength-tunability) by changing the crystal axis
orientation. The latter assumes that the DUV-generating spectrum of our few-femtosecond
laser possesses appropriate spectral components. To some extent, its spectral broadening can be
enforced by SPM and plasma-blueshifting effects in a neon-filled HHG gas target during XUV
pulse generation and without compromising the XUV flux too much. Moreover, as we use type-
I SHG for DUV generation, the DUV transmission through the silicon wafer chicane is more
efficient and yields >83% (THG: 15%), while still maintaining an NIR attenuation of 104 during
DUV/NIR-filtering. This circumstance naturally enhances the total DUV transmission from
the place of generation down to the place, where the experiment is performed. On the whole,
we have proven that DUV pulses created via SHG outperform those generated from THG and
experience a more than one order of magnitude improvement in terms of usable pulse energy on
target.

Another interesting and, regarding the observability of the electronic and nuclear dynamics
during the ozone-photodissociation process, important aspect is represented by the angular dis-
tribution of XUV-probe-pulse-mediated photoemission in TRPES-experiments. By application
of molecular symmetry considerations, borrowed from group theory, on the qualitative evalua-
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tion of photoionization dipole transition integrals, we showed for the example of ozone that the
excited state-related photoelectron yield can be optimized when using a cross-polarized DUV-
pump / XUV-probe pulse train geometry. In addition, we exemplified why the photoelectron
yield is heavily suppressed for the opposite case of identically polarized pulses.

The experimental results of our TRPES-experiment on the molecular dynamics in ozone agree
qualitatively well with the most prominent features of simulated time-resolved photoelectron
spectra. The underlying nuclear wave packet evolution of the latter is computed with the MOL-
PRO quantum chemistry software package [74], while photoionization cross sections around an
XUV photon energy of 99.5 eV are estimated via a Dyson orbital approach [70, 76]. The good
accordance between theory and experiment allowed us to relate the results to snapshots of the
ground and excited state-associated nuclear wave packet motion. The thus obtained results
provide evidence for the ozone-photodissociation of being accompanied by multiple recurrences
of a nuclear wave packet along closed trajectories on the excited B state PES. The oscillation
period is determined to (19.6 ± 1.8) fs, while the ozone photodissociation itself is completed after
approximately 20 fs. Both can be regarded as a manifestation of ultrafast coherent photochem-
istry. At the same time, our approach marks the very first DUV-pump / XUV-probe experiment
in a neutral polyatomic molecule with few-femtosecond time resolution. Beyond this, our setup
basically allows for few-femtosecond or even attosecond investigation of other DUV-sensitive
molecules, thus pushing the frontier of ultrafast pump–probe experiments towards the DUV
spectral domain.
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Chapter 6

Outlook

Apart from the ground X and excited B state, which are considered within the scope of this
work, ozone possesses even more electronic states. For example, the weakly binding A state, that
is responsible for the formation of cyclic ozone [17], but also the repulsive R state, that leads to
ground X state-related photofragments, should be named (Figure 4.2). Some of the electronic
states of ozone partially cross each other in the form of so-called conical intersections in the space
spanned by the nuclear degrees of freedom of the molecule. These conical intersections may be
considered as funnels for radiation-less energy relaxation pathways of the B state-associated
nuclear wave packet after absorption of a single DUV-photon. Thereby, the nuclear wave packet
changes from one PES onto other adjacent PESs in an energy-descending cascade. This process
keeps going until the amount of energy, that is stored in the electronic system, is converted into
kinetic energy of the nuclei, eventually resulting in electronically de-excited photofragments.
Although these nonadiabatic effects can be neglected in first order approximation, they are of
uttermost importance for a more thorough understanding of, for instance, the photostability of
DNA against DUV radiation. After DUV excitation, the molecule relaxes along pathways com-
prising conical intersections, but may also decay along pathways leading to DNA-photodamage
in the form of thymine-dimerization on a femtosecond timescale [101, 102]. By adaption of the
scheme introduced by Kowalewski et al. [103], that relies on extracting information on nonadi-
abatic couplings via a three-color streaking approach, one should in principle be able to study
these nonadiabatic effects, not only in ozone, but also in biomolecules, like amino acids [104],
peptides [62, 105], proteins [63] or even DNA [106].

Due to usually weaker DUV absorption cross sections of these biomolecules than compared to
ozone, a more refined and even more intense DUV radiation source is indispensable to compen-
sate for this issue. Some schemes have already been published in this direction and promise to
be capable of creating many-ţJ-level, few-femtosecond DUV pulses without aversing from the
single-pass configuration, but suffer from being highly sophisticated and bulky, as chromatic
dispersion effects have to be taken into account explicitly. Right now, steps are being taken to
boost our DUV pump pulses towards higher pulse energy, while maintaining or even reducing
their pulse duration at the same time. It mainly follows the ideas of angular phase-matching
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discussed in, for example, [107–110] and make use of thicker BBO crystals. Using these thicker
crystals would solve the problem of degrading long-term mechanical integrity that come along
with ultrathin BBO crystals. In order to make up for the expectedly reduced phase-matching
bandwidth of thicker crystals, the incident beam of the fundamental laser is spectrally dispersed
by either a grating pair [110] or a prism pair [109] such that each spectral component is incident
on the crystal at its respective phase-matching angle. After DUV generation in these crystals,
the dispersion is reversed by a suitable DUV optical grating or prism pair to form a collimated
DUV beam and compressed DUV pulse. Thus, it was already shown that the achievable phase-
matching bandwidth can be increased by a factor of roughly 80, compared to the case where
the incident beam remains undispersed [108]. Alternatively, one could also think of creating a
line-focus in a 4-f-configuration, along which the components of the fundamental laser spectrum
are spatially dispersed, and where a battery of mutually twisted crystals is used to meet the
phase-matching condition for each component individually. This promises to minimize the risk
of crystal damage and increases the phase-matching bandwidth tremendously [111].



113113113

Appendix A

Pulse Characterization Techniques

Owing to the development of ever shorter pulse generation techniques, a complete temporal
characterization of these ultrashort pulses turned out to be problematic, since their electric
field usually oscillates more rapidly than what even the fastest electronic devices can resolve.
By complete temporal characterization we denote the measurement of both spectral amplitude
and spectral phase of the pulse, that yields the unambiguous reconstruction of its electric field
evolution. So with the advent of femtosecond or even attosecond pulses, new or at least more
refined pulse characterization techniques had to be invented. This section does not claim to give
a complete summary of all known pulse characterization methods, but to provide an overview
of the two concepts relevant within the scope of this work. We will in brief address the notion
of Attosecond Streaking in order to show its scaling with electric field strengths, wavelength and
detection angle, but also with respect to polarization. Especially the latter must be accounted for
in order to rule out its contribution to the ozone TRPES-experiment. After this, we will quickly
introduce the method of Frequency Resolved Optical Gating (FROG), because it is used for the
temporal characterization of the DUV pulses, utilized for triggering ozone photodissociation.
However, Attosecond Streaking can be interpreted in the framework of FROG as well.

Appendix A.1. Attosecond Streaking
The concept of Attosecond Streaking [112–114] is based on a similar technique that has been
employed for the characterization of pulses in the picosecond domain, namely, the Streak Camera
[115]. The basic idea is to map the temporal pulse profile onto a spatially dependent intensity
distribution, using an appropriate experimental setup. There, the pulse is shone onto a target,
followed by ionization of electrons. The released electron bunches will then propagate towards a
detector (screen) and on their journey towards it, they will be deflected by a steadily increasing,
time-varying electric field. This field is called the streaking field and is applied perpendicularly
to the propagation direction of the ionized electrons. Depending on the electron time of arrival
at the streaking field transit zone, they experience more or less deflection, depending on the
applied instantaneous electric field strength and hit the detector at different places. Thus, the
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Figure A.1: a),b) Illustration of attosecond streaking for a x-polarized and non-vanishing elec-
tric field at two different instants of time, separated by half an oscillation period. Gray cones:
acceptance angle of TOF for photoelectron detection. Black circle: unmodified (unstreaked)
momentum distribution of released photoelectrons. Blue-shaded circle: modified (streaked) mo-
mentum distribution. In both cases a),b), the unstreaked electron momenta (black arrows)
acquire a net momentum transfer along the x-direction (a) +∆px, b) −∆px). Momenta that are
measured alongside the polarization direction (x-axis) are shown as red arrows, while perpen-
dicularly detected momenta (y-axis) are transfered into those shown as blue arrows. For parallel
streaking (detection along x-direction) the streaked momentum distributions experience an up
or down shift, respectively, depending on the sign of the electric field, while for transverse streak-
ing (detection along y-direction) the momentum distribution gets broadened to either sides, but
more strongly to lower momenta. Figure adapted from [112].

space–time mapping is completed. Obviously, this approach will only work, if the temporal
variation of the streaking field and the electrons time of arrival are properly synchronized to
each other.

As discussed in subsubsection 2.2.4.1, the created attosecond pulses and their corresponding
driving fields are inherently phase-locked to each other as a consequence of the generation
process itself. Consequently, both pulses are predestined to be used for pump–probe experiments,
because their proper synchronization is guaranteed and since they propagate collinearly. Let
us omit the driving field for now and assume that a gaseous target sample is subjected to the
attosecond pulse in a way that it undergoes photoionization. Photoelectrons which escape from
the target have got a momentum distribution that resembles the spectral distribution1 of the
attosecond pulse. The same is valid for their temporal profile. On the whole, the electron bunch

1Naturally, this will only be true, if the bound–continuum transition dipole moment can be regarded indepen-
dent of momentum so that the spectrum does not get modified by this additional impact. This assumption is
made throughout the attosecond community.
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carries information about the temporal and spectral properties of the attosecond pulse and can
be considered to be a replica of the attosecond pulse itself. Now, if we added the driving pulse to
the attosecond pulse and managed to delay it in a reliable fashion with respect to the latter on
an attosecond timescale, the initial electron momentum distribution, induced be the attosecond
pulse just after photoionization, would be modified by the presence of the driving field, serving
as the streaking field here. The influence of the streaking field can be understood as follows: As
long as photoionization has not set in yet, the electrons will not feel the presence of the streaking
field much, but as soon as they get ionized by the attosecond pulse, they undergo a transition
from a bound state into the continuum. As they are not shielded against this streaking field
anymore after entering the continuum, they start to follow the evolution of the electric field.
Hence, they gain or lose momentum periodically, depending on the instant of ionization. Then,
the electron bunches will either have been accelerated, decelerated or will not have been modified
at all at the end of the pulse with regard to their unmodified spectra. If the attosecond pulse
duration was way shorter than an optical half-cycle of the streaking field, we would expect to
obtain a streaked spectrum that was displaced as an entity. If the condition above was violated,
we would expect the momentum distribution to split up as a consequence of different parts of
the momentum distribution, being exposed to different phases of the streaking field. This, in
turn, leads to alternating gain or loss of momentum, once the streaking pulse has passed by and
results in the occurrence of spectral sidebands which are separated by one quantum of the laser
frequency, }ω [113]. Anyway, for the remainder of this section, we assume a short attosecond
pulse fulfilling the above condition.

Figure A.1 illustrates the underlying effect and its impact on the spectra measured alongside
(spectra on the right hand side of the gray cones, x-axis) or perpendicularly (spectra above the
gray cone, y-axis) to the polarization direction. Additionally, for the remainder of this section,
we restrict ourselves to the case of linear polarization, but it can be extended easily to the case of
circular or elliptical polarization. Furthermore, we make use of the strong field approximation2

(SFA), the single active electron approximation3 (SAE) and suppose that the Coulomb potential
of the parent ions does not influence the temporal evolution of the photoelectrons much, since
they enter the continuum with high initial velocity. In this framework we can describe the
released electron trajectory semi-classically and make use of Newton’s law and write the equation
of motion down as (in atomic units)

ẍ(t) = −E(t), (A.1)

where ẍ(t) is the second time-derivative of the electron position and E(t) is the x-component
of the streaking field polarization. We now integrate equation (A.1) directly from the moment
of ionization until infinity when the pulse has already passed by. Hence, we get (after some

2Here, we assume that the applied streaking field strength outweighs the atomic potential in a way that the
electron motion is mainly governed by the streaking field.

3This approximation presumes that only the outermost valence electron is influenced by the streaking field as
well as by the attosecond pulse.
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maths [116,117]) an expression for the final electron kinetic energy

vf (t, θ)2

2
=
v2

0
2

+
A(t)2 cos(2θ)

2
−A(t) cos(θ)

√
v2

0 −A(t)2 sin2(θ), (A.2a)

≈ W0 + 2Up(t) cos(2θ) sin2(ωt) + α
√

8W0Up(t) cos(θ) sin(ωt), (A.2b)

where α =
√

1 − 2(Up(t)/W0) sin2(θ) sin2(ωt). The final photoelectron velocity vf is a function
of the moment of ionization t and of the detection angle θ with respect to the streaking field
polarization. But besides that, we can analyze equations (A.2a) – (A.2b) for two separate cases:

• Parallel streaking: Detection alongside the polarization (θ = 0)

• Transverse streaking: Detection that is perpendicular to the polarization (θ = π/2).

In the first case, the final velocity distribution closely follows the time evolution of the streak-
ing field and is proportional to the vector potential A(t), weighted with some nearly constant
expression for A(t) ≪ W0. This is equivalent to being proportional to the square root of the
ponderomotive energy Up(t) =

E2(t)
4ω2 , which clearly shows the wavelength and intensity scaling

of the modified velocity distribution. Therefore, it is perfectly suited to rasterize the streaking
field for different time delays. Moreover, a spectrogram obtained in this way even carries infor-
mation about the attosecond pulse itself, as stated above, but is beyond the scope of this work.
For further information see, for example, [116, 117]. In the second case, that is more closely
connected with the experimental setup used in this thesis, we observe a different behavior inas-
much as the momentum distribution oscillates at twice the fundamental angular frequency. This
behavior is represented by the term sin2(ωt) = 1/2(1 − cos(2ωt)) in equation (A.2b) and mainly
leads to broadened velocity distributions and, additionally, to those being downshifted in energy
with regard to the unstreaked velocity distribution W0. Moreover, it scales linearly with the
ponderomotive energy (equation (A.2b)) and is usually smaller in absolute values than the third
term in equations (A.2a) – (A.2b) due to the absence of the weighting factor

√
W0, where W0

is on the order of 100 eV. Let us assume to have two laser pulses, one centered around angular
frequency ω and the other one centered around its third harmonic 3ω in a transverse streaking
geometry. According to equation (A.2b), we would expect a streaking amplitude that scales
linearly with the ponderomotive energy Up(t) = E2(t)

4ω.2 . If both pulses had identical intensity
I(t) ∝ E2(t), it would imply that the streaking amplitude of the third harmonic is almost one
order of magnitude smaller than compared to its fundamental. In contrast to this, it is simply
a factor of three less in case of parallel streaking (equation (A.2b)).

Appendix A.2. FROG
As pointed out in the introduction of this section, attosecond streaking itself can be described
as a manifestation of FROG. Here, we would like to introduce the basic idea of FROG and
give at least a mathematical formulation that is universal, because there is quite a number
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of different implementations of FROG, resting upon various nonlinear effects. Common to all
implementations is the following mathematical formulation of FROG [118]

S(ω, τ ) =
∣∣∣∣∣

∞∫
−∞

dt E(t) · g(t− τ ) exp(−iωt)
∣∣∣∣∣
2

, (A.3)

where ω and τ denote the angular frequency and time delay between a gate function g(t) and
the electric field E(t), respectively, in which one is interested to reconstruct and S(ω, τ ) is a
so-called spectrogram of the nonlinear response. The latter is triggered by the unknown pulse
E(t) and is resolved spectrally as a function of the time delay τ . The gate function g(t) itself
is responsible for sampling parts of the laser pulse and its temporal spread is on the order of
the laser pulse duration. As a matter of fact, it is usually a function of the electric field to
be measured. In the case of attosecond-streaking, the gate-function is provided by an integral
function of the streaking-field vector potential, while E(t) represents the attosecond pulse used
for ionization [113]. Depending on the explicit form of the gate function, one distinguishes
between several types of FROG, which are best suited for different demands [118]. In this thesis,
we make use of TG-FROG [119] in particular, where the prefix stands for transient grating. The
name arises from a nonlinear refractive index grating, transiently created by two replica of the
pulse that is intended to be measured and which contributes to the gate function at the same
time. The gate function can be written as g(t− τ ) = |E(t− τ )|2 and is a manifestation of the
nonlinear optical Kerr effect.

The setup is as follows: We illuminate a mask that comprises three regularly arranged and
equally sized holes. The latter, in turn, are located on three corners of a square. This is the so-
called BOXCARS-geometry. Hence, we generate three replica of the very same laser pulse, which
we want to characterize temporally. If we focus these beams onto a common spot of a nonlinear
medium with χ(3)-nonlinearity, they will form a checkered interference pattern in the focal plane,
depending on the time delay that is introduced between the single and the two remaining pulses
by a retardable double mirror. This leads to the generation of a fourth beam, diffracted off
this transiently generated grating and which emerges from the fourth corner of the BOXCARS-
geometry in the far field. As the latter provides a signal at the fundamental angular frequency
in case of the TG-FROG, this setup is inherently phase-matched. Once the spectrogram for
different time delays has been recorded, the task is to reconstruct the underlying pulse, making
use of iterative retrieval algorithms that are either based upon generalized projections [120] or
ptychography [121]. These algorithms are commonly used techniques for the solution of phase-
retrieval problems like those formulated in equation (A.3).
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Appendix B

Group Theory and Group
Representations

Group theory and representation theory proved themselves valuable as easy to handle tool-
boxes for the qualitative evaluation of certain electronic transition integrals in photoelectron
spectroscopy experiments, as molecular states can be attributed to certain, so-called irreducible
representations. Therefore, we will quickly walk through the definitions of a group in a math-
ematical sense, of a class, of group representations (encompassing irreducible representations)
and relations between them. It should be stated that the upcoming discussion does not claim
to give a rigorously derived and mathematically complete introduction to group theory, but to
provide an overview that is relevant within the scope of this work and which lets the reader
recognize the most important concepts. For a more detailed discussion concerning groups and
their application in molecular physics see, for example [79].

Appendix B.1. Groups
A group G in a mathematical sense is defined as a set of elements with a mathematical operation
"•", defined between any two elements. Besides this, (G, •) must fulfill the so-called group axioms
for all elements:

• Closure: For all elements a, b ∈ G, the newly formed element a • b must reside in the set
G.

• Associativity: For all elements a, b, c ∈ G, the following equality must hold true: (a •
b) • c = a • (b • c).

• Identity element: For all elements a ∈ G, there is a unique element 1 ∈ G, such that:
a • 1 = 1 • a = a.

• Inverse element: For all elements a ∈ G, there is a corresponding inverse element
a−1 ∈ G such that: a • a−1 = a−1 • a = 1.
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If additionally the following condition is satisfied, the group is called an Abelian or commutative
group:

• Commutativity: For all elements a, b ∈ G: a • b = b • a.

Thereby, it is irrelevant what is used as elements as long as these axioms apply. Elements
can simply be numbers, but could also be functions or even more complex objects, but in our
case turn out to be symmetry operations / geometrical transformations, which are applied to
the ozone molecule in its molecular coordinate system. Accordingly, the operation "•" is not
specified at all, it just has to combine any two elements in order to result in another element
that still resides in the set G and fulfills the above axioms.

Appendix B.2. Classes
Moreover, one can subdivide a group G — or more generally a set of elements — into more
subsets which are known as classes C. A class C ⊂ G is a set of elements a, b ∈ G for which the
following condition is fulfilled and which can be considered an equivalence relation

∃ t ∈ G : t−1 • a • t = b. (B.1)

Elements satisfying this condition are said to be conjugated or equivalent to each other. Without
evidence, we state that every group can be decomposed into disjoint classes. We are going to
encounter this notion once more when addressing representations of groups.

Appendix B.3. Group Representations
In general, set elements are not specified further and can be considered abstract, so one endeavors
to find matrix representatives for them, still fulfilling the group axioms. The map between these
abstract group elements is usually referred to as an isomorphism or homomorphism, according
to whether the map is bijective1 or not. An n-dimensional matrix group, homomorph to a
group G, is said to be an n-dimensional group representation. The circumstance that there is an
infinite number of representations, which are linked to each other via similarity transformations
like those defined by equation (B.1), one is usually interested in finding those representations
of the very same group G that are not equivalent to each other. Moreover, one distinguishes
between reducible and irreducible representations. A representation that can be brought to
diagonal block form for every group element R ∈ G is said to be reducible. Without proof we
state that there are as many irreducible representations n as classes within the group, which
in turn is a finite number for groups of non-infinite order2. The remaining representations are
known as irreducible and these are the ones we are basically interested in, because the reducible

1In this context, bijection means a one-to-one-correspondence between group elements and matrix representa-
tives

2By order we mean the number of group elements.
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G R1 R2 . . . Rk

R1 R1 •R1 R2 •R1 . . . Rk •R1
R2 R1 •R2 R2 •R2 . . . Rk •R2
...

...
... . . . ...

Rk R1 •Rk R2 •Rk . . . Rk •Rk

Table B.1: Group multiplication table of an arbitrary group, G. The result of such a concate-
nation refers to the case where the symmetry operations, shown as columns, are applied before
those from the rows.

representations can be expressed as a direct sum
⊕

of the irreducible representations and is
formally written as:

Γ(R) =
⊕

i

ciΓ(i)(R) (B.2)

where Γ(R) denotes a reducible representation for group element R ∈ G and the set of Γ(i)(R)
denotes an irreducible representations and where ci are contraction coefficients. In matrix no-
tation it is written as follows:

Γ(R) =



c1Γ(1)(R) 0 . . . . . . 0
0 c2Γ(2)(R) 0 . . . 0
... 0 . . . 0

...
...

... 0 . . . 0
0 0 . . . 0 cnΓ(n)(R)


. (B.3)

Concerning the exact knowledge of a representation, it turns out that it is unnecessary in
most cases and what does really matter are the characters χ(i)(R) of a certain irreducible
representation for all group elements R ∈ G. The character of a representation is defined as the
sum along the diagonal elements of a certain representation matrix and is thus identical with
the trace of a matrix:

χ(i)(R) =
gi∑
k

(
Γ(i)(R)

)
kk

, (B.4)

where Γ(i)(R) is once more an irreducible matrix representation of a certain group element R ∈ G
and gi is its dimension. The advantage of the character over the exact form of a representation
matrix lies in its invariance with respect to similarity transformations and thus stays constant
for all group elements R ∈ G within a class C. Their output is usually summarized in form of a
group multiplication table like the one in Table B.1.
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G h1R1 h2R2 . . . hkRk

Γ(1) χ(1)(R1) χ(1)(R2) . . . χ(1)(Rk)

Γ(2) χ(2)(R1) χ(2)(R2) . . . χ(2)(Rk)
...

...
... . . . ...

Γ(k) χ(k)(R1) χ(k)(R2) . . . χ(k)(Rk)

Table B.2: Group character table of an arbitrary group G. The irreducible representation Γ(1)

is present in all group character tables and exclusively consists of "1"s and is therefore known as
the totally-symmetric representation. The numbers hk in front of the group elements Rk in the
topmost row of this table count the number of equivalent group elements within each class and
where each class is labeled by one of their representatives Rk. The set Γ(k) denotes the different
irreducible representations.

In order to make use of the characters χ(i)(Rk) of any irreducible representation Γ(i) and for a
specific group element Rk, one strives for finding the so-called character table. It summarizes all
these characters, depending on the irreducible representation (rows) and for all group elements
(columns), as displayed in Table B.2.

It is not a trivial task to get characters from generally unknown matrix representations. For-
tunately, there are strategies on how to obtain the character tables from simple symmetry
considerations, even without the exact knowledge of their matrix representation. With the help
of the following orthogonality relation, which is given without proof, it is possible to determine
these:

∑
k

hkχ
(i)(Rk)

∗χ(j)(Rk) = hδij , (B.5)

where the summation runs across all classes, represented by Rk, and hk is the number of elements
within a class of conjugated elements and h is the order of the underlying group. The symbol "*"
denotes the complex conjugate of the character χ. As we have already seen, any representation
can be written as a direct sum of irreducible representations. This and equation (B.5) enable
us to find the contraction coefficients ci according to

ci =
1
h

∑
k

hkχ
(i)(Rk)

∗χ(Rk), (B.6)

where χ(Rk) is the character of any (reducible) representation. Finally and for the sake of
completeness, we want to introduce the concept of the direct product ⊗ of representations. If we
define the direct product as the Kronecker product in terms of characters, it will be converted
into a simple product between characters. The Kronecker product ⊗ for matrices A,B and C
is defined as
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C = A⊗B =

a11B . . . a1nB
... . . . ...

am1B . . . amnB

 , (B.7)

where aij is the i-th row and j-th column element of the m× n-matrix A and for any o× p-
matrix B so that the dimension of the resulting matrix is mo×np. For an m×m-matrix A and
an n× n-matrix B, it immediately follows for the character of their direct product A⊗B from
equation (B.7) and equation (B.4):

χ(A⊗B)
(B.4)
=

m·n∑
k=1

(A⊗B)kk

(B.7)
=

m∑
s=1

n∑
t=1

(assbtt) =

(
m∑

s=1
ass

)(
n∑

t=1
btt

)
= χ(A) · χ(B). (B.8)
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