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Once upon a midnight dreary, while I pondered, weak and weary,
Over many a quaint and curious volume of forgo en lore—
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A
This thesis describes experimental and theoretical methods, developed to perform and understand femtosecond time-resolved photoelectron spectroscopy
(TRPES) of molecular species with extreme-ultraviolet (XUV) light pulses. The
work culminates in a benchmark study, reporting the ﬁrst direct observation of
the ultrafast wavepacket dynamics induced in NO2 after photoexcitation to the
ﬁrst electronically excited state, using perturbative light-ma er interaction.
The center-piece of the experimental methods is a new conical-diﬀraction-based
time-preserving XUV monochromator, which is coupled with a semi-inﬁnite-celltype high-harmonic generation (HHG) scheme to provide energetically narrow
(200-300 meV) and short (35 fs) XUV pulses. The available photon energies are
odd multiples of the photon energy of the laser light inducing the HHG, which
is in this case 800 nm (1.55 eV) radiation. Using argon as a generation medium,
energies corresponding to harmonic 11 (17.0 eV) to harmonic 25 (38.7 eV) have
been demonstrated. By using diﬀerent generation media, higher XUV energies
become available. Calculations based on the strong-ﬁeld approximation (SFA)
are performed to rationalize the observed pulse durations. Furthermore, the
generation-gas-pressure dependence of the photon ﬂux is modeled, using the
SFA calculations as input for 1D phase-matching calculations. Both theoretical
models are in reasonable agreement with the experiment.
The employed magnetic-bo le photoelectron time-of-ﬂight spectrometer is a
refurbished commercial device. The applied changes include a retroﬁ ed magnetic shielding of the ﬂight tube, a time-focusing ion-extraction electrode stack, a
custom-order time-of-ﬂight multi-channel plate (MCP), and a tailor-made gas delivery system. A new extended-single-event-detection continuous-referencing
data acquisition scheme is presented, based on a simultaneous-acquisitionreadout ring-buﬀer analog-to-digital converter card. The current acquisition
scheme is designed for 5 kHz operation but can be extended to higher repetition
rates. The observed resolving power (m/∆m) for ion time-of-ﬂight operation is
on the order of 1000, whereas the energy resolution provided in electron time-ofﬂight mode is be er than 100 meV for kinetic energies below 18 eV.
Using these experimental tools, a benchmark study is performed on NO2 . The
transition from the 2 A1 ground state to the 2 B2 ﬁrst excited state is driven by 44 fs
long ultraviolet laser pulses centered at wavelengths between 395 nm and 405 nm.
The ensuing molecular dynamics are characteristic for non-Born-Oppenheimer
eﬀects at a conical intersection (CI) and, for long-time scales, large-amplitude
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motion of the nuclear coordinates. This large-amplitude motion results in a dissociation of NO2 if the excitation energy is tuned above the dissociation threshold
at 398 nm. All three eﬀects, CI dynamics, large-amplitude motion, and the photodissociation have been consistently identiﬁed in the recorded time-resolved
photoelectron spectra. An intuitive theoretical model is presented which can be
applied to other systems.
In the NO2 study, distinct cross-correlation-like features appear in the photoelectron spectra, which are assigned to the molecular-dynamics-independent laserassisted-photoelectric eﬀect. This eﬀect, well known from experiments with
atoms, surfaces, and the liquid phase, has previously not been reported for
XUV-TRPES experiments in molecular systems. A model based on the SFA is
developed, which allows using experimentally measured XUV spectra as input
parameters. Excellent agreement is found between experimental and calculated
spectra.
Potential-energy surfaces for NO2 are shown which have been central in the development of the theoretical methodology. One-dimensional cuts through these
surfaces are calculated on the multi-reference conﬁguration-interaction (MRCI)
level and utilize Dunnings augmented correlation-corrected polarized-valence
quadruple-zeta basis set (aug-cc-pVQZ), optimized for nitrogen and oxygen.
The results of these calculations are compared to experimental observables and
previous theoretical results and are found to be in good agreement.
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Z
Diese Doktorarbeit beschreibt die Entwicklung experimenteller und theoretischer
Methoden für die Durchführung und Analyse von femtosekundenzeitaufgelöster
Photoelektronenspektroskopie (TRPES) von Molekühlen mit extremer ultraviole er Strahlung (XUV). Die Arbeit kulminiert in einer Referenzstudie zur perturbativen Licht-Materie Interaktion, welche die erste direkte Beobachtung von
ultraschneller Wellenpaketdynamik in NO2 ermöglicht.
Das Herzstück der vorgestellten experimentellen Methoden ist ein neuer XUV
Monochromator, welcher, zur XUV Erzeugung mi els Generation hoher Harmonischer (HHG), mit einer Semi-Inﬁniten Gaszelle betrieben wird. In Kombination
liefert der Au au energetisch schmalbandige (200-300 meV) und kurze (35 fs)
XUV Lichtpulse. Die Photonenenergien, welche durch die Apparatur zur Verfügung gestellt werden können, sind ungerade Vielfache der Photonenenergie
des Lichtes welches die HHG induziert. In diesem Falle ist das 800 nm (1.55 eV)
Strahlung. Unter der Benu ung von Argon als Generationsmedium, wurden Energien, korrespondierend zu Harmonischer 11 (17.0 eV) bis Harmonischer 25 (38.7
eV), gezeigt. Es können auch höhere XUV Photonenenergien bereitgestellt werden, wenn dazu andere Erzeugungsgase verwendet werden. Zur analytischen
Betrachtung der gemessenen Pulsdauern werden Rechnungen gezeigt, welche
auf der sogenannten Starkfeldnäherung beruhen (SFA). Im Weiteren werden
diese Rechnung benu t um 1D-Phasenanpassungsrechnungen durchzuführen,
die Aufschluss über das Verhalten des Photonenﬂusses, als Funktion des Generationsdruckes bringen. Beide theoretischen Modelle zeigen eine akzeptable
Übereinstimmung mit dem Experiment.
Bei dem verwendeten Photoelektronenspektrometer handelt es sich um ein stark
modiﬁziertes kommerzielles Spektrometer nach dem Prinzip der magnetischen
Flasche. Die Modiﬁkationen beinhalten die Nachrüstung eines magnetischen
Schildes des Flugrohres, eine zeitfokussierende Elektrodenbaugruppe zur Extraktion von Ionen, eine speziell angefertigte Mehrkanalpla e (MCP) und ein
angepasstes Gassystem, welches das Probengas in die Interaktionsregion des
Photoelektronenspektrometers befördert. Ein neues Datenaufnahmesystem, beruhend auf erweiterter Einzelereignisdetektion und kontinuierlicher Referenzierung, wird vorgestellt. Das System baut auf einer Analogdigitalwandlerkarte auf,
welche mi els eines geeigneten Ringspeichers gleichzeitige Datenaquisition und
Auslesung ermöglicht. Dieser Ansa ist auf eine Wiederholrate von 5 kHz ausgelegt, kann aber auf höhere Repitionsraten erweitert werden. Die experimentelle
Auﬂösung des Spektrometers (m/∆m) ist ungefähr 1000 im Ionenmodus und bes-
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ser als 100 meV für Photoelektronen mit kinetischer Energie unter 18 eV.
Eine Referenzstudie zu NO2 wird präsentiert, die mi els der obigen experimentellen Werkzeuge durchgeführt wurde. Der Übergang vom 2 A1 Grundzustand
zum 2 B2 ersten angeregten Zustand von NO2 wird mi els eines 44 fs langen UV
Laserpulses getrieben, welcher bei Wellenlängen zwischen 395 nm und 405 nm
abgestimmt werden kann. Die daraus resultierende Moleküldynamik wird durch
Nicht-Born-Oppenheimer Eﬀekte an einer konischen Überschneidung charakterisiert (CI-Dynamik). Für lange Zeitskalen (Pikosekundendynamik) folgt eine
Bewegung grosser Amplituden der Kernkoordinaten, welche, je nachdem, ob die
Anregungswellenlänge energetisch über oder unter der Dissoziationsschwelle
von 398 nm liegt, zur Dissozation führt oder nicht. Alle drei Eﬀekte, CI-Dynamik,
Bewegungen grosser Amplituden und Photodissoziation wurden in den experimentellen Photoelektronenspektren identiﬁziert. Ein intuitives theoretisches
Modell wird präsentiert, welches auch auf andere Moleküle angewendet werden
kann.
Eine Klasse von kreuzkorrelationsartigen Beiträgen in den NO2 Daten kann dem
moleküldynamikunabhängigen laserassistierten photoelektrischen Eﬀekt (LAPE) zugeordnet werden. Dieser Eﬀekt, welcher aus Experimenten mit Atomen,
Obeﬂächen und auch aus der Flüssigphase bekannt ist, wurde noch nicht in Verbindung mit molekularer XUV-TRPES beobachtet. Ein Modell welches ebenfalls
auf der SFA beruht und welches erlaubt, experimentelle XUV Spektren als Eingangsparamter zu benu en, wird vorgestellt. Die Übereinstimmung zwischen
Experiment und Rechnung ist ausgezeichnet.
Potentialﬂächen von NO2 werden gezeigt, welche eine zentrale Rolle eingenommen haben in der Entwicklung der theoretischen Methodologie. Eindimensionale Schni e durch diese Flächen werden berechnet basierend auf quantenchemischen Mulireferenz-konﬁgurationsinteraktions-rechnungen (MRCI). Der Basisa
für die Rechnung ist ein augmentierter korrelationskorrigierter polarisierter valenzquadruplezeta Basissa (aug-cc-pVQZ), welcher für Sauerstoﬀ und Stickstoﬀ
optimiert wurde. Das Resultat dieser Rechnung zeigt gute Übereinstimmung mit
unabhängigen Observablen und vorhergehenden theoretischen Ergebnissen.
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”Just to give you a general idea,”
he would explain to them. For of
course some sort of general idea they
must have...
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Time-Resolved Molecular-Photoelectron Spectroscopy in the XUV

1.1

The quantum-mechanical description of ma er is arguably one of the most beautiful and stunning concepts in science. In eﬀect, it tells us that objects, provided
they are suﬃciently small, behave in a strange manner when applying everyday
standards. This conundrum has become part of popular culture in various ways
[1].
There is a rather unse ling (to the scholar) relationship between this quantum
world and life in general. Men are made from molecules, the laws governing
their behavior are quantum laws, and quantum laws are sometimes uncomputably
complex. Even our thoughts, meaning the chain of events which governs how
our nervous system works, are deﬁned by quantum mechanics. However, we
still struggle to understand molecular systems. Now this is clearly rather polemic, since most things do not mind us not understanding them in all detail; they
still work. Also, one does not have to understand everything from ﬁrst principles, often times a semi-empirical framework also allows tremendous scientiﬁc
progress, as the history of chemistry and molecular biology shows. However, it
should be clear that molecular quantum mechanics is of utmost importance to the
understanding of - (almost) everything.
This work is dedicated to the understanding of how (small) molecules react to
photo excitation, a process which happens in nature in abundance; photosynthesis, human vision, the sunburn; the number of examples is long. The experimental technique employed in this work is time-resolved molecular-photoelectron
spectroscopy in the XUV. The next two sections brieﬂy introduce the underlying
concepts.

1.1

Time-Resolved Molecular-Photoelectron Spectroscopy
in the XUV

Common to all kinds of photoelectron spectroscopy, irrespective of the system
under study, is the liberation of an electron. This electron is then experimentally
characterized and based on the observations, deductions can be made about the
nature of the system at the time of ionization. This means, when studying neutral
species, that some mechanism has to induce the transition from the neutral to the
cation, which can be be rephrased as: during the ionization step suﬃcient energy
has to be transferred to the system to overcome the energy with which an electron
is bound.
Two possibilities come to mind: energy transfer by collision with energetic particles and interaction with electromagnetic ﬁelds. In the context of photoelectron
spectroscopy, the la er path is taken. There are again multiple possible alleys:
ionization by weak incoherent radiation, ionization by weak coherent radiation,
and ionization by strong coherent radiation. Weak and strong refer to the poten-

3

Ch. 1

INTRODUCTION
tial the electron experiences in the presence of the light ﬁeld, in relation to the
eﬀective potential which keeps the electron bound. For the two potentials to be
comparable, electric-ﬁelds are required which can only be generated with pulsed
lasers (see section 1.2), explaining the absence of strong incoherent radiation in the
above list. Both weak-ﬁeld techniques are considered perturbative, meaning that
the interaction of the system with the light ﬁeld does not disturb the system under
study signiﬁcantly, while the strong-ﬁeld technique is non-perturbative in that it
has an eﬀect on the way the electronic structure of the system has to be described.
Since some information of this ionization mechanism is also encoded into the
freed electron, the ionization process should be as simple as possible, tipping the
scales in favor of the two non-perturbative possibilities.
In order to ionize a sample with weak coherent or incoherent radiation, the photon
energy has to, at least, exceed the ionization energy of the least bound electron. In
the following, this ionization energy is discussed brieﬂy in order to quantify the
required photon energies. Wherever possible, the ionization energies are given to
four signiﬁcant digits. For the majority of the quoted species measurements with
µeV precision are available but were omi ed for brevity (see i.e. [2] for CH4 ).
For stable noble gases, the ionization energy lies at 24.59 eV (He, 2 S1/2 ), 21.56 eV
(Ne, 2 P3/2 ), 15.76 eV (Ar, 2 P3/2 ), 14.00 (Kr, 2 P3/2 ), and 12.13 eV (Xe, 2 P3/2 ) [3],
while small molecular systems show similar adiabatic ionization potentials (e.g.
N2 (15.58 eV), CH4 (12.61 eV), O2 (12.07 eV), Br2 (10.52 eV) and NO2 (9.59 eV) [4]),
the larger species often possess adiabatic ionization energies below 10 eV (e.g.
benzene (9.24 eV), thymine (9.0 eV), and 1,3-cyclohexadiene (8.25 eV) [4]). Electromagnetic radiation in this energy range is classiﬁed according to ISO-21348
as far ultraviolet (FUV, 6.2 - 12.4 eV), vacuum ultraviolet (VUV, 6.2-124 eV), and
extreme ultraviolet (XUV, 10.25-124 eV). This is why generally an XUV source is
desirable. Figure 1.1 shows a schematic depiction of XUV photoionization of an
atomic species.
The concept developed in ﬁgure 1.1 can also be applied to an excited species. The
relative ionization energy, corresponding to diﬀerent ﬁnal states, is then reduced
by the excitation energy of the neutral species, resulting in changing photoelectron energies as well as newly accessible states. The relative magnitude of the
observed photoelectron bands depends, among other things, on the population,
e.g. the probability, of the individual states of the neutral species. Transferring
population to the excited state will reduce the photoelectron signal originating
from the ground-state giving a direct measure of the achieved population transfer. A sketch of this mechanism is shown in 1.2.
Using a short excitation pulse and an equally short, and hence coherent, XUV
pulse for ionization allows to perform time-dependent studies. In this case the
temporal separation between the excitation pulse and the ionization pulse is progressively changed while for each time separation, the photoelectron spectrum is
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+

(2)ES

energy

+

Ekin

(1)ES
+

GS

XUV

+
GS,GS
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GS

Figure 1.1: XUV potoelectron specroscopy of an unexcited neutral atom. The system
is in the electronic ground state of the neutral (GS) when the XUV interacts with the
system. Depending on the XUV photon energy several cationic states can be accessed
(GS+ , (1)ES+ , and (2)ES+ ), where the energy difference of the XUV photon energy and
the ionization energy of each state (Ip ) is imparted on the liberated photoelectron
(Ekin ). The photoelectron continuum belonging to each state of the cation is depicted
as red shaded area.

+

energy

(1)ES
+

Ekin

GS

(1)ES
UV
GS
Figure 1.2: XUV potoelectron spectroscopy of an excited neutral atom. After excitation, part of the wave function resides in an excited state of the neutral ((1)ES). Upon
interaction with the XUV this population will be able to access higher final energies
(thin pink arrow). This results in higher kinetic energies for the liberated electron in
channels initially accessible from the electronic ground state (thick pink arrow) and
additional final cationic states may become available. The different thickness of the
XUV arrows should signify the dependence of the probability for each transition on
the population of the initial state. Typically the excited-state population is small as
compared to the remaining ground-state population.
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recorded. This type of pump-probe (excitation-ionization) study allows to monitor e.g., the excitation fraction, which builds up during the excitation pulse and
thereafter may decrease due to the natural life time of the excited-state population.
So far, the discussion was limited to atomic species, because in this case only electronic degrees of freedom have to be taken into account. The solid lines displayed
in ﬁgure 1.1 and ﬁgure 1.2 are schematic depictions of electronic eigenstates. Depending on the species, the fraction of the wave function transferred to such an
excited state by the interacting light ﬁeld, may only decay back to the ground
state or to another excited state.
In molecules, nuclear degrees of freedom alter the picture signiﬁcantly. Within
the Born-Oppenheimer (BO) approximation [5], the electronic degrees of freedom
are treated as parametrically dependent on the nuclear ones, allowing to write the
total wave function Ψ(⃗R,⃗r ) in the following form [6]
Ψ(⃗R,⃗r, t) =

∑ χk (⃗R, t)ϕk (⃗r; ⃗R),

(1.1)

k

where χk (⃗R, t) is the nuclear wave function depending on the coordinates of the
nuclei ⃗R, ϕk (⃗r; ⃗R) is the electronic wave function depending on the coordinates
of the electrons ⃗r and parametrically on the coordinates of the nuclei, and the
parameter k spans all electronic states of the system. In writing equation 1.1, it is
implicit that the χk (⃗R, t) are not individually normalized functions but have the
property
1=

∑

∫

χ∗k (⃗R, t) χk (⃗R, t)dV,

(1.2)

k

where the integration dV implies an integration over all dimensions spanning ⃗R.
Here, χ∗k (⃗R, t) χk (⃗R, t) can be identiﬁed as nuclear probability density, such that
∫
the quantity χ∗k (⃗R, t) χk (⃗R, t)dV corresponds to the time-dependent probability
of the system to be in the electronic state k. The nuclear Schrödinger equation
governing the time-evolution of the nuclear wave function, in the presence of an
interacting time-dependent electromagnetic ﬁeld ⃗E(t), and invoking the dipole
approximation, is given by [6]
[
]
∂ ⃗
χ( R, t) = T̂N + V (⃗R) − ⃗µ(⃗R) · ⃗E(t) χ(⃗R, t),
(1.3)
∂t
where χ(⃗R, t) is a column vector containing the nuclear wave function for all
relevant electronic states, T̂N is the diagonal kinetic energy operator of the nuclei,
V (⃗R) is the diagonal potential energy functions, and µ(⃗R) is the electronic dipole
matrix containing the coupling between the electronic parts of the individual
electronic states. This equation, strictly valid only within the BO approximation,
has an intuitive explanation: in each inﬁnitesimal time step, the existing population of any given nuclear wave function χk (⃗R, t) experiences a force according to
ih̄
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the potential Vk (⃗R) while at the same time new population is generated from the
nuclear wave functions belonging to other electronic states (χ j̸=k (⃗R)) according
to their amplitudes at position ⃗R. This becomes a li le clearer considering the
experimental situation,
in which the entire population is initially in the electronic
∫
ground state (1 = χGS (⃗R, t)∗ χGS (⃗R, t)dV), ideally in the time-independent vibrational ground state. Once the excitation ﬁeld starts interacting, population is
spawned in the electronically excited state at all positions of the nuclear conﬁguration space where the vibrational ground state has population. This transferred
population then moves according to the slope of the potential energy surface belonging to the excited state. The region of the nuclear conﬁguration space where
the nuclear wave packet initially resides is also called the Franck-Condon region.
The process is illustrated in ﬁgure 1.3.

energy

(2)ES+

(1)ES+

GS +

(1)ES

GS

reaction coordinate
Figure 1.3: XUV photoelectron spectroscopy of an excited molecule. During excitation a nuclear wave packet forms on the excited-state surface in the coordinate space
occupied by the nuclear wave function of the initial state (red curve) and progressively
moves out of this so-called Franck-Condon region. The wave packet is depicted as moving downwards along the potential, illustrating the transfer of electronic potential
energy into kinetic energy of the nuclei. The dashed lines indicate an avoided crossing. In this region, the wave packet can couple from one electronic state to another,
as indicated by the wave packet on the left. The time-evolution of the wave packet is encoded in the time-dependent photoelectron spectrum because the vertical Ip
changes as a function of the nuclear coordinates.

In most cases, the picture introduced above is not suﬃcient to describe the complete molecular dynamics because of ubiquitous non-BO eﬀects like conical intersections or avoided crossings. Both terms refer to regions in the nuclear conﬁguration space where the BO approximation breaks down, causing T̂N to have
oﬀ-diagonal elements, which leads to a coupling between diﬀerent electronic sta-
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tes. The exact nature and treatment of this type of eﬀects goes beyond the scope
of this introduction but can be found in detail in references [6–8]. In essence, the
presence of these eﬀects allows an existing wavepacket to transfer from one electronic state to another, as illustrated in ﬁgure 1.3. This process plays an important
role in naturally-occurring photo processes like the the photo-induced isomerization of retinal [9, 10], being central to vision, or the inherent photo-stability of
nucleobases [11, 12], which are the constituents of DNA and RNA.
What remains to be answered is how the photoelectron spectra are aﬀected by the
motion of the wave packet. Anticipating the results presented in chapter 5, the
following expression can be derived [13]
σE ( Ebind , t) ∝

∑
i, f

∫
V

µi f (⃗R)

2

(
)
if
δ Ip (⃗R) − Ebind |χi (⃗R, t)|2 dV,

(1.4)

which states that the photoionization cross section σE ( Ebind , t), for a given ioniif
zation energy Ebind , can be approximated as the local ionization potential Ip (⃗R)
between a given pair of initial and ﬁnal electronic states, weighted with the timedependent local nuclear density in the initial state |χi (⃗R, t)|2 and the electricdipole transition matrix element µi f . Within the approximations made (see Ref.
[13]), the motion of the wavepacket is encoded in the spectrum as shifting or broaif
dening of photoelectron bands due to the change in Ip (R) while the wave packet
is spreading in the nuclear conﬁguration space. By performing time-resolved
photoelectron (TRPES) studies in the XUV, the temporal motion of the nuclear
wave packet can therefore be resolved.
While the overall concept of XUV-TRPES was presented, one subtlety has not been
discussed so far: Light pulses are, by virtue of the Fourier theorem, spectrally
broad. This can become problematic if the energy bandwidth of the XUV pulses
exceeds the separation of the experimental photoelectron bands. It is therefore important to have an XUV source which provides temporally short, but at the same
time energetically the narrowest possible light pulses. The following section will
introduce an experimental technique to obtain such pulses.

1.2 High-Harmonic Generation as Source for Short XUV
Pulses
High-harmonic generation (HHG) refers to the generation of XUV or VUV radiation from laser light in the visible or infrared (IR) part of the spectrum. The
frequency of the generated radiation is q times larger than the frequency of the
driving laser, where q can be up to a hundred or more. Experimentally there are
diﬀerent methods of generating such harmonics, here the focus lies on HHG in
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Figure 1.4: Illustration of the three-step model. The two sketches on the left illustrate
the individual steps. First an electron is liberated from the atom or molecule (shaded
circle) by an interacting light field, indicated by the red arrow (1.). In a second step
the electron is accelerated by the same light field away from the atom (2.). After the
the electromagnetic field vector has changed its direction, the electron is accelerated
back and re-collides with the parent, emitting the obtained kinetic energy and the
ionization energy of the electron (3.). The figure on the right shows the temporal
evolution of classical electron trajectories of electrons born at different times in a
laser cycle with period T0 . All trajectories born in the falling flank of the electric field
recombine within the following three quarters of the cycle, a process repeating every
half-cycle.

noble gases.
There is a very intuitive picture to explain this type of HHG. It is called the semiclassical three-step model and was initially suggested by Paul Corkum [14] and
others [15]. This model stated that the process of creating high-order harmonics
can be divided into three steps: ionization, acceleration, and recombination (see
ﬁgure 1.4). The ﬁrst step is a ributed to tunnel ionization [16]. This process scales
with intensity in a nonlinear fashion, explaining the very intense electromagnetic
ﬁelds required to drive HHG. The typical experimental intensities are on the order of 1014 W/cm2 which corresponds to the average output of a nuclear power
plant (≈ 109 W) applied to the crossection of a single human hair (50-100 µm
[17]). Experimentally such conditions can only be achieved by spatial focusing
of ultra-short laser pulses providing high peak intensities at moderate average
power.
Once the electron is liberated it is subjected to the external ﬁeld. Due to the oscillating nature of the light ﬁeld, the electron ﬁrst moves away from the atom and
then be accelerated back towards its origin (i.e. the parent atom). Under certain
circumstances, the electron will recombine with the atom, emi ing its kinetic
energy plus the ionization energy in the form of electromagnetic radiation. On
the right-hand side of ﬁgure 1.4, simple classical calculations for a cosine-shaped
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Figure 1.5: Achievable energies using HHG. a) the classical kinetic energy at the time of
recombination as function of the emission time within the laser cycle. The maximum
energy corresponds to 3.17 Up . The additional energy due to the recombination with
the parent leads to a total achievable photon energy of 3.17 Up + Ip . b) Up as a function
of light intensity for different wavelengths.

linearly polarized electric ﬁeld are shown. The diﬀerent black lines represent onedimensional trajectories of electrons that have been liberated at diﬀerent times
during the electric-ﬁeld cycle. For these calculations, the electrons are assumed
to appear directly at the position of the atom and with no initial velocity.
In this picture, the achievable photon energies for HHG are deﬁned by the maximal kinetic energy of the electron at the time of recollision and the ionization
energy of the electron. The classical calculations shown in ﬁgure 1.4 predict this
energy to be 3.17 Up (see ﬁgure 1.5a), where Up is the ponderomotive potential.
Up is deﬁned as
Up =

e2 I0
,
2cϵ0 me ω 2

(1.5)

where e is the electron charge, I0 is the intensity of the electric ﬁeld, c is the speed
of light, ϵ0 the vacuum permi ivity, me is the mass of the electron, and ω is the angular frequency of the electric ﬁeld. Figure 1.5b shows Up as function of intensity
for diﬀerent wavelengths. A typical generation peak intensity, when generating
HHG with 800 nm from argon, is on the order of I0 = 2 × 1014 W/cm2 , yielding a
value of 11.9 eV for Up . This results in a cutoﬀ energy of Emax = 3.17Up + IpAr = 53
eV, where IpAr = 15.8 eV is the ionization potential (i. e. ionization energy) of argon.
Figure 1.6 shows simulated HHG spectra in both time- and frequency-domain
(for details see chapter 3). The calculations were performed for an 800 nm pulse
with a duration of 20 fs interacting with argon. The XUV bursts for each half-cycle
of the IR ﬁeld are clearly visible (see 1.6a). Comparing ﬁgure 1.6a and b illustrates
the inﬂuence of the ionization rate on the generated XUV pulse. The envelope of
the XUV is largely deﬁned by the envelope of the ionization rate, which is due to
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Figure 1.6: Calculated HHG in time- and frequency-domain. a) time-domain representation of the generated XUV. b) corresponding ionization rate for each half-cycle. c)
frequency-domain representation of the generated XUV. The calculation parameters
can be found in the text.

the non-linear behavior, much shorter than the temporal envelope of the IR. The
corresponding spectrum of ﬁgure 1.6a is shown in ﬁgure 1.6c. For low photon
energies a plateau is formed which ends at the classically calculated cutoﬀ energy.
The spectrum consists out of a discrete set of lines centered at odd multiples of
the fundamental photon energy. This discretization, which is the origin of the
word high-harmonic generation, is a direct consequence of the process repeating
in every half-cycle, which can be understood in terms of the properties of the
Fourier transformation.
Due to their extreme energy bandwidth, the XUV pulses generated by HHG are
not directly suitable for classical time-resolved photoelectron spectroscopy. The
resulting energy resolution causes diﬀerent photoelectron bands to overlap to a
prohibitive extent. There are, however, several experimental techniques available
which allow to select one or multiple of these discrete peaks (e.g. a gratingbased XUV monochromator) in the frequency domain. Figure 1.7 shows a HHG
spectrum with H21 being isolated and the corresponding time-domain representation of the electric ﬁeld. The resulting XUV pulse is both narrow in the energy
domain (hundreds of meV) and considerably shorter than the driving IR light
pulse.
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Figure 1.7: The XUV pulse after spectral filtering. a) filtered XUV spectrum. The selected peak corresponds to harmonic 21 of a 800 nm fundamental field (32.6 eV). b)
corresponding time-dependent electric field. The XUV pulse is, with a full-width at
half-maximum of 10.7 fs, about half as long as the driving IR pulse (20 fs).

This short introduction should make several points. The ﬁrst is to give an intuitive
explanation to what HHG is and how it can be conceptualized. The second is that,
using short IR pulses to drive the HHG, comparably short XUV pulses are generated. These pulses are, after monochromatization, an ideal tool for femtosecond
XUV TRPES. An extended description of how to generate high-order harmonics,
together with the experimental details of XUV monochromatization, can be found
in chapter 2.

1.3 The Origins of Molecular PES
Arguably the ﬁrst work which can be called photoelectron spectroscopy (PES)
was the involuntary discovery of the photoelectric eﬀect by H. Her [18] in 1887.
During experiments investigating the electric discharge in air, he realized that
UV radiation was modifying the way sparks were formed, due to, unbeknownst
to him, the generation of free electrons from metal surfaces in his apparatus.
The relationship between electric charge and UV light was then discovered by
W. Hallwachs [19] in 1888, who noticed that UV radiation can remove negative
charge from a metallic plate. Both works precede the discovery of the electron in
1897 by J. J. Thompson [20], who realized that the corpuscules constituting cathode
rays have a particularly small mass-to-charge ratio. It was a student of H. Her ,
the later Nobel laureate and infamous anti-semite P. Lenard, who established in
1900 [21], that such corpuscles are generated if metal surfaces are irradiated with
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UV light and who therefore made the link between UV irradiation and electron
emission. Incidentally it was also him who contributed in 1902 the famous experimental observation that the kinetic energy of these corpuscles emi ed from
metal surfaces, which he calls for the ﬁrst time Elektricitätsquanten, depends on
the wavelength of the incident light, rather than its intensity [22]. It may be considered historically just, that this eﬀect is today mainly associated with A. Einstein,
who untangled the riddle behind this behavior in 1905 [23], with the ﬂedgling
concepts of what is today called quantum mechanics.
The road towards modern PES starts with x-ray photoelectron spectroscopy
(XPS), using very high-energetic radiation. Discovered again in an empiric
fashion, the ﬁrst account is given by Innes in 1907 [24] using a Röntgen tube
for ionization. The technique was instrumental in understanding the connection
between γ and β rays, hence contributing to the understanding of the constituents
of the atom [25]. The most essential XPS contributions to this were by the group
of E. Rutherford [26, 27]. It was however not until after the second world war,
that the ”physical and chemical applications of electron spectroscopy, where high
resolution and well deﬁned line structures were required, could be realized” [28].
The name associated with the required technological advance, is the later Nobel
laureate K. Siegbahn [29]. From the 1950s to the 1970s, he and his coworkers
compiled large amounts of XPS spectroscopic data on atomic species and later
molecules (see Refs. [30, 31]). This was central in the development of atomic
and molecular structure theory [29], establishing the precise location of core-shell
features of the investigated species.
The techniques developed by Siegbahn targeted speciﬁcally high-energy photoelectrons and were tailored around high-photon-energy light sources (around 1000
eV). This made them, for technical reasons, unsuitable for the study of valenceshell PES with binding energies of tens of eV. In this thesis valence-shell studies
are performed, where much smaller photon energies need to be used. The ﬁeld
of valence-shell photoelectron spectroscopy came to life when low-pressure discharge lamps were introduced as light sources for PES by F. Vilesov and D. Turner
[32, 33] in the beginning of the 1960s. These light sources were much simpler and
cheaper than previous experiments based on low-pressure-discharge continuum
sources combined with UV monochromators. Mainly the 1s2p → 1s2 transition
of helium at 21.2 eV (HeI) is exploited [33], but also the 2p → 1s transition of He+
at 40.8 eV (HeII) ﬁnds spectroscopic use until today. This development led to
the widespread availability of HeI spectra for a large variety of molecular species (see e.g. Ref. [34]), an indispensable source of information for the modern
(valence-shell) photoelectron spectroscopist. A detailed account of modern highresolution photoelectron spectroscopy can be found in reference [35].
The ﬁrst account of time-resolved photoelectron spectroscopy (TRPES) is a study
on carrier relaxation in semi-conductor crystals performed in 1982 by R. Williams
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et al. [36]. It was soon followed by the ﬁrst TRPES study in molecules, published
in 1985 by J. Pallix and D. Colson [37]. A detailed account of the previous results
of TRPES can be found in references [38–41]. An overview on XUV-TRPES will
follow in the next section.

1.4

Previous Work on Ultrafast XUV-TRPES

Manfred Eigen writes about immesurably fast reactions: ”We generally consider
fast anything that takes place quickly compared to the rate of resolution of our
sense of perceptions” [42]. This deﬁnition explains why the word ultrafast has
a vastly diﬀerent meaning, even within the domain of laser spectroscopy. Historically it is a technology-driven concept; be er time-resolution of the available
experimental techniques provided a new limit of fast. With the advent of ultrafast
sub-nanosecond light sources [43] in the 1960s, ultrafast (sub-nanosecond) molecular dynamics was investigated [44, 45]. After the inception of sub-picosecond
lasers [46], ultrafast referred to sub-picosecond dynamics [47]. Time-resolved laser spectroscopy of molecular systems with femtosecond pulses was one of the
major scientiﬁc achievements in the 1990s, driven again by a technological advance in laser science [48], and led to the Nobel Prize in 1999, awarded to Achmed
Zewail for what was then dubbed femtochemistry [49, 50]. Ever-since ultrafast
is ﬁrmly associated with femtosecond dynamics. The technological advances in
the sub-femtosecond domain [51, 52] have, so far, not led to a reassignment of the
word ultrafast. This branch of physics and physical-chemistry refers to itself as
a osecond science in reference to femto(second)chemistry [53, 54].
The ﬁrst 10 years of ultra-fast XUV-TRPES were dominated by the study of a
single system: Br2 . By photoexcitation with 400 nm laser pulses the dissociating
1 Π state of bromine is populated and the ensuing dissociation dynamics can be
u
studied. The ﬁrst study on this subject is the work by L. Nugent-Glandorf et al.
[55, 56] which was published in 2001. The experiments were performed with a 3.1
eV (400 nm), 80 fs excitation pulse and a 26.4 eV (47 nm), 250 fs probe pulses, yielding a time-resolution-deﬁning cross correlation of 260 fs. The very same system
has been studied a second time in the same group by D. Strasser et al. in 2007 [57]
with a slightly diﬀerent probe energy (23.1 eV, 53.7 nm) and slightly shorter cross
correlation of 230 fs. Bromine has been the subject of a third publication in 2009
by P. Wernet et al. [58] with almost identical parameters as the previous study
but with a signiﬁcantly be er time-resolution (135 fs cross correlation).
After this, there was a long break until 2014 when the work by Makida et al.
[59] was published, which investigates the relaxation dynamics of photo-excited
trans-1,3-butadiene. The system was pumped with 3.1 eV (400 nm) excitation
pulses and probed with 29.5 eV (42 nm) probe pulses, providing a cross correlation of 90 fs. One year later, a similar study was pulished by Iikubo et al. [60]

14

Thesis Outline

1.5

investigating 1,2-butadiene. The experimental speciﬁcations, as well as some of
the authors, are identical to the Makida study, this time quoting a cross correlations of 98 fs. The most recent study, done by Nishitani et al. [61], uses 4.7 eV
(266 nm) pump pulses and 29.5 eV (42 nm) probe pulses with unspeciﬁed cross
correlation (given the generation scheme an educated guess would be 85 fs), to
investigate pyrazine and 1,3-cyclohexadiene.
All of the studies listed above suﬀer from a two-fold problem: the experiments are
extremely challenging and the observables are diﬃcult to interpret. This explains
the 13 year gap between the ﬁrst Br2 experiments and the ﬁrst time a diﬀerent
system was studied. It may also explain why the two groups responsible for
the butadiene experiments did a) an extremely similar species and b) no further
experiments with this technique.

1.5

Thesis Outline

This thesis is devoted to the development of an experimental and theoretical
framework for valence-shell femto-second XUV TRPES of neutral molecular systems. The content is split into two topical parts. Part I, spanning chapters 2
to 4, is concerned with the development and characterization of experimental
techniques. Part II, containing chapters 5 to 8, deals with the interpretation of
such experiments.
Part I starts with chapter 2 describing the monochromator beamline delivering
the spectrally ﬁltered XUV pulses, including a description of the initial XUV
generation in a semi-inﬁnite cell. It is followed by a complementary chapter
(Chap. 3) dealing with the theoretical description of HHG in this type of extended generation media. Part I is concluded by chapter 4, which contains a detailed
description of the magnetic-bo le time-of-ﬂight spectrometer, used for all of the
experiments shown in this thesis. The chapter also contains a few preliminary
proof-of-principle experiments. A signiﬁcant portion of the work contained in
part I has previously been published [62].
Part II is entirely arranged around chapter 5 which contains a study on the lightinduced dynamics in the NO2 molecule, serving as a benchmark study of XUV
TRPES. The following chapter (Chap. 6) is devoted to the theoretical analysis of
the laser-assisted photo-electric eﬀect, a contribution which turned out to play a
signiﬁcant role in the understanding of the NO2 data. The potential energy curves
described in chapter 7 played an equally important part in the interpretation of
the experimental results. Part II ends with some additional experimental remarks
on the NO2 experiment (Chap. 8). The content of chapters 5 and 6 is currently
prepared for publication.
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In this chapter a time-preserving extreme-ultraviolet (XUV) monochromator,
using a semi-inﬁnite gas cell as an XUV source, is presented. In section 2.1 a general introduction is given and the work is put into scientiﬁc context. The following
section (Sec. 2.2) describes the experimental realization of the semi-inﬁnite cell
which is used for XUV generation. Section 2.3 is devoted to the design of the
time-preserving monochromator. The subsequent three sections deal with the
experimental characterization of photon ﬂux (Sec. 2.4), pulse duration (Sec. 2.5),
and the spectral properties (Sec. 2.6) of the monochromatized XUV. The chapter
ﬁnishes with a short conclusion (Sec. 2.7).

2.1 Introduction
As discussed in chapter 1, XUV photon sources are powerful tools for probing the
electronic structure and dynamics of ma er. Continuous light sources, synchrotrons emi ing in the XUV to soft X-ray region of the electromagnetic spectrum,
and VUV/XUV laser systems [63] have been used to conduct photoabsorption,
photoionization and photoelectron measurements on a wealth of samples [64–67].
Structurally simple and theoretically accessible systems have been measured in
the most meticulous detail, with a recent shift of the focus towards ever more
complex objects of interest. With the advent of suﬃciently short XUV pulses
[68–77], dynamical eﬀects can be examined directly in the time domain revealing new insights into the quantum-mechanical foundations of chemistry and
physics. For example, time- and angle-resolved photoelectron spectra can be
measured providing access to individual partial-wave contributions and their
relative phase shifts [78–81]. Together with the recent progress on ﬁeld-free alignment techniques, molecular-frame photoelectron angular distributions can be
directly determined. First experimental eﬀorts in this direction have been reported in the ultraviolet spectral range [82].
In this chapter, a table-top beamline for the generation of femtosecond XUV pulses is presented based on the principle of high-harmonic generation (HHG) [14,
83, 84] and consecutive separation of individual harmonic orders with minimal
temporal broadening. High-order harmonics are typically generated by focusing
an intense laser pulse onto a gas-phase medium. The ﬁrst published scheme,
which is still widely used today, is loose focusing of the driving laser into a gas
jet emerging from a valve [83]. It was found that by considering macroscopic propagation eﬀects during the XUV generation the volume for coherent generation
could be increased, thereby increasing the obtained XUV ﬂux [85]. To improve
the generation eﬃciency ﬁrst variable-length gas cells [86] and later gas-ﬁlled
hollow-core waveguides [51, 87] were used. The method implemented here is
known as the semi-inﬁnite gas cell [88–91] where a sharp pressure gradient is
created close to the focus. Recent publications indicate excellent generation eﬃ-
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ciencies and favorable properties in terms of handling and long-term stability [92].
During HHG a spectral comb of discrete harmonics is created, corresponding to
a pulse train in the time domain. Various techniques can be used to isolate speciﬁc spectral regions of the generated radiation. Thin metal ﬁlters with spectrally
selective transmission are readily available, e.g. indium which can be used to
select radiation between 12 eV and 17 eV. However, these ﬁlters are inherently
inﬂexible in the choice of the spectral window, are delicate to handle and store
due to their thickness (typically a few hundred nanometers) and have a tendency
to oxidize [93]. Another option are XUV multilayer mirrors [94]. However, these
mirrors only reﬂect within a deﬁned spectral region and the reﬂectivity is generally low except for speciﬁc ranges, e.g. around 90 eV [95]. Multilayer mirrors as
well as metal ﬁlters have the advantage that they can simultaneously be used for
dispersion management [96, 97]. Other than selective transmission or reﬂection,
there are various ways to achieve a spatial separation in the XUV, like gratings or
Fresnel zone plates [70, 77, 98–100].
In this work a scheme called conical diﬀraction [101, 102] was chosen, where
a commercially-available plane blazed grating is used under grazing incidence
with its lines approximately parallel to the propagation direction of the incident
light [74, 102–104]. This particular design is also referred to as the oﬀ-plane geometry. The beneﬁts of conical diﬀraction are a high diﬀraction eﬃciency of up
to 40% in the ﬁrst order [74, 105, 106], and a low temporal pulse spread [74].
Monochromators based on a single grating in conical diﬀraction geometry are
referred to as time-preserving monochromators because they impart a temporal
spread on the monochromatized XUV pulse which is small (or comparable) to
the inherent duration of the initial XUV-pulse envelope. If a second grating is
introduced to fully compensate the temporal eﬀect of the grating one speaks of a
time-compensated monochromator.

2.2 XUV Generation in a Semi-Infinite Cell
The laser system used for the experiments presented in this chapter is a titanium:sapphire regenerative ampliﬁer system followed by a single-pass ampliﬁer.
It delivers 30 fs laser pulses with a pulse energy of 10 mJ at a repetition rate of
1 kHz and a beam diameter of 10 mm. The output spectrum of the system is
centered at 800 nm and has a spectral width (FWHM) of 60 nm (0.12 eV). In all
experiments a fraction of the laser output was sent through an a enuator based
on a half-wave plate and a thin-ﬁlm polarizer that enabled the pulse energy used
for XUV generation to be varied between 0 and 3 mJ.
Our XUV source design builds on the principle of the semi-inﬁnite gas cell [90,
91, 107]. Figure 2.1 shows the design of the gas cell. The fundamental beam is
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focused into a volume with a comparably high gas pressure (HP) which ends
with a pinhole (P1), being located close to the focus of the laser and separating the
high pressure volume from two subsequent diﬀerential pumping stages (DP1,
DP2). This abrupt change of pressure creates advantageous phase-matching conditions [91] and minimizes reabsorption. A brief discussion of 1D on-axis phase
matching in the semi-inﬁnite gas cell for the experimental parameter sets can be
found in chapter 3.
P1

EW

HP

P2

DP1

P3

DP2

Figure 2.1: Schematic drawing of the designed gas cell. The fundamental beam is focused through the entrance window EW such that the focus is located close to pinhole
P1. The high-pressure region HP is separated from the experiment by two differential
pumping stages DP1 and DP2. The corresponding pinholes are P2 and P3.

The total XUV photoabsorption cross section of the rare gases is highest for photon energies close to the ionization threshold of the particular species [64, 108].
It is therefore advantageous to minimize the distance between P1 and P2. In the
presented design a helical gear mechanism allows to change this distance between
0 mm and 35 mm. Tab. 2.1 gives an overview of the absorption-length-pressure
products ξ [109] of the relevant generation gases directly at the ionization threshold.
gas type

He

Ne

Ar

Kr

Xe

Ip [eV]
ξ [mm · mbar]

24.6
56

21.6
66

15.8
13

14.0
9.7

12.1
6.6

Table 2.1: Absorption-length-pressure products for various relevant gases at the ionization threshold. Calculated from data given in Refs. [64, 108].

In the pressure range from 0 to 100 mbar in the HP region, the achieved pressures
in DP1 and DP2 are then suﬃciently low to disregard absorption eﬀects after the
generation. Typical pressures for the diﬀerential pumping stage DP1 and DP2
are listed in Tab. 2.2.
For the ease of optical alignment the cell was machined in such a way that all
pinholes and the iris in front of the entrance window lie on the same axis. A
45-degree mirror can be introduced after the cell to send the fundamental beam
through a window allowing to inspect the beam proﬁle and the transmi ed po-
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HP [mbar]

DP1 [mbar]

DP2 [mbar]

1
10
100

2.5 · 10−2

6.6 · 10−6
9.8 · 10−6
140 · 10−6

4.9 · 10−2
29 · 10−2

Table 2.2: Pressures in the differential pumping stages. The cell was filled with Ar. The
measurements have been carried out with a diameter of 0.5 mm for all pinholes. DP1
was pumped with a 420 l/min scroll pump, DP2 with a 240 l/s turbo-molecular pump.
The pressure in HP was regulated with a precision needle valve.

wer after all pinholes. This is critical for the alignment of the laser beam through
the cell as well as to prevent damage to the pinholes. The position of the focus
inside the gas cell can be translated relative to the pinhole P1 in order to optimize
the ﬂux and the spatial properties of the high harmonics. This is done by either
moving the focusing optics or pinhole P1 using the mechanism described above.
Throughout this work the high-harmonic radiation was generated by focusing the
fundamental 800 nm beam with a focal length of f foc = 750 mm. The beam used
for the experiments had a e12 diameter of 10 mm. An aperture was used to adjust
the intensity in the focus and to clean the spatial proﬁle of the focus. The data
presented is measured with an iris diameter of D0 = 6-8 mm. Huygens-Fresnel
type calculations were done to estimate the eﬀective spot size of this truncated
Gaussian beam (see chapter 3). For D0 = 7 mm the FWHM spot size was calculated
to be 80 µm. Since the beam propagates a considerable distance in the generation
gas before the focal position, the real spot size may be somewhat larger.

2.3 The Time-Preserving Monochromator
The optical layout presented in this section closely follows the design proposed in
Ref. [74]. We therefore limit our discussion to aspects which are either unique to
this work or necessary for later analysis. Figure 2.2 shows a conceptual depiction
of conical diﬀraction and deﬁnes the angle convention.
The high diﬀraction eﬃciency of up to 40 % in conical diﬀraction is achieved
for those harmonics, where the reﬂection from the grating facets points in the
direction of the desired diﬀraction order [101, 102, 110]. This condition is equivalent to α = β = δ, where δ is the angle of the grating facets to the grating surface,
also often referred to as blaze angle. A sketch of the optimal diﬀraction condition
is shown in ﬁgure 2.3.
By rotating the grating around an axis parallel to the grating lines the total diffraction angle α + β can be changed and a particular harmonic can be aligned
through a selection slit positioned at the intermediate focus after the grating. The
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2.3

β α

α

γ

Figure 2.2: The conical diffraction scheme: The beam is incident on the grating with
its propagation direction almost parallel to the grating lines. γ denotes the angle
between the grating lines and the incident beam, α represents the angle between the
grating surface normal and the incident beam and β is the photon-energy-dependent
diffraction angle.
β

δ

γ
α
δ

Figure 2.3: Schematic for the condition for optimal diffraction efficiency. The direction
of the first order diffraction of a particular harmonic corresponds then to a direct
reflection of the grating facets. The blaze angle is denoted as δ.

required rotation angles for the presented setup are on the order of a few mrad
and the variations in the diﬀraction eﬃciency can be up to a factor of two in that
range [71]. Figure 2.4 shows the optical layout of the presented monochromator.
CAM
MCP
TOR3

HHG

G
EXP
S
TOR1

TOR2

M5

Figure 2.4: Optical layout of the monochromator. The XUV beam is collimated by the
toroidal mirror TOR1. It propagates onward to the grating G after which it is refocused
onto the selection plane by TOR2. The focus in the selection plane is imaged by the
mirror TOR3 into the experiment. The selection slit S can be replaced by a multichannel-plate detector with phosphor screen (MCP). Via M5 the phosphor screen of
the MCP can be imaged with a camera (CAM).
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The focal length of the collimating toroidal mirror (TOR1) is 500 mm for geometrical reasons. The refocusing toroidal mirror (TOR2) has the same focal length
as TOR1 creating a 1:1 image of the XUV generation region in the selection plane.
By using the grating equation for the ﬁrst-order diﬀraction of a grating in conical
diﬀraction [102],
(
)
λΛ
β q = arcsin
− sin(α)
(2.1)
sin(γ)
where Λ denotes the line density of the grating and the angles α and γ are deﬁned in ﬁgure 2.3. Figure 2.5 shows the calculated angular diﬀraction of diﬀerent
commercially-available gratings which provide comparable relative diﬀraction,
for consecutive harmonic orders, for diﬀerent photon energy regions. Gratings
with this particular set of parameters are in widespread use for other spectroscopic applications and are therefore readily available.

0.2
0.1
0

150 l/mm, 5.16 °

α

H11

β / rad

15
0.2
0.1
0

α

H19

25

30

35

40

600 l/mm, 5.16 °

α

H43

50
0.2
0.1
0

25
300 l/mm, 6.03 °

20
0.2
0.1
0

20

60

70
H65

α

80

1600 l/mm, 9.21 °

85

90

95

100

105

energy / eV
Figure 2.5: Angular diffraction of consecutive harmonic orders for different
commercially-available gratings. The red line corresponds to the optimal diffraction
efficiency condition α = β = δ. The gratings are typically not listed by blaze angle but
by Littrow wavelength. The corresponding wavelengths are (top to bottom): 1200
nm, 700 nm, 300 nm, 200 nm.

From the angular diﬀraction the estimated spatial separation in the selection plane
can be calculated from the distance between the grating and the selection plane.
This distance is approximately given by the focal length of the refocusing toroidal
mirror. It follows
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∆s = fTOR2 sin(γ)∆β.

2.3

(2.2)

Figure 2.6 shows the calculated spatial separation between consecutive harmonic
orders for the same gratings shown in ﬁgure 2.5. All gratings show suﬃcient
resolving power for the typical spot sizes in the selection plane (see ﬁgure 2.8).
All experiments in this thesis were performed with the 300 lines/mm grating
which resolves well all consecutive harmonics up to harmonic 29 of 800 nm and
has a peak eﬃciency at 29.5 eV (H17). For these comparably low photon energies, inexpensive blazed holographic gratings show comparable results to ruled
replica gratings with the same coating.

2
150 l/mm, 5.16 °
300 l/mm, 6.03 °
600 l/mm, 5.16 °
1600 l/mm, 9.21 °

∆ s / mm

1.5

1

0.5

0
20

40

60

80

100

energy / eV
Figure 2.6: Spatial separation of consecutive harmonic orders for the gratings depicted
in figure 2.5. The first harmonic order depicted for each color is: 7 (blue), 11 (red),
27 (yellow), and 49 (purple). The minimal required resolving power for low order
harmonics is given by the dashed black line at 300 µm, while the dotted black line at
200 µm gives the predicted minimal resolving power for high order harmonics.

In the case of a diﬀraction grating all radiation contributing to the n-th order diffraction experiences an optical path length diﬀerence between neighboring lines
of ∆s = nλ with n being the diﬀraction order. The approximate total time spread
∆τ is then given by
∆τ = ( N − 1)

λ0
,
qc

(2.3)

where N is the number of illuminated lines and q is the order of the generated harmonic. The estimation of the XUV spot size on the grating is not straightforward,
since there is no simple dependence of the far-ﬁeld divergence on the harmonic
order. This is because the spatial distribution in the far ﬁeld is determined by considering a phase-matching problem involving the atomic dipole phase [111]. In
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chapter 3 a simple model to approximate the order-dependent spot size dq at the
position of the grating is presented. The resulting pulse duration is then
τ (q) ≈ τ0 (q) + dq Λ

λ0
,
qc

(2.4)

where τ0 (q) is the order-dependent duration of the harmonics immediately after
generation. Equation (2.4) thus shows that the chosen conical-diﬀraction geometry imparts an order-dependent temporal broadening on the harmonics because
of a diﬀerent number of illuminated grating lines as well as a harmonic-orderdependent time spread per illuminated grating line. It is worth noting that,
considering the obtained pulse duration, gratings with a small line density, and
therefore lesser resolving power, are preferable over gratings with a bigger line
density. Considering for example H15, the obtained time spread will be half as
big for the 150 l/mm grating as compared to the 300 l/mm grating.
All toroidal mirrors were bought as bare substrates and later coated with a 100 nm
thick diamond-like carbon coating by the Swiss Federal Laboratories for Material
Science (EMPA). The mirrors are positioned in the beam path under 87◦ angle of
incidence. According to the literature these parameters allow for a mirror reﬂectivity of ≥ 90 % for s- and p-polarization in the range from 30 eV to 100 eV [112,
113]. Since the reﬂectivity is predicted to increase for higher photon energies, a
reﬂectivity measurement at 30 eV is suﬃcient to verify this property. The experimental reﬂectivity at 32.5 eV was found to be 92% for the polarization being
parallel to the plane of incidence on the mirror. In the range from 1 eV to 30 eV
the reﬂectivity is still predicted to be ≥ 80 % for s-polarization but drops down to
about 60 % for p-polarization [114]. The grating is a standard plane ruled replica
grating with a bare gold coating. The value of 40 % diﬀraction eﬃciency given in
the introduction was measured for this type of grating [74, 105, 106]. According
to the values given here, the total transmission of the monochromator as shown
in ﬁgure 2.4 is on the order of 30 % above 30 eV.
Two features are essential for the operation of the monochromator. The ﬁrst is a
multi-channel-plate detector (MCP) which can be introduced in the selection
plane to observe the incident XUV radiation. It allows for the optimization
of high-harmonic generation in the gas cell without being dependent on an
alignment-critical experiment. Figure 2.7 displays an example image of the MCP
taken by a camera.
It is important that the individual spots have a symmetric shape because under
some conditions the XUV can broaden spectrally [107] leading to overlap between the individual harmonic orders. Figure 2.8 shows the full-width at half
maximum (FWHM) of the individual harmonics as well as their individual separation, justifying the choice of a 300 µm selection slit. The second crucial feature
is the possibility to rotate the grating such that the zero order reﬂection of the
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Figure 2.7: Image taken from the MCP in the selection plane. The XUV radiation was
generated by focusing 1.5 mJ into the gas cell filled with 20 mbar argon. Top: Image
taken directly from the MCP. Bottom: Integral of the image along the y-axis.
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fundamental can be guided through the rest of the setup. In this way the monochromator can be aligned with the vacuum chambers vented.
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Figure 2.8: Measured spatial properties of the harmonics in the separation plane. Top:
FWHM spot size obtained by Gaussian fit. Bottom: Spatial separation ∆s between
consecutive odd harmonic orders. The blue line corresponds to equation (2.2) for the
experimental parameters: Λ = 300 l/mm, γ = 3.5◦ , α = 6.5◦ and f TOR2 = 500 mm.

The setup including the semi-inﬁnite gas cell is mounted on an optical table with
dimensions 800 mm × 2400 mm. The vacuum part of the beamline was split into
three separate chambers all being based on standard vacuum components. The
ﬁrst chamber (DN400) is housing TOR1, TOR2 and the three axis goniometer
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holding the grating G. The second and third chambers (DN250) house the MCPselection-slit assembly and TOR3, respectively.

2.4 Characterization of the Photon Flux
This section describes the behavior of the photon ﬂux as a function of the generation pressure and the input power. All measurements of photon ﬂux have been
done with a commercial calibrated XUV photodiode with a 100 nm aluminium
layer directly deposited on the diode, blocking stray light of the fundamental
and all harmonic orders below 15 eV. Within a day of exposure to atmosphere a
stable oxide layer forms on any bare aluminium surface [93], reducing the conversion eﬃciency of the diode. As it is not possible to entirely avoid exposure
of the diode to air, all values measured here should be considered as a lower
bound to the actual photon ﬂux. The real values may be higher due to the fact
that the calibration curve was measured without oxide layer. Our experimental
and theoretical results are presented in ﬁgure 2.9. In the experiments, a strong
dependence of the pressure on the obtained ﬂux is observed. The obtained ﬂux
changes by an order of magnitude within a pressure range of 20 mbar. For all
harmonics, a saturation of the ﬂux starting around an input-pulse energy of 2
to 3 mJ is observed. The photon ﬂux for the individual harmonics was found to
be up to 106 photons per pulse when generating in argon. The photon ﬂux was
found to increase selectively for individual harmonics by using an aperture in
front of the focusing optic.
Using the model presented in chapter 3, the saturation of the ﬂux as a function of
intensity is well reproduced. This eﬀect is associated with phase matching due to
plasma generation, therefore generation gases with a lower ionization potential
than argon will saturate already at lower energies and vice versa. The relative
peak ﬂux of the harmonics as a function of intensity is also well reproduced. The
values for E0 given in the ﬁgure are estimations since the spatially dependent intensity in the focal region cannot be stated accurately. The pressure dependence
is well reproduced only for harmonic 21 and also there only for pressures lower
than 20 mbar. This however is expected for several reasons. First, we implicitly
assume that the spatial pressure distribution is independent of the pressure in the
high pressure region. It is well known that there is a strong nonlinear dependence
in this pressure range of the backing pressure on both the molecular or atomic
ﬂux through the aperture as well as on the angular distribution and intensity of
the emerging gas jet [115, 116]. This eﬀect is observable in our experiments in the
clear non-linear behavior of the pressure in the ﬁrst diﬀerential pumping stage
as a function of the pressure in the high-pressure region (see Tab. 2.2). This does
not however, imply that the presented model is ill suited for high or low pressure
regions. Second, we could only estimate the reference refractive index for H19
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Figure 2.9: Measured photon flux when generating in argon gas. a) as a function
of the argon gas pressure in the high-pressure region (HP) and b) as a function of
the pulse energy of the driving laser. The optimal generation pressure is found to be
different for each harmonic order. A saturation of the photon flux for high energies
was observed. All data points belonging to one harmonic order have been measured
with the same iris diameter. The dashed curves represent calculations with the model
presented in chapter 3 for zfoc = 10 mm and E0 = 0.09 a.u.. The theory curves are
scaled such as to fit the peak flux for H21 in the intensity scaling.

due to the presence of resonances. Third, the nonlinear refractive index is equally
dependent on the gas density as the linear refractive index. The inﬂuence of nonlinear processes on the obtained photon ﬂux will therefore be more signiﬁcant for
higher pressures.
Several general conclusions can be drawn from the model. First, we do not expect
a signiﬁcant diﬀerence in the obtained photon ﬂux in the region of optimal ﬂux
for the semi-inﬁnite gas cell as compared to a ﬁnite gas cell. This is because we
see that the eﬀective generation region is only a few millimeters (see ﬁgure 3.14)
which can be easily achieved with a ﬁnite gas cell. It has to be clariﬁed that this
statement is valid for the low-order harmonics in argon. When generating in other gases with lower absorption coeﬃcients (see Tab. 2.1), the eﬀective maximal
phase matching length becomes important. This leads to our second conclusion for the generation with a short eﬀective generation length, the spatial variation of
pressure at the pinhole contributes signiﬁcantly to the phase matching and hence
to the total observed ﬂux. For the optimal ﬂux in the given range of pulse energies
we found two distinct maxima for the focus position relative to the pinhole. The
ﬁrst position, lying inside the high pressure medium, is, however, not accessible
for focal ﬁeld strengths higher than E0 = 0.07 due to the signiﬁcant ionization
fraction leading to nonlinear eﬀects not included in our model. Experimentally
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these two areas of favorable phase-matching could be observed, however, a detailed characterization was not performed. For the second position, the location
of maximal ﬂux is always such that the eﬀective ﬁeld strength at the generation
region is in the order of 0.06 a.u. to 0.07 a.u.. This is not surprising since for
higher ﬁeld strengths the plasma contribution starts to dominate making phase
matching impossible. Hence the third conclusion, for phase-matched generation
in the high-ﬂux region of our parameter space only a low cutoﬀ can be achieved
for the HHG.
The typical photon ﬂux reported for this type of monochromator is on the order
of 106 to 107 photons per shot depending on the speciﬁc experimental conditions
[71–74, 76]. It has to be acknowledged that the values we give here are on the
lower edge of this range, particularly compared to Ref. [71] where a ﬂux of 106
photons per shot is reported for a ten times lower pulse energy at otherwise similar experimental conditions. Further work is necessary to establish the reason
behind this discrepancy.

2.5 Characterization of the XUV Pulse Duration
The XUV pulse duration of individual harmonic orders was measured through
cross correlation with an IR pulse in a small-angle non-collinear pump-probe
geometry as depicted in ﬁgure 2.10. Before the XUV generation, 100 µJ were split
oﬀ the fundamental IR beam. This light was then focused with a focal length of
1 m into the interaction region of the MBES where it crossed the XUV beam at
an angle of 3 ◦ . Spatial and temporal overlap of the XUV and IR pulses leads to
the appearance of sidebands at kinetic energies both above and below the XUVinduced photoelectrons. At low IR intensities these photoelectrons correspond
to two-photon ionization pathways. In this case the electron count rate of the
sideband photoelectrons is proportional to the product of the intensity envelopes
of the XUV and IR pulses. By scanning the temporal delay between the two light
pulses an envelope cross-correlation can be obtained [117, 118]. For all measurements, the maximal height of the sidebands was set to a value of 5-10 % of the
main peak height as under these conditions, no second order sidebands could be
observed. The height of the sidebands was set by changing the IR intensity in
the focal region with an iris placed in the beam path before the focusing mirror.
Backﬁlling of the interaction region with argon gas to a pressure of 5 × 10−5 mbar
served as target for photoionization.
To extract the duration of the XUV pulse, the IR pulse was characterized via an
interferometric auto-correlation and the FWHM of the envelope (σx−corr ) was determined to be 32 fs. Assuming the XUV pulse and the IR pulse to have a Gaussian
temporal shape, the temporal width can be calculated from the cross-correlation

30

Characterization of the XUV Pulse Duration

2.5

TS
BS

F2
CH

F1

XUV gen.
Monochromator

MBES

Figure 2.10: Sketch of the setup used for the pulse duration characterization. The
beamsplitter BS is used to separate the incoming IR radiation in two interferometric
arms. The majority of the power is focused with the lens F1 into the semi-infinite gas
cell for XUV generation and consecutive monochromatization. The resulting radiation is combined with the remaining IR in the MBES. Before focusing the IR via F2, a
chopper CH is employed to block every second pulse thereby allowing for single-shotreferenced detection. The optical path length of the IR pulses could be changed using
a motorized translation stage TS.

and the envelope of the IR:
σXUV ≈

√

2 .
σx2−corr − σIR

(2.5)

Due to a systematic deviation discussed below we neglected the XUV - IR pathway
for H17 for the estimation of the XUV pulse duration. For all other channels the
temporal widths of XUV + IR and XUV - IR sidebands were averaged and the standard deviation of the average was calculated. The absolute XUV pulse duration
was then calculated using equation (2.5). Fig. 2.11 shows that the obtained pulse
lengths generally decrease with increasing harmonic order.
The observation of a decreasing pulse duration with increasing harmonic order
is consistent with equation (2.4) using the results from chapter 3. This result thereby conﬁrms the interplay between the harmonic-order-dependent illumination
of the grating and the pulse duration inherent to the generation process of the
XUV. Considering the temporal emission proﬁle alone, an intensity dependent
constant oﬀset has to be applied to achieve an agreement with the measurement. For the complete model absolute pulse durations as well as their trend as
a function of the harmonic order agree reasonably well with the experiment. The
best agreement is achieved for a maximal electric ﬁeld strength between 0.05 a. u.
and 0.06 a. u.. The agreement is surprising given the complete neglect of phase
matching and the relatively crude approximations.
As pointed out above, the sideband corresponding to XUV + IR photoionization
and the sideband corresponding to XUV - IR photoionization of harmonic 17 both
showed a systematic deviation of their temporal widths (see Fig. 2.12). Harmonic 17 of 800 nm corresponds to a photon energy of 26.35 eV. A small blue-shift,
typical for XUV generated by HHG [91, 119], brings H17 into resonance with the
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Figure 2.11: Panel a) shows the measured pulse duration of the individual harmonic
orders calculated according to equation (2.5). The error bars give the standard deviation calculated by error propagation from the standard deviation of the average of
the two sidebands of 5 independent measurements for each harmonic order. Panel b)
displays the calculated pulse duration taking into account only the temporal emission
profile and neglecting the effect of the XUV far-field profile. A constant positive shift
of 15.7, 14.7, 13.9, 13.3 fs has been applied to the curves for E0 = 0.05, 0.06, 0.07, 0.08 a.u.
respectively to match the measured FWHM of H17. Panel c) displays the calculated
pulse duration using the presented SFA model taking into account the XUV far-field
profile as well. The color code is the same as in figures 3.7 and 3.9.

3s3p6 4p state of Ar at 26.6 eV[120]. The XUV - IR pathway is then also resonant
with the 3s3p6 4s state at 25.17 eV [121]. The XUV + IR pathway however cannot
reach the 3s3p6 4d state at 28.35 eV [121] because it lies outside the available bandwidth. The observed deviation in cross-correlation through the XUV - IR pathway
may thus be a signature of the 3s2 3p6 → 3s3p6 4p → 3s3p6 4s double-resonant
pathway. This interpretation is further supported by the facts that the H17 - IR
sideband intensity is signiﬁcantly enhanced compared to the H17 + IR sideband
(not shown) and that the maximum of the former is shifted to negative delays (IR
after XUV) as compared to the la er (see Fig. 2.12).

2.6 Spectral Shape & Spectral Contrast
An important property for the application of this monochromator in time-resolved
photoelectron spectroscopy is the spectral shape and the spectral contrast of the
generated radiation. We found that for our generation parameters the FWHM
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Figure 2.12: Top: Width of the individual sidebands as a function of harmonic order.
For harmonic 17 a systematic deviation was observed and is discussed in the text. The
error bars given are the standard deviation of the average of 5 independent measurements. Bottom: Difference in the delay position of the XUV + IR and the XUV - IR
sideband maxima. Negative delays correspond to the IR pulse reaching the interaction
region after the XUV.

spectral width of the XUV was on the order of 250 to 350 meV depending on
day-to-day alignment. The spectral contrast was qualiﬁed by measuring residual
transmission of neighboring harmonics. Figures 2.7 and 2.8 show that this measurement depends on the dimension of the selection slit as well as the harmonic
order and the given spectral width of the harmonic. As described in section 2.3,
a 300 µm slit was used for the experiments presented here. For this particular slit
size, the ratio between the photoelectron counts related to residual harmonics divided by the peak photoelectron counts of the selected harmonic was determined.
This ratio was found to be be er than 1/100 for all harmonic orders between 13
and 25. Fig. 2.13 shows an exemplary data set for harmonic 15 on a logarithmic
intensity scale.

2.7 Conclusion
We have presented a pulsed femtosecond XUV light source based on a semiinﬁnite gas cell coupled to a conical-diﬀraction monochromator. We have characterized the XUV pulses obtained in terms of ﬂux, pulse duration and spectral
contrast. It was found that the ﬂux strongly depends on the generation conditions and that the optimal parameters signiﬁcantly depend on the harmonic order.
This behavior was rationalized by phase-matching calculations and a ributed to
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Figure 2.13: a) Normalized and Jacobi corrected photoelectron spectrum of Ar ionized
with H15 (23.25 eV). The peak at 8.1 eV corresponds to one-photon ionization from the
ground state. b) The spectrum from a) corrected by the photoabsorption crossection
taken from [108]. The different energetic widths of the photoelectron peaks towards
higher kinetic energies is a consequence of the decreasing resolution of the MBES.

an interplay between several eﬀects, the most dominant ones being the ionization
induced phase contribution and the spatially dependent pressure. The typical
ﬂux achieved in this setup is on the order of 106 photons per shot and harmonic
order, recalling that the measured number is a lower bound to the actual ﬂux.
The pulse duration decreases with increasing harmonic order. This eﬀect was
a ributed to an interplay between the harmonic-order-dependent divergence of
the XUV, leading to an order-dependent illumination of the grating, and the inherent pulse duration due to the generation process. The la er contribution scales
approximately linearly with the pulse duration of the fundamental beam and
therefore the XUV pulse duration will decrease correspondingly when working
with shorter pulses. For XUV pulse durations below about 20 fs a second grating
is necessary to compensate for the geometrical time spread [71, 104]. We ﬁnd the
residual pulse energy of neighboring harmonic orders to be at least a factor of
100 smaller than the selected harmonic order, this contrast factor being higher for
lower orders. The described characteristics of this instrument are promising for
applications in time-resolved photoionization and photoelectron spectroscopies
in the gas and condensed phases.
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The Single-Atom Response

3.1

In this chapter a simple model based on the strong-ﬁeld approximation (SFA) is
presented to calculate XUV pulses generated by HHG and to estimate diﬀerent
contributions to the achieved XUV pulse duration. On-axis phase-matching calculations are used to investigate the variation of the photon ﬂux with generation
pressure and intensity. This model was used to rationalize the experimental observations shown in chapter 2.
Section 3.1 introduces an expression to calculate the single-atom response of an
atom to a strong external ﬁeld. The following section introduces special numerical
ﬁlter functions, required for this type of calculation (Sec. 3.2), where after a set of
benchmark calculations is presented (Sec. 3.3), demonstrating the capabilities of
the implemented method. Section 3.4 deals with the predicted pulse duration for
diﬀerent harmonic orders based solely on the single-atom response. This is taken
a step further in section 3.5 where the additional time-spread due to the grating
interaction is modeled by estimating the spatial extent of the XUV on the grating.
The ﬁnal section of this chapter is devoted to on-axis phase-matching calculations
in a semi-inﬁnite cell (Sec. 3.6). The last section of chapter 2 serves as simultaneous
conclusion for both this chapter and chapter 2.

3.1 The Single-Atom Response
To quantify the eﬀects of the HHG process on the expected pulse duration, the
single-atom response of the sample gas in the presence of the driving laser pulse
is calculated using the semi-classical strong-ﬁeld approximation [84]. The implementation presented here closely follows the work presented in Ref. [122]
but without the phase matching part presented there. Since the majority of the
steps are explained in great detail in the aforementioned reference, we give only
as much of a description as is necessary to explain aspects where our treatment
diﬀers. All equations in this subsection will be given in atomic units.
The fundamental laser ﬁeld is assumed to be of the form
EL (t) = E0 A(t) cos(ωL t),

(3.1)

where E0 is the peak amplitude of the ﬁeld, A(t) is an envelope function normalized to a maximal value of one, and ω L is the angular center frequency of the laser.
For all calculations shown A(t) was assumed to be of Gaussian shape and therefore uniquely deﬁned by the given FWHM pulse duration. The starting point for
the SFA calculations is the induced time-dependent dipole moment wri en as
[

]
π)
d(t) = Re exp −i
∑ ai ( t ) ap ( t ) ar ( t ) ,
4 traj.
(

(3.2)
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with ai (t) containing the complex ionization amplitude, ap (t) the propagation
phase and ar (t) the complex recombination amplitude of the trajectories recombining at time t. Using two consecutive saddle-point approximations, a connection
between the quantum-mechanical behavior and classical trajectories can be established [84, 123]. For these classical trajectories, there is a unique mapping between birth times tb and recombination times tr , provided that the initial velocity
of the electron p(tb ) is 0. This implies
d(t) =

∑ dhc (tr )

(3.3)

hc

and
[
( π)
]
dhc (tr ) = Re exp −i
ai ( tb ) ap ( tb , tr ) ar ( tr ) ,
4

(3.4)

where dhc is the half-cycle induced dipole moment and Re() denotes the real part.
The expressions above can be easily evaluated since the function tb (tr ) can be
obtained by classical trajectory propagation. The non-linear map between tb and
tr leads to the
ionization probability ampli∫ problem that the integrated half-cycle
∫
tude ahc = hc ai (tb )dtb is not equal to ahc = hc ai (tb (tr ))dtr . This is accounted
for by introducing the corresponding Jacobi correction. Therefore,
√
d
dtb
ai ( tr ) =
n ( t ),
(3.5)
dtr
dt b
where n(tb ) is the probability that an initially neutral atom is ionized at tb . Deviating from Ref. [122], nonadiabatic tunnel ionization rates [124] are used to
calculate n(tb ). The propagation term used here is
)3/2
(2Ip )1/4
2π
×
ap ( tr ) =
tr − tb + ϵ
| EL (tb )|
)
(
exp −i (tr − tb ) Ip − iS (tr ) ,
(

(3.6)

where EL (tb ) is the electric ﬁeld of the laser at the time of birth, Ip is the ionization potential, and S(tr ) represents the action accumulated along the classical
trajectory. Here, ϵ is introduced to prevent ap (tr ) from diverging for tr − tb = 0,
which happens for the trajectories born right at the zero crossing of the electric
ﬁeld. For all simulations presented ϵ is set to 2π which implies the prefactor to
be 1 for tr − tb = 0. The recombination dipole is calculated using the approach
described in Ref. [125]. Therefore,
√
(
)
ar (tr ) = n(tr )del p2r (tr ) ,
(3.7)
( 2
)
where del pr (tr ) represents the energy-dependent recombination dipole. We
approximate the electron energy with the kinetic energy Ekin = p2r (tr )/2, with pr
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being the classical momentum of the electron at recombination.
The SFA implemented as described yields combined dipole moment of all subcycles containing discontinuities at the positions of tr − tb . This leads to a situation
where the calculated spectra d(ω ) = F (d(t)) are dominated by Fourier components of these artifacts. Figure 3.1 shows a typical half-cycle response calculated
according to equation 3.6.

E [a.u.]

0.1
0
-0.1
-20

20

time [fs]

1

amplidtude / arb. u.

0

0
ai
Re(a p )
|ar |
d hc

-1
-3

-2.5

-2

-1.5

-1

-0.5

time / fs
Figure 3.1: The bottom figure shows the half-cycle response (blue line) together with
its individual contributions, calculated for a 30 fs, 800 nm pulse, at a field strength of
8 a.u. and when generating in argon. The black dots in the top figure indicate the
location of the half-cycle within the pulse in which the ionization events occur. The
recombination happens in the next 1.5 half-cycles after the ionization half-cycle and
the induced time-dependent dipole is plotted. The discontinuity at zero flight times
is visible around 2 fs and is due to the ai term.

3.2 Half-Cycle Filtering
These discontinuities are a known issue caused by the second saddle point approximation and the implicit assumption of a negligible electron momentum at
birth time. This can be seen from the condition for the second saddle point [124]

[ pb − sin(ωL tb ) + sin(ωL tr )]2 + γ2 = 0,

(3.8)
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where pb is the classical momentum at birth time and γ is the Keldysh parameter
[126]. Obvious limitations arise from the fact that the classical picture can only
be recovered for pb ≪ 1 and for γ2 ≈ 0, which is hardly ever realized under
realistic experimental conditions. Assuming γ2 = 0 and pb ≪ 1, there are still
two issues; ﬁrst, the existence of two solutions to equation (3.8) in each half cycle,
and second, the fact that for very short trajectories where tb ≈ tr the assumption
pb ≈ 0 becomes insuﬃcient. It is common practice to deal with these issues by
introducing a ﬁlter which suppresses one of the two solutions and a second ﬁlter which suppresses trajectories corresponding to very short transit times. The
application of the second saddle point is also the reason why the behavior of this
SFA implementation diﬀers from the one presented in Ref. [84] in so much as for
the present work, d(ω ) decreases towards energies close to the Ip while it shows
the opposite behavior in the original publication.
The expression used in this work to calculate the half-cycle response is
[
( π)
ai ( tr ) ap ( tr ) ×
dhc (tr ) = Re exp −i
4
]
ar (tr ) af1 (tr ) af2 (tr ) ,

(3.9)

where af1 (tr ) is the ﬁlter suppressing very short trajectories and af2 (tr ) is the ﬁlter
suppressing long trajectories.
The former is chosen as
(

)
( tr − tb )2
af1 (tr ) = 1 − exp −
,
2
σf1

(3.10)

where we set σf1 = 0.25 f1L with f L being the fundamental laser frequency. For
smaller σf1 the spectrum starts to be dominated by the corresponding frequency
components of the ﬁlter while larger values only result in an overall reduction of
the dipole response.
The two diﬀerent solutions to equation (3.8) can be identiﬁed as the long and short
trajectories which are separated by the maximum in re-collision momentum. The
trajectories towards shorter re-collision times are the short trajectories and the
ones towards longer re-collision times are the long trajectories. Here we determine the time trm corresponding to the maximal re-collision momentum and apply an edge ﬁlter which suppresses contributions to d(t) from longer re-collision
times,
[
(
)]
1
tr − trm
af2 (tr ) =
1 − erf
,
2
σf2

40
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where σf2 = 0.1 f1L . Similar to the ﬁrst ﬁlter smaller σf2 generate artiﬁcial highfrequency components while larger values lead to less suppression.

1
40
E rec

30

af1

0.5

af2

20

dhc

10

0

E kin / eV

amplidtude / arb. u.

Figure 3.2 shows the resulting half-cycle response for the same parameters as in
ﬁgure 3.1 but using the corresponding ﬁlter functions.
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time / fs
Figure 3.2: Half-cycle response calculated for the same parameters as in figure 3.1 but
using the described filter functions. The discontinuity is clearly lifted. The envelope
of the half-cycle response is now dominated by the filter functions and the overall
behavior of the ar term (green). In order to rationalize the behavior of ar , the kinetic
energy at re-collision Erec is also shown.

3.3 Single-Atom Response: Benchmark Calculations
In order to benchmark the overall behavior of the implementation several test
calculations were performed. The ﬁrst set of calculations was done to test the
numerical convergence of the obtained results with respect to the time-steps used
per half-cycle. Figure 3.3 shows the absolute value of the Fourier transform of the
complete dipole response d(ω ). While the obtained spectrum converges rather
quickly, the corresponding dipole phase still varies for photon energies close to
the Ip and in the cutoﬀ when calculating with 216 time steps per half-cycle (corresponding to a time step of 1.5 × 10−20 s). It is expected that for calculations
involving a higher cutoﬀ, smaller time steps are required.
The second test calculation was performed in order to evaluate the correct scaling
of the cutoﬀ as a function of both the wavelength and the electric ﬁeld strength.
The cutoﬀ energy is expected to scale with 3.17Up + Ip where Up is the ponderoEL
motive potential Up = 4ω
2 (here given in atomic units). Figure 3.4 shows the
excellent agreement between the calculations and the scaling law.
The last benchmark calculation that can be performed easily is to check for the
correct reproduction of the Cooper minimum in argon. In order to do so the
recombination amplitude ar is reintroduced accordingly (see Fig. 3.5).
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Figure 3.3: The figure shows the full dipole response calculated for a 30 fs, 800 nm
pulse, at a field strength of 8 a.u.. For this calculation, Ip was set to 15.7 eV, however, ar
was set to unity. The top figure shows abs(dω ) for 212 , 214 , and 216 time steps per halfcycle, corresponding to time steps of 2.4 × 10−19 s, 6.1 × 10−20 s, and 1.5 × 10−20 s. The
bottom figure shows the corresponding angle. The main difference in the spectrum
is in the noise floor beyond the cutoff, the discrepancies in the phase are discussed in
the text.

3.4 The Temporal Emission Profile
The above formalism allows us to calculate individual half-cycle spectra. Disregarding phase-matching eﬀects, the temporal envelope of each harmonic order is
calculated by evaluating the envelope of the spectral dipole response as a function
of the individual half cycles.
Figure 3.6 shows the calculated half-cycle spectrum for argon for an experimentally relevant (cf. chapter 2) parameter set. For energies below about 30 eV the
calculated behavior is unphysical as the observed temporal width of the emission dipole decreases with energy. We a ribute this eﬀect to the set of problems
stemming from the second saddle point and therefore, from this point on, show
only the results obtained above 30 eV (or H17). Figure 3.7 shows the FWHM of a
Gaussian ﬁt to the individual half-cycle contributions of diﬀerent harmonics. The
mentioned change in the overall trend is clearly visible.
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Figure 3.4: This figure shows the cutoff scaling for the same input parameters as in
figure 3.3. The top figure shows the scaling of the cutoff with field strength. The
bottom figure shows the scaling of the cutoff with wavelength. In both figures the
lines indicate the position of the cutoff according to the semi-classical scaling law. The
calculations were performed time steps of 6.1 × 10−20 s
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Figure 3.5: The Cooper minimum in argon. a) the spectrum calculated for the same
input parameters in figure 3.3. b) the spectrum calculated including the recombination
dipole, i.e. del = delAr . The red line indicates the cutoff. The Cooper minimum at 53 eV
[125] appears around 55 eV (black arrow), being shifted towards higher energies as a
consequence of its proximity to the cutoff.

3.5 The 1D XUV Far-Field Profile
Neglecting all further propagation eﬀects and assuming an inﬁnitesimally thin
generation region located in the focal plane, the spatial proﬁle of the harmonics on
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halfcycle contribution d hc(ω), E0: 0.08 a.u.
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Figure 3.6: Calculated half-cycle contributions dhc (ω ) for HHG in argon using a 32 fs
pulse centered at 800 nm and a peak electric field of E0 = 0.08 a. u.. For each half cycle
about 214 trajectories have been calculated. The lower panel shows the normalized
ionization rate, the total ionization fraction and the envelope of the fundamental
laser field (dashed black curve).

the grating surface can be estimated. For spectrally well seperated harmonics or in
the absence of nonlinear propagation eﬀects, the linearized Born approximation
[127, 128] describes the ﬁeld propagation of the harmonics,

∇2⃗Eq (ω ) +

ω 2 ⃗ nl ⃗
ω2 2 ⃗
n
E
(
ω
)
=
−
4π
P ( EF , ω )
q
q
c2
c2 q

(3.12)

where ⃗E(ω ) describes the electric ﬁeld of the harmonic in the frequency domain,
ω is the angular frequency, nq is the refractive index, and ⃗
Pqnl (⃗EF , ω ) is the nonlinear polarization induced by the fundamental beam. Hence, for an inﬁnitesimal
generation region and a single polarization, one ﬁnds
Eq (ω ) ∝ − Pqnl ( EF , ω ) ∝ −d(ω ) ≈ −d(ωq ).

(3.13)

Using the equation above, a simple 1D Huygens-Fresnel calculation can be performed treating the beam as quasi monochromatic. Let z be the direction of beam
propagation and let x be a dimension perpendicular to z. We start with a far-ﬁeld
proﬁle EF ( x, zs ) which represents the truncated Gaussian spatial proﬁle used in
the experiment (see chapter 2). To emulate the focusing lens, the initially assumed
ﬂat phase is multiplied with the phase factor corresponding to a ﬂat lens [129],
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temporal width of SFA halfcylce response
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Figure 3.7: The temporal width of the individual harmonics obtained by a Gaussian fit
to the half-cycle map from Fig. 3.6. As expected the temporal duration decreases with
increasing harmonic order as well as with decreasing field strength. The harmonics in
the cutoff show a significant decrease in pulse duration. For E0 = 0.05, 0.06, 0.07
a. u. the cutoff is at harmonic order 20.8, 25.5, 31.1 respectively (indicated by arrows).
For E0 = 0.09 a. u. significant ionization depletion occurs which explains the reduced
effective pulse duration. We only show the experimentally relevant harmonic orders.

)
k 2
f lens ( x ) = exp i
x .
2 f foc
(

(3.14)

This proﬁle is propagated into the focal plane with a numerical implementation
of the Huygens-Fresnel integral
E(ω, x, z2 ) ∝

∫

E(ω, x ′ , z1 ) ×
)
(
√
exp −ik (ω ) δz2 + ( x − x ′ )2 dx ′ ,

(3.15)

with δz = z2 − z1 . In order to compare the results to those described in the previous section, the obtained ﬁeld distribution in the focus E( x, z f ) is re-normalized to
Em . It can be shown that equation (3.15) is a limiting case of the Green’s function
solution to equation (3.12) [127, 130]. Having calculated the spatial distribution in
the focal plane, the nonlinear response can be calculated using the SFA formalism
from section 3.1 to obtain Eq ( x, z f ). Figure 3.8 shows the electric-ﬁeld distribution
of the fundamental and of an exemplary harmonic (H21).
Applying equation (3.15) a second time to the calculated harmonic ﬁeld, the spatial property of diﬀerent harmonics in the grating plane can be estimated. A
signiﬁcantly more elaborate but similar implementation, taking into account the
cylindrical symmetry of the problem and assuming a ﬁnite generation volume,
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Figure 3.8: Panel a) shows the absolute value and phase of the electric field of the
fundamental beam in the focal plane. Panel b) shows the same properties for H21
calculated for Em = 0.08 a. u..

can be found in Ref. [111]. The results of our calculations are shown in ﬁgure
3.9. Together with the results displayed in ﬁgure 3.7, we can use equation (2.4) to
estimate the eﬀective pulse duration of the XUV after monochromatization.

spatial width of Eq(x) in the grating plane
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Figure 3.9: Calculated spatial width of the individual harmonics in the grating plane.
The overall behavior is similar for all four calculated values of the peak electric field
Em . The harmonic orders in the vicinity of the cutoff (indicated by arrows) decrease
in width as expected.
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3.6 On-Axis Phase Matching in a Semi-Infinite Cell
An extensive discussion of phase-matching of high-order harmonics in a semiinﬁnite gas cell can be found in Ref. [91]. A general treatment including a more
complete derivation of the used formalism is found in Refs. [85, 109, 127, 131]. We
restrict our treatment to one dimension that is chosen to be the laser propagation
direction and we only discuss argon as a generation medium. It is important to
point out that a very similar treatment of 1-D phase-matching in absorbing gases
can be found in Ref. [132], which was used for the evaluation of phase matching
in the semi-inﬁnite gas cell in Ref. [92]. In the case of linear polarization and
neglecting diﬀraction eﬀects, the wave equation (3.12) can be rewri en as
∂2
ω2
Eq (ω, z) + 2 n(ωq , z)2 Eq (ω, z)
2
∂z
c
ω2
= −4π 2 Pqnl ( EF (z), ω ),
c

(3.16)

where z is the propagation direction of the fundamental laser beam. Equation
(3.16) has the solution [127, 133]

Eq (ωq , z) =

( ω )2 ∫
q

z

( ( )
)
ρ(z′ ) Pqnl EF z′ , ωq ×

c
−∞
(
)
1
exp −iϕq (z′ ) dz′ ,
′
z−z

(3.17)

where ρ(z) is the spatially dependent generation gas density and ϕ(z′ ) is given by
∫ z(

′

ϕq (z ) =
with k q (z) = Re(
city that

ωq
c n ( ωq , z ))

z′

)
k q (z′′ ) − iαq (z′′ ) dz′′ ,

and αq (z) = Im(

αq (z) =

ωq
c n ( ωq , z )).

(3.18)

We assume for simpli-

ρ(z)
p(z)
αref (ωq ) =
,
ρref
ξ ( ωq )

(3.19)

where αref is an experimental-reference-absorption length measured at the reference particle density ρref and ξ (ωq ) is the absorption-length-pressure product
introduced in section 2.2. For the spatially dependent refractive index nF (ω, z)
we assume that
nF (ω, z) =

√

1 + χn (ω, z) + χel (ω, z),

(3.20)
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where χn (ω, z) and χel (ω, z) are the electric susceptibilities of the neutral gas and
the free electrons, respectively. In principle, equation (3.20) should include a third
term χion (ω, z) which contains the contribution to the refractive index due to the
generated ions. This term is however typically neglected. We assume for the neutral gas susceptibility
χn (ω, z) =

ρ(z)
(n (ω )2 − 1)(1 − η (z)),
ρref ref

(3.21)

1
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where nref (ω ) is a reference refractive index measured at a reference particle density ρref and η (z) is the spatially dependent ionization fraction. Due to the absence
of tabulated experimental values of nref (ω ) in the relevant experimental range,
it is a viable strategy to calculate this quantity from absorption measurements
using the Kramers-Kronig dispersion relation [134]. Since the accurate numerical
evaluation of the Kramers-Kronig transforms is nontrivial [135], we resorted to
interpolate the data given in Ref. [134]. This approach, however, neglects the
inﬂuence of the auto-ionizing resonances converging to the (3s)−1 limit of argon
in the region between 25 and 31 eV [120]. Since in Ref. [134] this speciﬁc energy
region is omi ed, the refractive index for H19 was crudely approximated with a
cubic spline ﬁt (see Figure 3.10). The resulting refractive indices for H19 and H21
−4 and n21 = 1 − 1.9 × 10−4 .
are n19
ref
ref = 1 − 2.8 × 10

34

photon energy [eV]
Figure 3.10: The cubic spline interpolation for the determination of the refractive index of argon around H19. The black crosses show the data from Ref. [134]. The blue
line shows the XUV absorption spectrum of argon (taken from Ref. [108]) in the same
spectral region, highlighting the autoionizing resonances converging to the (3s)−1
limit.

We calculate the ionization fraction η (z) by taking the peak value for η obtained
with the procedure described in section 3.1. The free electron dispersion is approximated by the Drude model [91, 136, 137]. If the fundamental laser frequency
is much higher than the associated plasma frequency, the electric susceptibility of
the plasma is given by
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1
.
(3.22)
ω2
The
( challenge)remaining to obtain Eq (ωq , z) is to ﬁnd a suitable description for
Pq EF (z′ ) , ωq . Since we can calculate the dipole response for a given electric ﬁeld
EF (t) (see section 3.1), the task is to ﬁnd EF (t, z′ ), which can be done by ﬁnding
the solution of the associated wave equation
χel (ω, z) = −ρ(z)η (z)4π

∂2
ω2
E
(
ω,
z
)
+
n(ω, z)2 EF (ω, z) = 0.
(3.23)
F
∂z2
c2
We have implicitly neglected the nonlinear polarization, since ﬁnding a solution
for the non-linear wave equation is complicated and advanced numerical calculations are necessary. The omission of the nonlinear eﬀects in the propagation of
the fundamental is common practice [122, 127] and yields typically good results in
generation regimes where no ﬁlamentation or signiﬁcant blue shift occurs. Therefore, we only include the spatial dependence of the refractive index nF (ωF , z) and
neglect the remaining nonlinear eﬀects. In Ref. [138], an empirical formula can
be found for the refractive index of argon at 1013.25 mbar in the range of 140.4 to
253.7 nm. We use this expression to calculate nF (ωF ), after having cross checked
the predicted values at 826.7 nm [139] and found good agreement. The solution
to equation (3.23) is consequently [127, 133]
EF (ωF , z) = EF (ωF , z0 ) ×
( ∫ z
)
′
′
exp −
ikF (z ) dz ,
z0

(3.24)

ω

where kF (z) is deﬁned as kF (z) = Re( cq nF (ω F , z)). Due to the one-dimensional
nature of our model, the geometric-phase (Gouy phase) is not naturally present.
We can, however, introduce it by rewriting equation (3.24) using the known properties of a Gaussian beam
(√

) −1
(z − zfoc )2
EF (ωF , z) = E0
1+
×
z2ray
∫ z
(
)
exp (iξ (z))
exp −ikF (z′ ) dz′ ,
z0

(3.25)

zfoc
where we have introduced the on-axis Gouy phase shift ξ (z) = arctan( z−zray
)
with zfoc and zray being the focus position and the Rayleigh length, respectively
[129]. This expression for the Gouy phase is strictly valid for Gaussian beams and
therefore can only be taken as an approximation in this discussion.

For all following calculations, we assume a Gaussian beam with a far-ﬁeld divergence angle θ0 = 5 mrad. For a center wavelength of 800 nm this results in a
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spot size of 2w0 = 102 µm and a corresponding Rayleigh length of zray = 10.1
mm. The numerical evaluation of Equation (3.17) can be done by using that,
due to the absorption of the generated harmonic radiation, the integral boundary at −∞ can be replaced by z(−) . Where z(−) has to fulﬁll the condition that
(
)
ρ(z) Pqnl (z) exp −iϕq (z) ≈ 0 ∀ (z ≤ z(−) ). The grid boundary towards negative z is therefore determined by several things: The highest absorption length of
the considered harmonics at the lowest considered pressure, by the extent of the
generation medium, and by the region where Pqnl (z) ̸= 0. For the majority of our
simulations the most restricting factor was the absorption length. Given the investigated parameter space, a grid from −3zray to zray in 211 steps was suﬃcient to
evaluate Equation (3.17). Since the presented calculations are numerically expensive, the majority of the phase-matching calculations presented were performed
on the EULER high-performance cluster of ETH.
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Figure 3.11: Calculation of the harmonic flux as a function of generation length Lgen .
The individual curves were calculated for E0 = 0.08 and zfoc = 0 (dashed), 2 (dotted),
4 (crossed), 6 (dash-dot) and 8 (full) mm resulting in an estimated coherence length
at the exit of the medium of Lcoh = 0.14, 0.17, 0.26, 0.54 and 7 mm, respectively The
absorption length at a pressure of 20 mbar for H19 in argon is 0.7 mm.

The most accessible test piece for this type of code is the reproduction of Maker
fringes [140]. If the coherence length Lcoh of the generation is smaller than the
eﬀective absorption length Labs , an oscillation in the calculated ﬂux as function of
generation length Lgen is expected. The coherence length is deﬁned as the length
where the spatially dependent phase mismatch of the generation (see Fig. 3.14)
is smaller than π radians and the absorption length is deﬁned as Labs = 1/α.
Maker fringes have been observed in XUV generation by HHG [141] and have
already been theoretically discussed for HHG in absorbing media [132]. In Fig.
3.11, simulations are presented where a changing generation length is realized by
taking a pressure proﬁle given as p(z) = p0 for z ∈ [− Lgen , 0] and p(z) = 0 other-
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wise. The coherence length is varied by changing zfoc . Having a slightly diﬀerent
range of accessible ratios of Lcoh to Labs than in Ref. [132], the overall behavior
presented there is well reproduced. The diﬀerent slopes for small values of Lgen
are due to the fact that by changing zfoc the eﬀective maximum ﬁeld strength in
the generation medium is reduced and thus the absolute value of Pqnl .
The equations given in this subsection all depend on the spatial variation of the
pressure. In Ref. [91], an abrupt transition into vacuum was considered. Precise
calculations on the pressure distribution are however diﬃcult since the pressure
regime covers the full transition from viscous to molecular ﬂow. As shown in
Figs. 3.12 and 3.13 c) the variation of the pressure has a signiﬁcant inﬂuence on
the refractive index of the fundamental and therefore on the outcome of the phasematching calculations. We approximate the transition from the high-pressure region to the vacuum with an error function
[
(
)]
p0
z
1 − erf
,
p(z) =
2
σph

(3.26)

where σph = 1.5 mm is used to approximate the width of the pinhole (3 mm). The
pressure is then continuously diﬀerentiable and has an almost linear part in the
area of the pinhole, which would be expected from laminar ﬂow calculations.
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Figure 3.12: Panel a) shows the used pressure model. The black dashed lines indicate
the dimension of the pinhole, the given ionization fraction is shown for zfoc = 9 mm
(blue dash-dot line) and was calculated for E0 = 0.08 a. u.. Panel b) displays the
variation of nF (z) for the pressure given in panel a). For comparison the variation of
nF (z) was also calculated for an edge like pressure dependence (dashed black line).

For a qualitative discussion of the results, we rewrite equation (3.17) as
Eq (ωq , z) =

( ω )2 ∫
q

c

z

−∞

(
)
P̃q (z′ ) exp i ϕ̃q (z′ ) dz′ ,

(3.27)
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where P̃q (z′ ) is the absolute value of the integrand and ϕ̃q (z′ ) the corresponding
argument.
This has the advantage that phase matching can be discussed by analyzing the
phase term ϕ˜q (z′ ). The quantity ∆k q = − ∂z∂ ′ ϕ˜q (z′ ) is often used to quantify the
phase mismatch. However, we omit the discussion of ∆k q and its individual
constituents for brevity. Figure 3.13 shows the calculated variation in harmonic
intensity as a function of the focus position relative to the position of the pinhole
at a pressure of 20 mbar. Panel a) shows the result for perfect phase matching
whereas panel b) includes the calculated phase mismatch. The expected strong
phase-mismatch at the position of the focus, as well as the increase of this eﬀect for
increasing intensities and hence higher ionization fractions is well reproduced.
We also see the expected harmonic-order dependent phase-matching phenomena.
total calculated intensity, p

max
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Figure 3.13: Panel a) shows the total calculated intensity as a function of the focus
position, assuming perfect phase matching (ϕ̃(z′ ) = 0) for H19 at various E0 . The
distinct shape for E0 = 0.09 (green) is due to ionization saturation. Panel b) shows the
intensity variation of H19 including the calculated phase factor ϕ̃(z′ ). Panel c) shows
the calculated intensity variation for E0 = 0.08 a. u. for H17 (dotted line), H19 (full
line), H21 (dashed line) and H19 calculated for the edge like pressure profile (crosses).
The color code for panel a) and b) is identical as in figures 3.7 and 3.9. All values for
| Eq |2 are normalized to the peak value in panel a).

To illustrate the phase-matching argument, Fig. 3.14 shows ϕ̃19 (z′ ) and P̃19 (z′ )
at two diﬀerent focus positions for E0 = 0.08 a. u.. At the ﬁrst position (zfoc =
+9 mm) , ϕ̃19 (z′ ) is almost constant over the entire relevant range. The integral in
equation (3.27) will therefore assume a value close to the phase-matching limit.
At the second position (zfoc = 0 mm) however ϕ̃19 (z′ ) varies by several radians
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over the relevant range of z′ . The integral will therefore be comparably small, and
depending on the exact set of parameters even close to 0.
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Figure 3.14: Panel a) shows ϕ̃19 (z′ ) and P̃19 (z′ ) at zfoc = +9 mm for p0 = 20 mbar and
E0 = 0.08 a. u.. Panel b) shows the same quantities at zfoc = 0 mm. The drop of P̃19 (z′ )
towards smaller values of z′ is due to absorption in the medium whereas the decrease
in P̃19 (z′ ) for larger values of z′ is due to the decrease in gas density. The dashed black
lines denote the position of the pinhole.
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Introduction

4.1

In this chapter experimental aspects of a new hybrid spectrometer for photoelectron and photoion spectroscopy are discussed. First, a general introduction is
given, motivating this work and pu ing it into a scientiﬁc context (Sec. 4.1). In
the second section (Sec. 4.2), a brief introduction is provided to the principles of
the magnetic-bo le time-of-ﬂight photoelectron spectrometer, which was used as
a starting point for the developed methods (Sec. 4.2). This section is followed
by a description of the speciﬁcally tailored gas supply system (Sec. 4.3), after
which an optimized ion-extraction electrode stack is presented (Sec. 4.4). Section
4.5 gives a detailed description of the employed data acquisition system and is
complemented by section 4.6, where the boundary conditions for the employed
extended single-event detection are discussed. The chapter concludes with three
experimental sections, discussing the performance of the ion time-of-ﬂight operation (Sec. 4.7) and showing time-resolved ion and photoelectron spectra (Sec. 4.8
and 4.9).

4.1

Introduction

With the exception of the explicit study of strong-ﬁeld eﬀects, it is beneﬁcial to
conduct atomic and molecular pump-probe experiments with suﬃciently weak
light ﬁelds, as not to alter the system under investigation. This maintains a high
degree of comparability with naturally occurring processes normally driven by
weak incoherent radiation, and it also allows for a less complex theoretical picture. In this chapter, we present a spectrometer which is tailored to perform such
one-photon UV-pump XUV-probe experiments with molecular species.
The underlying idea is to use a weak UV-pump pulse to transfer population
from the ground state to the ﬁrst electronically excited state of the neutral molecule and to map the ensuing electronic and nuclear wave-packet motion by
probing the system with a short and energetically narrow XUV pulse. The extracted time-dependent photoelectron and photoion time-of-ﬂight (TOF) spectra
will then allow to infer the details of the underlying processes (see chapter 5).
The experimental beam line for time-resolved molecular spectroscopy consists of
the time-preserving extreme-ultraviolet monochromator and a collinear UV/VUV
generation. Both beams are combined in a time-of-ﬂight spectrometer which can
be used either as magnetic-bo le photoelectron spectrometer or as an ion timeof-ﬂight spectrometer. A sketch of the setup was shown in ﬁgure 2.10.
For one-photon absorption, the achievable population transfer strongly depends
on the system under study, its inherent rate constants and the electro-magnetic
radiation driving the process. Population transfers larger than 50 % can readily be
obtained, a fact that was exploited technologically in the form of optically pumped
three level laser schemes (i.e. the ruby laser [142]). An important complication
is added if the radiation inducing the population transfer is supposed to be tem-
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porally short, as required by high temporal resolution pump-probe studies. This
implies strong peak intensities which give rise to secondary eﬀects, one of them
being multi-photon ionization (MPI) [143] another being above-threshold ionization (ATI) [144]. Both of these eﬀects eﬀectively limit the achievable population
transfer by progressively ionizing larger fractions of the sample with increasing
intensities. As will be seen in this chapter and chapter 5, the achievable population transfer using UV pulses is typically smaller than one percent. The resulting
observables are therefore small as compared to strong-ﬁeld experiments where
excitation or ionization fractions can reach up to 100 % [145].
The magnitude of the expected signals requires extensive experimental precautions when dealing with MCP detectors which characteristically show high statistical ﬂuctuation of their single-event response (see section 4.6) as compared to
purely semiconductor based detectors. We employ a combination of continuous
referencing as well as extended single event detection at a high repetition rate.
Continuous referencing means that consecutive laser shots are used to acquire the
signal of pump and probe (UV+XUV) as well as the XUV reference in immediate
succession. Extended single event detection implies that the count rate for each
shot is set suﬃciently low as not to have interfering counts in a single acquisition,
but a total number of events considerably larger than 1 per shot. The acquired
signal is then cast into a binary representation by means of simple threshold comparison. This allows to measure photoelectron or photoion TOF spectra without
contributions of radio-frequency noise or detector imperfections.

4.2 The Magnetic-Bottle Spectrometer
The time-of-ﬂight spectrometer currently used in the monochromator beam line
is a modiﬁed commercial TOF formerly produced by ALT Netherlands, which
is now part of Physikalische Instrumente GmbH & Co. KG. Figure 4.1 shows
a schematic sketch of the magnetic-bo le spectrometer, the original instrument
is described in detail in Ref. [146]. Magnetic bo le time-of-ﬂight spectrometers
measure the absolute kinetic energy of the generated photoelectrons hence performing an implicit angular integration of one hemisphere of the photoelectron
angular distribution. This is done by generating a slowly expanding magnetic
ﬁeld in the direction of the ﬂight tube. It can be shown that the electron momentum perpendicular to the ﬂight tube axis is then projected in the forward direction [147]. This type of photoelectron spectrometer therefore has a comparably
high collection eﬃciency as compared to a ﬁeld-free time of ﬂight spectrometer,
which generally have a small collection solid angle. Compared to a velocity-mapimaging spectrometer or a reaction microscope where large voltage gradients are
present across the interaction region, it has the advantage that a leak valve can be
placed in the immediate vicinity of the interaction region.
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Figure 4.1: Schematic depiction of the used MBES TOF. The electromagnet (EM) generates a magnetic field (blue lines) which is focused with the soft iron structure (SIS)
into the interaction region (INT). Photo electrons generated at INT experience an adiabatically expanding field while propagating towards the flight tube (FT). An MCP
located at the end of the flight tube allows to obtain the TOF signal.

In the original design, the 460 mm ﬂight tube was not equipped with any shielding
for external magnetic ﬁelds, therefore a mu-metal shield was added which greatly
enhanced the overall electron count rate and reduced the in-coupling of RF noise.
The MCP initially delivered by the manufacturer (HAMAMATSU F1208) was replaced with a custom MCP assembly (HAMAMATSU F9890-32S293). The new
MCP has a response time of about 500 ps (FWHM) (see section 4.6) compared to
the 10 ns with the initial MCP, improving the energy resolution of the instrument
signiﬁcantly (see ﬁgure 4.2).

4.3 The Gas Delivery System for a Low-Flux XUV Source
at High-Repetition Rates
The gas supply system of the hybrid spectrometer is designed speciﬁcally for
a high-repetition-rate low-ﬂux light source, such as the XUV monochromator.
When dealing with an interaction length of 1 mm, typical XUV absorption crosssections on the order of 10−17 cm2 [108], and a photon ﬂux of 106 per shot [62] - a
particle density of 1012 cm−3 is required to record about 1 ionizaton event per laser shot. This means that, for good count rates, gas densities larger than 1014 cm−3
are necessary, corresponding to a static background pressure of 5 × 10−1 mbar
at room temperature in the interaction region. These pressures are however
prohibitive to operate an MCP detector even after a diﬀerential pumping stage,
thereby requiring the use of either a pulsed gas supply or a continuous-ﬂow
needle-type leak valve, which can be placed in the immediate vicinity of the interaction region. The commercially available supersonic-gas-expansion pulsed
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Figure 4.2: Calculated energy resolution for the 460 mm flight tube for an MCP response of 0.5 and 10 ns. The dotted line indicates the 10 meV threshold and the dashed
line, the 100 meV threshold. The corresponding kinetic energies are marked with circles (10 meV) and squares (100 meV).

valves however, can only supply comparable particle densities in the vicinity of
the valve exit or at high backing pressures [148, 149].
To understand this, a simple calculation can be done for argon assuming a typical
skimming geometry, requiring a distance between valve exit and the interaction
region to be on the order of 200 mm. For the wide spread Even-Lavie valves
[148], the following parameters were reported: an emission angle on the order of
20 degrees, a total particle number per shot of 1016 (at 50 bar backing pressure,
10 µs opening time), a kinetic energy of about 75 meV (600 m/s) and a FWHM
energy spread of 10 meV (40 m/s) in direction of the expansion [150]. This would
result in a particle density of about 1014 cm−3 in the interaction region but at the
same time a pumping speed of tens of thousands of liters per second is required to maintain expansion conditions, when operating at 5 kHz. This becomes
more clear considering that 1016 particles/shot corresponds to 5 × 1019 particles/s
at 5 kHz, which in turn corresponds to an eﬀective leak rate of 2.0 mbar l/s. To
maintain the expansion volume at a maximal pressure of 10−4 mbar an eﬀective
pumping speed of 20 × 103 l/s is necessary.
Hence a continuous-ﬂow needle-type valve was used for this beamline. It consists
of a 40 mm long stainless steel tube with an inner diameter of 127 µm which can
be positioned at a distance of 1 mm relative to the interaction region. These tubes
are commercially available as special 26s gauge hypodermic needles. A heatable
mount is implemented, to counteract cluster formation for certain species, by
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shifting the thermal equilibrium towards the monomer. Due to the continuousﬂow operation and an active stabilization of the backing pressure, using a gastype-independent membrane gauge and an actuated precision-needle valve, an
excellent long- and short-term stability of the target density is achieved. Depending on the gas sample, pressures of about 10 to 200 mbar in the dead volume are
suﬃcient to measure with desired count rates while not exceeding a background
pressure of 10−4 mbar in the sprectrometer. This conﬁguration is suitable for most
liquid species at room temperature. The vapor pressure of 1,3-cyclohexadiene,
being a relevant species, is for example 194 mbar at 307.2 K (34.2 ◦ C) [151].
Both the length of the stainless steel tube and its diameter can be changed in order
to allow for lower pressures in the dead volume, while providing the same gas
density in the interaction region. This implies that a large class of biologically and
chemically relevant solid samples can be investigated by exploiting their vapor
pressure at accessible temperatures without having to utilize a carrier gas. The
vapor pressure of e.g. thymine, being a relevant species is 0.018 mbar at 453 K
(180 ◦ C) [152] which is suﬃcient for a pure measurement upon modiﬁcation of
the leak-valve tubing.

4.4 The Time-Focusing Ion-Extraction Stack
For all experiments with molecular samples, the knowledge of the time-dependent
ion yield is an important observable. We designed a compact electrode stack allowing for high resolution ion TOF traces to be acquired with the same MCP used
for the electron detection. Figure 4.3 shows the complete assembly as well as its
positioning between the soft iron skimmers. Due to the structures necessary for
the focusing of the magnetic ﬁelds, the overall gap between the skimmers leaves
very li le space for an electrode stack let alone a Wiley-McLaren geometry [153].
The modeling of the electrostatic extraction system was done with COMSOL
while the performance, in terms of time- and space focusing, was evaluated with
SIMION. We found that given the space constraints simultaneous time- and space
focusing could not be obtained. The stack was hence optimized for optimal time
focusing but allowing for imperfect space focusing. A good temporal performance could only be achieved if the potential diﬀerence over the generation
volume was kept small with respect to the total extraction potential. This could
only be achieved with a three-electrode stack consisting out of the three electrodes
E2, E3 and E4 (see FIG.4.3).
The interaction region is located between E2 and E3 and hence the voltage gradient between E2 and E3 is kept small as compared to the voltage gradient between E3 and E4. The calculated potential is displayed in ﬁgure 4.5. For this set
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E4
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Figure 4.3: Three-quarter-section view of the implemented ion extraction system
mounted between the soft iron skimmers (green). The centering mount (CM) positions the electrodes E2 and E3 with regard to the rest of the MBES. E4 is a metal plate
soldered onto the soft iron structure acting as electrode on ground potential. The leak
valve spacer plate (LVSP) allows a defined positioning of the needle-type leak valve.
The holes in E1 and E2 are essential for electron TOF operations to prevent scattering
of electrons. For the relative distances of the plates see figure 4.4.
E4 (GND)

1.8 mm
0.8 mm

E3 (3840 V)

1.0 mm
0.3 mm

LV (3920 V)

1.4 mm

E2 (4000 V)
0.6 mm
0.8 mm
E1 (GND)

1.8 mm

Figure 4.4: Sketch of the optimized geometry. The electrodes E1 and E4 have a
thickness of 0.3 mm while E2 and E3 have a thickness of 0.2 mm. The interaction
region of the sample gas with the laser is highlighted by the red circle.

of voltages the potential gradient over the laser spot size is on the order of 50 V
compared to a total acceleration voltage of about 3.8 kV. In order not to inﬂuence
the extraction potential and to cause a partial extraction in the opposite direction,
the hole in E2 has to be signiﬁcantly smaller than the hole in E3. In order to
minimize the eﬀect of the presence of the needle valve on the potential the valve
must not be positioned closer than about 1 mm relative to the interaction region,
experimentally this distance can be optimized with an external translation stage.
Figure 4.6 shows a sample of ion trajectories calculated for a mass of 30 u. The trajectories show a clear focus around 2 mm along the direction of the ﬂight tube and
diverge thereafter. This divergence then leads to the poor collection eﬃciency on
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Figure 4.5: The figure on the left shows a cut through the potential along the direction
of the leak valve. The perturbation of the extraction potential from the leak valve
and from the hole in E2 are small at the position of the light interaction (circle). The
figure on the right shows the same cut with a different color scale, highlighting the
acceleration potential.

the detector. Looking at the potential, this type of behavior is well expected due
to the strong lensing eﬀect of the curved potential at the hole in E3. A be er space
focusing would require either signiﬁcantly larger electrodes or a 5th electrode in
the ﬂight tube which would image the intermediate focus.

Figure 4.6: Sample trajectories calculated for the optimal extraction voltages. The calculation was done for a mass of 30 u, an isotropic velocity distribution corresponding
to a kinetic energy of 1 eV, and a Gaussian spatial distribution was assumed, with a
FWHM of 0.3 mm around the center of the electrodes.
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Figure 4.7 shows the simulated temporal separation of masses 29 - 31 u for the
given parameters. It also shows the eﬀect of the overall peak shape given an isotropic kinetic energy release (KER) of the charged fragments. The corresponding
peaks show a distinct broadening but would not start overlapping even for an extreme KER. It has not been investigated quantitatively if there is a KER dependent
collection eﬃciency of the instrument - looking at ﬁgure 4.6 it seems apparent,
however, that ion trajectories with large momenta perpendicular to the extraction
direction yield the highest exit angle from the extraction stack. The collection
eﬃciency of the individual ions is also shown in the same ﬁgure. The values are
on the order of 12 % for this mass range but can be up to 30 % for higher masses.

Figure 4.7: The top panel shows the calculated arrival times of masses 29 - 31 u for the
given voltages in the absence of a KER. The bottom panel shows the variation of the
peak at a mass of 30 u as a function of increasing KER.

All electrodes are made from high-grade stainless steel with a negligible magnetic susceptibility. By placing a 0.8 mm wide slit in front of the electrode stack,
acting as baﬄe for the incident radiation, undesired photoelectrons generated by
residual XUV or UV interacting with the metal surfaces of E2 and E3 could be
suppressed almost completely, greatly reducing the background signal in electron TOF operation.
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4.5 Extended Single-Event Detection at Multi-Kilohertz
Repetition Rates
Working with an MCP based high-resolution TOF detection system results in
some well known technical diﬃculties in terms of data processing. The single
event response of the MCP features always an almost Gaussian short spike followed by small amplitude ringing (see section 4.6). This small amplitude ringing
is very sensitive to the exact wiring and impedance matching of the MCP and is
impossible to get rid of completely. The standard procedure to obtain TOF signals
free of ringing contributions is to reduce the count rate on the MCP to suﬃciently
small values such that only temporally well separated events are detected and
then to apply a procedure to locate the peak position of each event. This means
that a binary representation of the signal is generated which, after summation
over many laser shots, yields a TOF trace free of ringing eﬀects. As a side eﬀect of
this all radio-frequency noise, as for example caused by the Pockels-Cells of the
laser, is being removed from the traces as well as complications arising from the
broad peak-height distribution of the MCP [154].
There are diﬀerent ways to implement the above; one possibility is to use well
established time-correlated-single-photon-counting systems (TCSPC), which provide few picosecond time resolution but are limited to a single event per excitation
cycle, since there is a non-negligible dead time inherent to the design. Another
option to realize this type of data acquisition would be using a commercial multiscaler, a system related to TCSPC hardware but allowing for multi-stop operation
(several events per acquisition cycle) at greatly reduced time resolution (≥100
ps). It was decided, however, to pursue a strategy involving a high speed analogto-digital-converter card (ADC) which allows for the greatest possible versatility
in terms of signal acquisition. One major advantage is that the MCP signal can
also be acquired in its raw form - removing the limitation for low count rates.

signal

CH1
DISC
CH2
MCP

ref. 1
ADC

ref. 2
TC

Figure 4.8: Flow diagram of the data acquisition. The encoder signal of the two
chopper units CH1 and CH2 is fed into an analogue discriminator DISC giving a defined output voltage depending on the 3 possible states of CH1 and CH2 (open/open,
open/closed, closed/open). This signal is then used to sort the processed and digitized
MCP signal into three bins for the combined signal and the two references. The threshold comparison TC as well as the sorting are done in real time in the data acquisition
software.
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Figure 4.8 shows how the implemented scheme. A single ADC is used to read
out two channels, the MCP signal as well as a qualifying input allowing to distinguish between signal and reference acquisitions. Experimentally this means
that the real-time state of one (in the non-XUV arm) or two choppers (in both
interferometer arms) is encoded into an AC signal where diﬀerent voltage levels
correspond to diﬀerent chopper states. In this mode of operation, it is essential
to compensate for crosstalk between the two input channels of the ADC, since
otherwise artiﬁcial diﬀerences are generated between signal and reference, by a
chopper-state-dependent oﬀset in the MCP data acquisition due to the voltage
level on the qualifying channel. The sample rate of the ADC card is matched
to the MCP single-event response. It is therefore not necessary to apply a peak
ﬁnding algorithm to the MCP signal but a simple threshold-comparison-based
edge-ﬁnding algorithm is suﬃcient to create the binary representation. A signiﬁcant drawback of the threshold comparison based acquisition is the requirement
for fast processing, since the unprocessed data load would be challenging to
handle due to its sheer size. If 4000 time-bins are acquired at 8-Bit this implies a
data load of 1.2 GB/minute of acquisition.

initiate
TSR
for previous
aquisition

wait
for acq.

read
out

proc.
data

save
data

Figure 4.9: Flowchart of the TSR implementation. The internal buffer of the ADC card
allows to store several hundred TOF spectra consecutively before reading them out
and processing them. This time window allows to process and store the data acquired
in the previous TSR acquisition without sacrificing individual laser shots.

Using an ADC card which allows for triggered simultaneous readout (TSR) and a
suﬃciently large internal memory, single-event detection can be done in real time
without having to sacriﬁce laser shots. In this way the acquisition of hundreds of
consecutive laser events are progressively stored into the internal buﬀer before
being read out from the card. After the data was read out the acquisition immediately starts again. During each of these acquisition cycles, which can be on the
order of seconds, the data from the last cycle is processed and stored. Figure 4.9
depicts this process. It is worth noting that this acquisition scheme can be scaled
up to acquisition rates of MHz depending on the exact experimental demands and
on the acquisition card used. The DAQ card is a Keysight Technologies U5309A
8-bit 2 GS/s ADC.
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The typical extent of the ringing of the used MCP stretches over about 10 ns (see
ﬁgure 4.10b), which corresponds to 20 time bins at 2 GS/s operation.
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Figure 4.10: The figure on the left shows a typical peak height distribution of the
used MCP after a 10x small-gain large-bandwidth amplifier. A gaussian fit (red line) is
shown together with the 99 % edge of the distribution and the resulting TDC threshold value UTDC (red dashed line). The figure on the left shows a typical single-event
response after the same amplifier recorded with a suitable 8 GS/s oscilloscope.

Assuming a constant probability to measure an event in this interval and assuming a Poisson type distribution, this puts the optimal count rate to about 1/30
counts per shot per bin, yielding per shot a probability of 52 % for no event, 34
% for a single event and 14 % for multiple events in the complete 10 ns interval
(see ﬁgure 4.11). The same consideration leads to a 5 % probability per recorded
event to measure a double count for consecutive time bins, being still quite large.
For a typical acquisition length of 2-3 µs this still allows for hundreds of total
recorded events per shot, disregarding complications arising from space-charge
considerations.
Another issue related to the MCP is the determination of the threshold used in
the processing of the raw signal. The typical pulse-height distribution of such a
device is extremely broad as compared to the absolute value of the peak of the distribution [154] (see ﬁgure 4.10a). Taking into account the aforementioned ringing,
this results in the following conundrum: The TDC threshold value has to be set
as low as possible to record the maximum number of events, but at the same time
not too low - such that the ringing of larger events does not cause false counts.
The right panel of ﬁgure 4.10 shows that the ringing of the individual events is
on the order of 15 % of peak value. Applying a generous security margin, the
TDC threshold is typically set to about 50 % of the 99 % edge of the peak height
distribution. For the distribution displayed on the left panel of ﬁgure 4.10, this
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Figure 4.11: The top panel shows the probability to measure a certain number of
occurrences for 20 consecutive measurements (20 time bins) with equal probability.
This Poisson distribution is used to approximate optimal count rates to avoid double
counts in the given time window. The bottom panel shows the ratio between single
counts and multiple counts as a function of count rate.

corresponds to 124 mV covering about 40 % of the total events.
It is of importance to monitor the pulse height distribution of the MCP regularly,
depending on degradation eﬀects the bell shape of the curve may be completely
lost. Depending on the measurements, degradation eﬀects of the MCP can become apparent after a few days of continuous measurements particularly when
working in the ion TOF conﬁguration. If the threshold value of the single-event
detection scheme is not adapted or the MCP voltage is not ramped up to compensate, the obtained spectra become distorted and unphysical. The ﬁrst symptoms
of this behavior is the the ratio between peak height of weak and intense bands
changing due to a higher double-count chance in the intense band.

4.7

Benchmark of the Ion Extraction System

To check the performance of the ion extraction system and to quantify the resolving power, static spectra were obtained for neon (20.2 u), argon (39.9 u), krypton
(83.7 u) and xenon (131.2 u), spanning the required mass range to do spectroscopy
on small molecules (see ﬁgure 4.12). The resolving power was found to be 693,
890, 1140, and 1160 for masses 20, 40, 84, and 134 u, increasing towards higher
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Figure 4.12: Ion mass spectra obtained by XUV ionization with harmonic 17 from various noble gases.

Due to the comparably small collection eﬃciency (see section 4.4) one would
suspect a signiﬁcant contributions from ions sca ering from the ﬂight-tube walls,
appearing in the form of a homogenous background signal. This contribution
typically appears at levels between 10−4 and 10−5 relative to the main peaks (see
ﬁgure 4.13) and is therefore negligible for most applications. There are small
ghost peaks present in the obtained spectra, best seen in xenon between masses
129 and 130 u and in ﬁgure 4.13. Its not yet clear what the origins are of this eﬀect.
When comparing the abundance of the individual isotopes, a systematic deviation from the expected natural abundance was measured, as shown in table 4.1. It
is, however, unclear, if the abundance in the high-purity gases employed should
correspond to the natural abundances. This experiment should be repeated with
a properly calibrated sample. If the deviations are not due to the sample, the set
TDC threshold for this particular set of measurements may have been set incorrectly. This would be consistent with the less abundant isotopes appearing with
an exceedingly small value in the experiment, as compared to the more abundant
ones.
It should be clear from ﬁgure 4.11, that the developed electrode stack is intrinsically limited to measure relative line strengths up to a precision of a few percent,
due to the mass-dependent collection eﬃciency. Using a deﬁned mixture of noble
gases, to extract a suitable calibration function, this could however be corrected
for.
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nnat / %

nrel

nexp

22 Ne

90.48
9.25

1.00
0.10

1.000
0.003

Ar

40 Ar

99.60

1.00

1.000

Kr

80 Kr

2.29
11.59
11.50
56.99
17.28

0.04
0.20
0.20
1.00
0.30

0.003
0.034
0.035
1.000
0.070

1.91
26.40
4.07
21.23
26.91
10.44
8.86

0.07
0.98
0.15
0.79
1.00
0.39
0.33

0.008
0.998
0.023
0.569
1.000
0.114
0.079

Element
Ne

Isotope
20 Ne

82 Kr
83 Kr
84 Kr
86 Kr

Xe

128 Xe
129 Xe
130 Xe
131 Xe
132 Xe
134 Xe
136 Xe

Table 4.1: Comparison of natural abundance and the measured abundance of the
individual isotopes of neon, argon, krypton, and xenon.

4.8 Time-Resolved Mass Spectroscopy: NO2 Photo Dissociation
In this section an exemplary time-resolved mass spectroscopy experiment is
shown. NO2 is excited with 45 fs UV pulse centered at 3.11 eV and consecutively
ionized with a 35 fs, 17.1 eV XUV pulse generated in the monochromator described in chapter 2. If the molecule is ionized by the XUV before the interaction with
the UV, the measured ion fragments should be distributed according to known
branching ratios [155]. If the molecule is ionized however after the interaction
with the UV, the relative distribution of fragments should change as a function
of time-delay between the two pulses. The dissociation threshold of NO2 lies at
3.114 eV [156] which implies that at suﬃciently large time-delays atomic oxygen
ions are expected to appear.
Figure 4.13 shows the static mass spectrum obtained by ionization with the
XUV pulse. The literature branching ratio at 17 eV is approximately 40/60/0/0
% for NO2+ /NO+ /O+ /N+ [155] which is consistent with the measured values of
43/57/0/0 %. This allows for a background-free measurement of the increase in
the O+ ion yield due to interaction with the UV pulse. The additional lines appearing in ﬁgures 4.13a-c are H2 O (18 u), N2 (28 u), O2 (32 u), CO2 (44 u), and the
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isotopes/isotopomers of the main bands, where the relevant stable isotopes are
17 O (0.04 %), 18 O (0.02 %), and 15 N (0.4 %). The additional molecular contributions are consistent with air contamination, most likely induced in the sample-gas
supply line.
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Figure 4.13: Ion mass spectra for NO2 ionized by 35 fs, 17.1 eV XUV pulses. a) mass
spectrum centered around the 16 O peak. b) mass spectrum centered around the dominant 14 N16 O peak. c) mass spectrum centered around the dominant 14 N16 O2 peak.
The spectra are normalized to the NO peak value. The red line indicates the ghost
peak described in section 4.7.

The obtained time-dependent ion mass spectra are shown in ﬁgure 4.14. As expected, the O+ ion yield increases exponentially for positive time delays (see
ﬁgure 4.14a). The origin of the cross-correlation like feature in the same band is
unclear. Direct two-photon ionization would be a possible explanation, since the
branching ratio for the combined photon energy (20.2 eV) includes a signiﬁcant
O+ channel (13/72/15/0) [155]. Further experiments are required to discern this
with certainty.
The overall signal in the O+ channel is, however, small. In order to achieve the
presented level of counts, the UV intensity had to be increased to the point where
direct multi-photon ionization by the UV became comparable in yield to the XUV
ionization. This can be seen from ﬁgure 4.14b-c where the overall count rate of the
respective ions increased by 20 % and 80 % respectively, when compared to the
XUV only case. The over-proportional increase of the NO2+ counts is consistent
with the multi-photon ionization picture, in which the bound cationic ground
state is dominantly populated. The step, appearing in ﬁgure 4.14c is consistent
with a depletion eﬀect induced by the UV ionization of about 2 %. The same
eﬀect is probably masked in the NO+ channel by the dissociative ionization of
photoexcited NO2 molecules.
The observed time constant for the O+ channel is 2.0 ± 0.6 ps for the excitation
pulse being centered at 397 nm (see ﬁgure 4.15). This number is in qualitative
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Figure 4.14: Time-dependent ion mass spectra for NO2 excited by 45 fs, 3.11 eV UV
pulses and ionized by 35 fs, 17.1 eV XUV pulses. a) detected oxygen cations normalized
to the XUV-only NO counts. b) NO+ channel normalized to the XUV-only NO counts.
b) NO2+ channel normalized to the XUV-only NO2 counts. Negative time-delays imply
the XUV arriving first in the interaction region. The raw data is shown (blue) together
with a moving average over 3 consecutive points (red).

agreement with the literature data [157] shown in ﬁgure 4.15b. The following
heuristic model is proposed

ND (t) ∝

∫

Iexc ( E)(1 − exp(−kD ( E)t))dE,

(4.1)

where ND (t) is the number of dissociated molecules, Iexc ( E) is the spectral intensity at photon energy E, and kD ( E) is the dissociation time constant for the same
energy. This model corresponds to the idea, that each spectral component yields
a dissociation according to the value measured for narrowband excitation. Equation 4.1 will not have an exponential form after integration. We will therefore ﬁt
the same functional form to the resulting trace, as to the experimental data. The
resulting time constants are 2.4 ps assuming a cold sample and 2.0 ps for a hot
sample (see ﬁgure 4.16). Both values are in quantitative agreement with the experiment, the calculated value for the the hot sample even coincides exactly.
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Figure 4.15: Illustration of the time constant extraction from the O+ channel and comparison to literature. a) experimental excitation spectrum. The dissociation threshold
at 398 nm is indicated by the black dashed line and repeated again in red, shifted by
26 meV (kB T at 293 K). b) literature values for the dissociation time constant obtained
from laser induced fluorescence experiments [157]. c) experimental data plus applied
fit. The fit function is a sum of a gaussian with variable height and width, and a mono
exponential increase for positive time delays. The obtained time constant is 2.0 ± 0.6
ps. The uncertainty is given as 95 % confidence interval.

4.9 Time-Resolved XUV Photoelectron Spectroscopy: UV
LAPE
The majority of species relevant for molecular time-resolved studies have their
ﬁrst absorption band in the range from 200 - 300 nm. Short UV pulses at 266 nm
can be generated from readily available 800 nm pulses by consecutive second
harmonic generation and sum-frequency generation in nonlinear crystals. For
the presented experiment a collinear frequency tripling scheme was chosen (see
ﬁgure 4.17).
With the presented scheme a conversion eﬃciency of about 4% was achieved,
using 0.7 mJ, 30 fs input pulses. The incident beam diameter had been adjusted
for optimal conversion eﬃciency using a transmission telescope. In the experiment 30 µJ of 266 nm radiation was focused with a 1 m focal length mirror into the
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Figure 4.16: Calculated dissociation behavior according to equation 4.1. The curves are
normalized to the maximum of the fit to the experimental data.
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Figure 4.17: Third harmonic generation scheme. A short 800 nm pulse with spolarization (vertical arrow) is incident on a 100 µm, BBO (BBOI) with a cutting angle
of 29.2 ◦ , generating p-polarized (circle) 400 nm radiation. By tilting a 750 µm birefringent calcite plate (CALC) the accumulated temporal delay between 400 and 800
nm radiation is compensated. A zero-order λ/2 waveplate (WP) then rotates the polarization of the 800 nm radiation from s to p, leaving the polarization of the 400 nm
beam unchanged. This allows then to generate s-polarized 266 nm light in a second
150 µm, BBO (BBOII) with a cutting angle of 44.3 ◦ .

interaction region. The intensity in the interaction region was modulated using
an iris to symmetrically clip parts of the beam.
One possibility to characterize the temporal properties of the resulting 266 nm
pulses, is to exploit the laser-assisted photoelectric eﬀect (LAPE) [158]. If an XUV
pulse and a second light pulse interact with a system at the same time, additional photoelectron bands appear shifted to the bands that would be generated
with only the XUV present. These side bands have the property that their timedependence follows the ﬁeld cross-correlation of the two pulses. An extensive
description of LAPE can be found in chapter 6.
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When doing pump-probe spectroscopy of neutral samples with a UV pump
pulse, one problem is the direct multi-photon ionization of the sample by the UV
pulse. Due to the fact that the eﬀect is becoming increasingly likely the less photons are required to ionize, this ionization channel is becoming more and more
pronounced the higher the UV energy becomes, progressively limiting maximal
applicable pump intensity. Figure 4.18 shows this eﬀect in argon, where four
266 nm photons are required to overcome the ionization potential of 15.76 eV. In
order to produce measurable amounts of the desired LAPE eﬀect, the intensity
has to be increased to a point where the direct ionization of the UV becomes the
dominant ionization pathway. This also manifests as a depletion eﬀect in the
XUV bands, provided the UV pulse interacts ﬁrst with the sample.
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Figure 4.18: Photoelectron spectra obtained in argon. a) XUV spectrum. The dominant peak at 14.5 eV is a superposition of the 2 P3/2 (15.44 eV) and the 2 P1/2 (14.26 eV)
peaks. b) spectrum obtained in the presence of UV and XUV. The dashed red line at
7 eV qualitatively separates regions dominated by XUV and UV ionization. The UV
ionization accounts for 78 % of the ionization events in this case.

Figure 4.19a-b shows the resulting side bands generated from argon, when using
XUV pulses centered around 30.2 eV. The resulting side band intensity is on the
order of 0.1 % of the corresponding counts of the main XUV band, where the -1
order side band is approximately a factor of 3 weaker than the +1 order. For the
shown signal-to-noise ratio, four scans had to be averaged, each of them containing 6 × 105 trigger events per delay step in the signal and the same amount in
the reference. This corresponds to a total acquisition time of 16 minutes per delay
step at an acquisition rate of 5 kHz.
The resulting cross-correlation measurements are shown in ﬁgure 4.19c. The
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Figure 4.19: The laser-assisted photoelectric effect at 266 nm. Panel a) (b)) shows the
-1 (+1) order side band generated in the presence of the UV pulse. c) the integrated
temporal behavior of the individual side bands. The full line corresponds to a Gaussian
fit of the experimental data (crosses). The FWHM of the +1 order band is 76 fs.

obtained FWHM diﬀers signiﬁcantly for -1 (+1) order measurements with 81 fs
(76 fs) and also the peak of the Gaussian ﬁt function diﬀers slightly (∆ = 7.4 fs).
Taking the value for the +1 order and assuming a pulse duration of about 35 fs
(see chapter 2), the UV pulse duration is estimated to be around 67 fs.

4.10 Time-Resolved XUV Photoelectron Spectroscopy of
SO2
When investigating SO2 signiﬁcantly smaller intensities of the UV pump beam
are permissible, as compared to argon. This is because the ionization potential of
SO2 (12.3 eV) is suﬃciently low to allow for three-photon ionization, as compared to the requirement of four photons in argon. For the presented data set the
intensity was set such, that the direct UV ionization is small (5%) compared to the
XUV ionization pathway (see ﬁgure 4.20).
Due to the fact that the side band intensity is scaling linearly with the UV intensity, a relative intensity to the argon scan can be estimated. The +1 order side
band has a peak value of ≈ 0.3 % of the argon main peak, while in SO2 the value
is ≈ 8 × 10−3 % when looking at the +1 order side band of the two dominant
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Figure 4.20: Photoelectron spectra obtained in SO2 . a) XUV spectrum. b) spectrum
obtained in the presence of UV and XUV. The UV ionization accounts for 95 % of the
ionization events in this case.

peaks (see ﬁgure 4.21b,d). This implies that the intensity during the acquisition
of the SO2 data set is roughly 40 times lower.
Under these conditions the time-dependent change in the data set is extremely
small. Integrating over the area from the edge of the highest kinetic energy XUV
only peak to the onset of the +1 order sidebands, an average signal change of
6 × 10−3 % was observed (see ﬁgure 4.21a,c). This eﬀect could only be made visible by utilizing the experimental techniques described in the previous sections of
this chapter, extensive averaging, and long integration times. The presented data
set consists out of 30 individual scans with 110 delay-steps each, where each delay step contains 3 × 105 trigger events in both signal and reference. This implies
a combined integration time of 60 minutes per delay step at 5 kHz and a total
acquisition time of 4.6 days.
The observed signal is still not suﬃcient to deduce even qualitative information
on the induced dynamics of the system. Several improvements can be made
which are listed in the following by ease of application. If further a empts are
made in this direction as a ﬁrst step the fraction of the induced ATI should be
raised by a factor of 3. Assuming a three-photon process, this should double the
induced population transfer and hence the overall signal.
Also a more suitable molecular species could be chosen. The UV absorption cross
section for SO2 is only 0.4 ×10−18 cm2 /molecule at 266 nm [159], while this is
a rather typical value for most molecular absorption lines in this energy range,
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Figure 4.21: Induced dynamics and LAPE in SO2 . a) energy band between 15.5 and 18.0
eV. This corresponds to the spectral region free of XUV only contributions, where signal corresponding to an induced wave packet can be measured without an additional
background. b) energy band between 18.0 and 19.6. This energy region contains the
side bands generated from the XUV only peaks at 13.53 eV (final energy: 18.18 eV)
and 14.53 eV (final energy: 19.18 eV). The corresponding integrated bands are shown
in panel c) (corresponding to a)) and panel d) (corresponding to b)). The solid line
represents a moving average of three consecutive data points.

other species provide signiﬁcantly higher values. Examples are diiodomethane
(1.7 ×10−18 cm2 /molecule [160]), benzaldehyde (1.8 ×10−18 cm2 /molecule [161]),
and 1,3-cyclohexadiene (8.0 ×10−18 cm2 /molecule [162]). Particularly the last
candidate, while being scientiﬁcally interesting due to the induced ring opening,
provides a 20-fold higher absorption cross section. Recently an XUV photoelectron spectroscopy study has been published on this molecule with a comparable
experimental parameters [61].
There are also more involved experimental modiﬁcations which can be applied.
The polarization of the pump beam can be changed from linear to circular polarization, which may reduce the ATI yield by an order of magnitude as compared
to linear polarization [163]. As a last resort the experiments can be done at higher
laser repetition rates, which however requires modiﬁcations to the laser system.
Applying the changes outlined above, the signal quality may be increased by
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more than two orders of magnitude, even without changes to the laser system.

4.11

Conclusion

In this chapter the overall working principle of a new hybrid spectrometer for
time-resolved molecular photo-ionization experiments was introduced, together
with a set of experiments demonstrating the power of the instrument. The setup is
tailored to the task of one-photon UV-pump XUV-probe molecular spectroscopy
employing continuous referencing as well as extended single-event detection. The
implemented data acquisition strategy, while not being in-itself novel, proves to
be able to measuring small signals beyond the reach of most comparable devices.
This capability is, as shown in detail in the experimental section of this chapter, of
immense importance for the type of experiments the instrument was designed for.
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Introduction

5.1

In this chapter the working principles of extreme-ultraviolet (XUV)-TRPES are
outlined. The presented results establish XUV-TRPES as a powerful spectroscopic technique for the elucidation of ultrafast molecular dynamics. First a general
introduction is given (Sec. 5.1), motivating XUV-TRPES. The following section
gives a brief overview of the test system (NO2 ) and its laser-induced dynamics,
while at the same time, the model used throughout this chapter to rationalize the
obtained photoelectron spectra (Sec. 5.2) is introduced. Section 5.3 deals with certain aspects of data processing, in particular the accounting for the signal change
due to a loss of population in the ground state (i.e. depletion correction). This
section is followed by a quantitative analysis of several observed features, introducing a simple coherent picture (Sec. 5.4). Section 5.5 deals with picosecond
dynamics for excitation wavelengths above and below the dissociation threshold
of NO2 . This section is followed by a comparison of the observed dynamics as a
function of the probe (XUV) energy (Sec. 5.6). The chapter concludes with a brief
methods section (Sec. 5.7).
An integral part of this chapter are wave packet calculations and derived photelectron spectra, which have been calculated by Andres Tehlar. Without his work
the narrative would be clearly lacking and the scientiﬁc value would be only a
fraction of what the combined eﬀorts provide. More often than not his work will
be directly highlighted but there will remain sections where the scientiﬁc credit is
unclear. In general his contribution to this work cannot be overstated. A complete
account can be found in reference [13].

5.1

Introduction

Ultra-fast valence-shell TRPES in molecular systems is of great scientiﬁc interest
[38–41, 165], as it allows a detailed study of naturally occurring photo-chemical
reactions addressing questions of e.g. photobiology, light-harvesting processes
and atmospheric chemistry. In this context the investigation of the non-adiabatic
interaction between electronic states is of central importance, since it governs the
branching ratio between coupled product states and often provides the dominant pathway for the non-radiative decay of electronically excited species. Nonadiabatic eﬀects are directly responsible for the photo-stability of nucleobases
[11, 12], which are the constituents of DNA and RNA, as well as playing a signiﬁcant role in the photo-induced isomerization of retinal [9, 10], central to vision.
In valence-shell TRPES experiments the time evolution of a nuclear wave packet
(WP) is sampled in a pump-probe scheme, where the excitation mechanism is
deﬁned by the properties of the system, i.e. its energy levels and the individual
transition dipoles, leaving a choice only in terms of the probing method. The bulk
of experimental work was performed with two diﬀerent approaches: far-ultra-
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violet (FUV, 120-200 nm, ISO-21348) single photon TRPES, and multi-photon
TRPES [40]. FUV single photon TRPES involves light pulses with low intensities
and probe photon energies typically smaller than the ionization potential (Ip ).
Given the photon energy, only few cationic states are accessible after the excitation step, and the approach often suﬀers from a small observation window. This
means that the induced nuclear wave packet is accessing regions of the nuclear
conﬁguration space in which the local ionization potential becomes larger than
the available photon energy, thereby suppressing ionization. For FUV-TRPES this
applies to those parts of the WP relaxing to lower-lying electronic states[166–168]
. Multi-photon TRPES on the other hand uses signiﬁcantly stronger light ﬁelds to
induce multi-photon transitions to the ﬁnal cationic states[169–171]. This, however, comes at the cost of weaker selection rules, induced Stark shifts, as well as an
additional complication in the form of intermediate resonances.
There are also other techniques relying on diﬀerent probing strategies, such as
high-harmonic spectroscopy [172–174], transient-absorption [175, 176], or X-rayand electron-diﬀraction experiments [177]. In high-harmonic spectroscopy the
HHG process itself is used to probe the system, requiring a reliable method to
model HHG in molecular systems to deduce the evolution of the system. In
transient-absorption, a transition between a core level and either a valence-shell
excited state or a Rydberg state is probed, allowing inference of the WP motion.
Other than being experimentally challenging, transient-absorption experiments
face additional complications, since the calculations of the ﬁnal state are involved.
X-ray and electron-diﬀraction experiments are sensitive to the ensuing eﬀective
nuclear dynamics, but lack information about the individual populations of the
electronic states.
XUV-TRPES [55–61] combines the advantages of single-photon TRPES and high
photon energies. Figure 5.1 shows the general concept. A nuclear WP is generated
on an electronically excited state of the neutral molecule. This WP then moves
along the potential energy surface, accessing various regions of the nuclearconﬁguration space, eventually encountering a region of strong non-adiabatic
coupling. In this region the electronic character of the adiabatic state changes
while allowing at the same time for a population transfer between the two interacting electronic states. Using an XUV pulse, ionization from the neutral to the
cationic states is possible at all conﬁgurations, including the neutral ground-state,
being restricted only by the electronic overlap between initial and ﬁnal state. In
a single-active-electron picture this overlap is then determined by simple Koopmans correlations if both the neutral- and the cationic-state are well described by
a single Slater determinant.
This technique gives immediate access to the induced population transfer, by
monitoring the initial depletion of the ground-state signal, as well as dissociation
dynamics, by the emergence of the photoelectron spectra of the ﬁnal photofrag-
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5.1

ments. The complete underlying molecular dynamics can be inferred through a
high-level theoretical model. In the absence of an observation window, the true
dynamics of the WP is revealed.
The system chosen to demonstrate this approach is NO2 . The continued interest
in this species provides us with the experimental and theoretical understanding,
required for a benchmark experiment. For a recent review on NO2 see [178]. The
strong non-adiabatic coupling between the electronic ground state and the ﬁrst
excited state allows us to follow a WP, from excitation, to electronic relaxation
through a conical intersection (CI) and the ensuing dissociation on the groundstate surface, extending TRPES to ultra-fast photo-induced chemistry on the
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Figure 5.1: Illustration of the general working principles of XUV-TRPES. The figure
shows a set of neutral and cationic potential energy surfaces in adiabatic (solid) and
diabatic representations (dashed). At position 1, a WP is generated in the FranckCondon region of the first exicted state of the neutral (N-ES) with a UV pump photon
(blue arrow). As the excited-state WP moves along the potential, the vertical Ip to the
cationic ground-state (C-GS) and the first cationic excited state (C-ES), never exceeds
the XUV photon energy (violet arrow). During the propagation of the WP, the electronic character changes (depicted as the leading electronic configurations), therefore
changing the electronic overlap between neutral and cationic states. At position 2, the
transition to the C-GS is Koopmans forbidden (dotted gray arrow) while the transition
to the C-ES is allowed (dashed black arrow). Upon relaxation to the ground-state of
the neutral (N-GS), the effect is inverted (position 3).

85

Ch. 5

XUV-TRPES OF NO2
yz

xz

c2
r2

r1

N
O

N

O
Θ

O

O

Figure 5.2: The coordinate conventions used throughout this thesis.

electronic ground-state, naturally inaccessible to FUV-TRPES. There are recent
studies investigating this system using multi-photon TRPES [169, 179–182] as well
as time-resolved ion spectroscopy [183], however, due to the probing scheme the
results remain inconclusive.

5.2 The Ultrafast Dynamics of NO2
NO2 belongs to the C2v point group having two mirror planes σxz and σyz , as
well as a C2 axis (see Figure 5.2, left). The ground-state equilibrium coordinates
exp
exp
are r1 = r2 = req = 1.193 and Θeq = 134.1◦ , where r1 and r2 are the distance
between the nitrogen atom and the individual oxygen atoms and Θ is the bond
angle (see Figure 5.2, right).
In this work, a vibronic WP is induced by the absorption of a short UV pulse,
centered around 3.11 eV (398 nm) with a FWHM energy bandwidth of 50 meV
(≈ 6nm). This is in the vicinity of the NO(2 ΠΩ ) + O(3 P J ) dissociation threshold
located at an energy of 3.116 eV for Ω = 1/2 and J = 2 [156]. The dissociation
process lowers the symmetry of the system to Cs , since only the mirror symmetry
with respect to the plane containing all three atoms (σxz ) is conserved. The states
are therefore labeled in Cs symmetry throughout this work, and if the C2v notation
is required, it is given in square brackets. A qualitative picture of the induced
dynamics is given in ﬁgure 5.3.
The ﬁrst absorption band of NO2 spans from about 1.9 to 5 eV (see ﬁgure 5.4c)
corresponding to a wavelength range from 250 - 650 nm [184]. As shown in ﬁgure
5.4a, there are three electronic states accessible from the (1)2 A′ [(1)2 A1 ] state:
(2)2 A′ [(1)2 B2 ], (1)2 A′′ [(1)2 A2 ], and (2)2 A′′ [(1)2 B1 ]. The absorption band is
dominated by the transition to the (2)2 A′ [(1)2 B2 ] state, as the transition to the
(1)2 A′′ [(1)2 A2 ] state is dipole forbidden, and it has been established that the
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Figure 5.3: Qualitative picture of the dynamics induced in NO2 . A wavepacket is generated by excitation from the (1)2 A′ [(1)2 A1 ] state to the (2)2 A′ [(1)2 B2 ] state (1.).
The wavepacket moves towards the conical intersection, where the two states couple
in the asymmetric stretch coordinate, leading to a population transfer. The majority
of the wavepacket crosses immediately to the (1)2 A′ [(1)2 B2 ] state (2.). After the wavepacket has turned it accesses the conical intersection again, largely staying in the
(1)2 A′ state (3.). Depending on the excitation wavelength, the wavepacket will then
dissociate on the (1)2 A′ surface (4.).

transition to the (2)2 A′′ [(1)2 B1 ] state is comparably weak [185]. The induced WP
is therefore conﬁned to the (1)2 A′ and (2)2 A′ surface.
The induced dynamics are particularly interesting because of their complex nature, caused by the CI between the two participating states. Along the symmetric
stretch coordinate (conserving C2v symmetry) the two states do not interact since
they belong to diﬀerent irreducible representations (Figure 5.4a). However, if the
symmetry is lowered along the asymmetric stretch coordinate both states start interacting, giving rise to a strong coupling. This leads to a situation where the WP,
generated in the Frack-Condon (FC) region on the (2)2 A′ surface, relaxes back to
the (1)2 A′ ground-state through the CI. According to our potential energy surfaces the minimum barrier height in the (2)2 A′ state towards larger bond lengths
is 0.11 eV above the calculated dissociation threshold. This means that for the
given excitation wavelengths the dissociation happens exclusively via the (1)2 A′
state. For large bond lengths, the (3)2 A′ starts to interact with the ﬁrst two states,
forming CIs with both of them [187].
Several publications of theoretical and experimental nature have already been
devoted explicitly to the time-resolved study of non-adiabatic dynamics in NO2
[81, 173, 174, 188–190]. In the following paragraph new WP calculations, based
on the method of [81, 189], will be presented (see section 5.7.1). The calculations
fully take into account the interaction of the system with the pump ﬁeld and include the lowest two surfaces of A′ symmetry. The potential energy surfaces (see
section 5.7.2) used represent, to the best of our knowledge, highest accuracy and
largest grid to date. The la er is essential, as the dissociation could previously
not be described accurately.
Figure 5.5 shows temporal snapshots of the calculated WP motion for a 40 fs
pump pulse centered at 400 nm. The time convention is that 0 fs corresponds to
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Figure 5.4: Electronic structure of NO2 (MRCI, aug-cc-pVQZ). a) Adiabatic potential energy curves as a function of the bond angle Θ.
exp
exp
The calculations are performed for equal bond lengths r1 = r2 = req in C2v symmetry. b) Same curves as function of r1 , for r2 = req
exp
and Θ = Θeq calculated in Cs symmetry. c) Comparison between a high-resolution photoelectron spectrum [186] convoluted with the
experimental energy resolution, the experimental photoelectron spectrum obtained in this work and the calculated position of the
individual photoelectron bands according to the curves from panel b). In the same panel (bottom part) a UV-absorption spectrum [184]
(gray curve) is compared to panel b) (square markers).
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Figure 5.5: Time slices from the WP calculation described in the text; the top figures
show the WP density on the adiabatic excited state and the lower row of figures shows
the population change of the adiabatic ground-state. Isodensity coloration is blue for
a depletion of initial population and red for a population gain. The black line depicts
the seam of CIs.

the peak of the pump-pulse envelope. The lower row shows the population of the
adiabatic ground-state and the upper panels show the population of the adiabatic
excited state. The ﬁrst time slice is for t = -30 fs, at a time where the pulse starts
interacting with the system. The depletion of the ground-state wavefunction is
visible as a concentrated blue sphere in the lower panel, while showing the population appearing at the same position in the upper panel in the FC region. The
population transferred to the excited state has started moving towards the conical
seam, displayed as a black line. Parts of the nuclear WP have sca ered, visible as
two lobes next to the CI and population is transferred to the lower adiabatic state
appearing as population above the CI. The second snapshot at -15 fs illustrates
the reversal of the WP motion in the angular coordinate. At this time, the leading
edge of the WP, located on the upper surface, has turned around, while the WP
on the ground-state surface is still running up to its turning point. The pulse
envelope has not reached its peak yet and population is continuously spawned
in the FC region. In the third set of panels, the density is shown for t = 30 fs, at
the end of the interaction window. The motion from the FC region to the CI is
still clearly visible on the upper surface, however the WP has also spread out in a
conﬁned region of the conﬁguration space. On the lower adiabatic state the WP is
spreading out towards large angles and long bond distances. 65 fs after the peak
of the envelope, the population transfer ceased and there is a diﬀuse WP left in
the upper state. On the ground-state surface, two dissociation pathways become
visible. The two lobes at large r1/2 for small r2/1 , moving towards large angles,
represent the dissociation of one of the two oxygen atoms, with the other two
atoms being close to the equilibrium geometry of NO.
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The semi-classical reﬂection principle [191–193], an established model used to
calculate absorption spectra (see e.g. [185] for NO2 ) as well as static and timedependent photoelectron spectra [194], can be used to calculate the observables
and provides an intuitive interpretation. In essence, the reﬂection principle gives an expression for the time-dependent ionization cross-section σk ( Ebind , t) depending only on the nuclear density in the neutral states |Ψi (⃗R, t)|2 , the vertical
if
Ip (⃗R) = ϵ f (⃗R) − ϵi (⃗R) between neutral (i) and cationic states (f), and the electricdipole transition matrix element between initial and ﬁnal electronic state, µie f (⃗R).
In this work this quantity is approximated as µred (⃗R), the overlap between the
if

ionized neutral electronic wavefunction and the individual cationic states, disregarding the continuum overlap of the liberated electron, yielding
σE ( Ebind , t) ∝

∑
i, f

∫
V

⃗
µred
i f ( R)

2

(
)
if
δ Ip (⃗R) − Ebind |Ψi (⃗R, t)|2 dV.

(5.1)

Using this method, the knowledge of the time-dependent WP, the potential
energy surfaces and the overlap is suﬃcient to calculate the time-dependent
photoelectron spectra (see section 5.7.3). In this work the ﬁrst two cationic states
of A′ and A′′ symmetry for both singlet and triplet spin states are taken into account (see section 5.7.1), in ﬁgure 5.4a and b the ﬁrst three states are displayed. In
if
ﬁgure 5.4c the vertical Ip at the ground-state equilibrium coordinates is compared to an experimental photoelectron spectrum. A calculated static photoelectron
spectrum using equation 5.1 and the correct ground state wave function is shown
in [13].

5.3 Depletion-Corrected Excited-State Spectra and their
Time Dependence
The experiments shown in this work were all performed using a high-harmonic
generation based XUV monochromator [62] as source for the short XUV pulses and second-harmonic generation based UV pulses (see section 5.7.5). The
photoelectron spectra were acquired using an angle-integrating magnetic bo le
spectrometer [146].
Provided the intensity of the pump beam is suﬃciently low to suppress multiphoton processes induced by the UV, there are 3 competing mechanisms generating photoelectrons. The direct ionization by the XUV (1), the initial excitation
by a single UV photon and consecutive ionization by the XUV (2), as well as
the laser-induced photoelectric eﬀect (LAPE) (3), in which the XUV ionizes the
system and the simultaneous presence of a UV photon shifts the kinetic energy
of the resulting photoelectron by the energy of the UV photon [158]. The implied
low UV intensities lead to typical excitation fractions on the order of 1 %, yielding
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comparably small signal changes in the observables.
When calculating the normalized diﬀerence ∆norm of the photoelectron spectrum
in the presence of XUV and UV [XUV + UV] and the spectrum for the XUV only
[XUV] the only two pathways left are (2) and (3). Choosing the peak of the (1)1 A′
band as normalization, this yields
∆norm =

[ XUV + UV ] − [ XUV ]
.
[ XUV, (1)1 A′ ]

(5.2)

Figure 5.6b shows ∆norm . The corresponding spectra [XUV] and [XUV + UV] can
be found in chapter 8 together with a detailed description of the processing of the
raw data. In this data set, direct ionization from the pump beam accounts for 10
% of the total registered electrons (see chapter 8).
There are two important aspects visible in Figure 5.6b. The ﬁrst is the clear appearance of depletion features, meaning negative contributions at the position of
the photoelectron bands of the unexcited species. This is easily understood by the
population transfer from the ground state to the excited state. The second aspect
is the cross-correlation-like features around t = t0 = 0 fs, being the signature of
LAPE.
The contributions appear at positions of the [XUV] photoelectron bands shifted by
the energy of one UV photon, and are only present when both UV and XUV pulses
are present simultaneously. The reason why the gain features (red) only appear
for low binding energies is that the LAPE eﬀect depends on the ﬁnal energy of
the created photoelectron. For high binding energies (small photoelectron kinetic
energies), the eﬀect is suppressed. Figure 5.6c shows a numerical simulation of
such a LAPE spectrum. This spectrum was obtained by generalizing strong-ﬁeld
perturbation theory [195] for atoms and molecules [196]. Our calculations use
the experimental XUV spectrum as input, circumventing the need for accurate
sca ering calculations (see section 5.7.4).
Both eﬀects, LAPE as well as the overlapping depletion and gain features (see
ﬁgure 5.6d) obfuscate the interpretation. However, since the pump step is a pure
one-photon transition, the population transfer follows the envelope of the pump
pulse. Assuming a purely Gaussian envelope, the depletion can be compensated
at each time step by adding the [XUV] spectrum weighted with an appropriate
error function(see section 5.7.4). The amplitude of the error function, corresponding to the ﬁnal excitation fraction, has to be estimated from ∆norm . This process
is shown in detail in chapter 8. The corrected normalized diﬀerence ∆corr
norm for the
data shown in ﬁgure 5.6 is displayed in ﬁgure 5.7a. As is illustrated in ﬁgure 5.7b,
the resulting spectra show a broad structure containing features at the position of
both unexcited NO2 and its fragments (NO and O). The agreement of experimental and calculated spectra is good, as can be seen in ﬁgure 5.7c.
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Figure 5.6: Description of the data analysis and laser-assisted photoelectric effect
(LAPE). a) Experimental photoelectron spectrum of unexcited NO2 . The dashed blue
lines indicate the peak position of each band. b) Experimental difference spectrum
showing the excited-state photoelectron bands in red (gain) and depletion of XUVonly peaks (blue). The colormap is given in percent of the (1)1 A′ peak in the XUV-only
spectrum. The time convention is that for negative times the XUV pulse comes first. c)
Calculated LAPE spectrum (see text). The arrows indicate which photoelectron band
(blue dashes) is shifted to which final position by the energy of one UV photon (3.1 eV)
(red dashes). d) Difference spectrum averaged over the delay range from 150 to 500
fs. An XUV-only spectrum is shown in the same plot in order to highlight depletion
dominated regions.

We have selected three energy bands for further discussion, each shown in detail
in ﬁgure 5.7d-f. Band 1 (green, 7 to 8.8 eV) contains a single cross-correlation-like
feature at t0 . Band 2 (red, 8.8 to 10.7 eV) contains two similar structures, as well
as a persisting feature outside the pulse overlap. Band 3 (black, 11.7 to 12.6 eV)
shows an edge-like feature which appears shifted from t0 . The fourth band displayed (blue, 15.3 to 17.8 eV) covers the region of the dominant NO band, showing
its gradual appearance. However, this band lies outside the accessible energies
of our cationic surfaces and can therefore not be compared to our calculations.
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5.4 CI Dynamics and Large-Amplitude Motion
Equation 5.1 implies that, for a given ⃗R, there can only be contributions to an
if
energy band if the local Ip (⃗R) lies within the edges of the band for a given combination of initial and ﬁnal states. This provides an intuitive interpretation of
if
the WP motion by looking at the variation of Ip (⃗R) as a function of the nuclear
coordinates. This is illustrated in 5.8a and b where bands 1 to 3 are indicated by
the colored areas, matching the color code established in ﬁgure 5.7.
Band 1 can be understood as a LAPE contribution (see ﬁgure 5.8a, blue diamond)
at t0 with a simultaneous contribution from the transition of the (2)2 A′ to the
(1)1 A′ state, followed by contributions from the large angle motion in the adiabatic ground state ((1)2 A′ → (1)1 A′ ). As can be seen in ﬁgure 5.8b, there are no
further contributions due to the WP motion towards large r1 . The calculated band
strength is shown in ﬁgure 5.8h together with the experimental trace. There is no
contribution at t0 from the adiabatic state, because of the small electronic overlap
[13]. Since the individual line strength of the calculated spectra are slightly deviating from the experiment, the calculated traces were rescaled when compared to
the experiment (cf. 5.7e and 5.8g).
Band 2 has two LAPE contributions and three possible contributions for transitions from the adiabatic excited state in the FC region. In contrast to band 1, there
are three possible transitions from the ground state ((1)2 A′ → (1)3 A′ , (1)3 A′′ ,
and (2)3 A′′ ) for large bond distances. This implies that a signature of the largeamplitude motion of the WP should appear when the WP accesses these regions
of conﬁguration space, making the involved timescale accessible. The calculated
and experimental band strength agrees well with the intuitive explanation above.
As shown in ﬁgure 5.8i, there is the dominant LAPE contribution at t0 with a small
contribution from the (2)2 A′ → (1)3 A′′ transition, followed by the contribution
from the ground state to all three triplet states peaking around 78 fs. The projected
densities of the WP in r and Θ, supporting this interpretation, can be found in [13].
Band 3 is free of LAPE and, at the same time, free of contributions from largeamplitude motion. Its contributions stem predominantly from the region of
conﬁguration space corresponding to a bond angle between 90 and 110 ◦ and are
dominated by transitions from the adiabatic groundstate. This means that the
delay between the onset of this band and t0 is directly related to the WP accessing
the CI. As the WP spreads on the ground-state surface the relative population
of this region remains constant at later times except for the dissociating fraction.
Indeed, band 3 peaks around 36 fs, signiﬁcantly before band 2. The timescale
agrees well with the onset of re-population of the adiabatic ground state, shown
in [13].
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5.5

Photodissociation and Hot Ground-State Dynamics

Investigating the long-term dynamics of the photoexcited species, the photoproducts can be observed directly in ∆corr
norm . This can be shown in NO2 by tuning the
excitation spectrum above or below the dissociation threshold. Figure 5.9a shows
two such pump spectra, one centered around 395 nm (3.13 eV) and one at 405 nm
(3.06 eV).
In the dissociating case (see ﬁgure 5.9b), clear lines gradually appear in the
spectrum, where each of the lines can be assigned to one of the photofragments
(see ﬁgure 5.9d). For the non-dissociating case, one observes a diﬀuse homogeneous structure appearing after t0 , showing otherwise no comparable time
dependence. When looking at the averaged ∆corr
norm in ﬁgure 5.9e, the origin of
the individual bands seems to be composed of a superposition of a somewhat
broadened version of the NO and NO2 photoelectron spectrum. This is a clear
signature of the broad WP distribution spanning regions of the conﬁguration
space close to the ground-state equilibrium geometry, resulting in features that
resemble the spectrum of unexcited NO2 , and regions with one quasi-dissociated
oxygen, yielding NO-like features.

5.6

Probe-Wavelength Dependence on the Observed Dynamics

The model presented in this chapter is independent of the probe energy as it disregards possible continuum eﬀects (see equation 5.1). By tuning the experimental
probe photon energy, it can be shown that the observed dynamics are indeed largely independent of this parameter. Figure 5.10 shows three experimental scans
acquired with diﬀerent pump photon energies corresponding to consecutive harmonic orders. In order to make the data more comparable the individual traces
are not only normalized to the peak XUV counts in the (1)1 A′ band, but the difference spectrum is additionally normalized for the induced depletion fraction.
This compensates for slightly diﬀerent UV intensities in the experiment as the
depletion increases linearly with intensity.
Figure 5.10a shows the obtained XUV spectra. Photoelectron bands associated
with transitions to diﬀerent electronic states of the cation show clear changes in
their relative intensity, being the signature of a non-ﬂat associated photoelectron
continuum. This eﬀect translates proportionally to the relative intensity of the
depletion bands observed (see ﬁgure 5.10b-d). After application of the depletion
correction a similar behavior can be observed for the excited wavepacket contributions (see ﬁgure 5.10e-g). Comparing ﬁgures 5.10a and 5.10h, and keeping in
mind that the dominant lines are associated to the photoelectron spectrum of NO
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and atomic oxygen, it appears as if the relative enhancement of individual NO
lines is also an eﬀect of the respective photoelectron continua.
The resulting time-dependent integrated bands show identical behavior, up to a
small variation in their respective overall amplitude (see ﬁgure 5.10g-j). In particular the amplitude oﬀset for long delays in band 1, as well as the time-oﬀset of
the band edge in band 3 are well reproduced. The secondary peak at 78 fs in band
2 is reproduced in the measurements at 27.1 and 30.5 eV, but only reminiscent at
24.1 eV. The la er is due to the fact that the speciﬁc measurement was performed
with slightly longer pulses, as can be seen from the implicit cross correlation in
ﬁgure 5.10g.

5.7

Methods

5.7.1

Calculation of potential energy surfaces

The energetically lowest two 2 A′ states of the neutral molecule and the two energetically lowest states of 1 A′ , 1 A′′ , 3 A′ and 3 A′′ symmetry of the singly-charged
cationic molecule were calculated with the multireference internally contracted
conﬁguration interaction (MRCI) program in the molpro suite [199] using 3 core,
2 closed and 10 active orbitals with two-state averaging and the aug-cc-pVQZ
[200] basis set obtained from [201]. The neutral states were diabatized with the
phenomenological method described in [202, 203]. The calculations are described
in more detail in [13] and chapter 7.

5.7.2 Calculation of the vibronic wavepacket
The excitation of the vibronic wave packet and propagation on the coupled neutral surfaces were performed with the method described in [189, 204]. In short,
we determined the vibrational ground state of the system and, assuming aligned
molecules, explicitly included the dipole-coupling of the states due to the pump
pulse. The wave functions were propagated with a split-step operator method,
transforming between the adiabatic frame to propagate on the vibronic potentials and the diabatic frame to propagate with the nuclear kinetic operators. The
Fourier-limited pump pulse had a peak intensity of 2 · 1011 W/cm2 and a FWHM
of the Gaussian Intensity envelope of 40fs, leading to an excitation fraction of
3.6%. A more detailed description can be found in [13].
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5.7.3 Calculations of the photoelectron spectra
Photoelectron spectra were calculated from the adiabatic neutral wave functions
within the Born-Oppenheimer approximation and assuming no change in kinetic
energy of the nuclei during the ionization [205]. The coordinate dependent dipole moment was approximated by calculating the electronic overlap of the nonionized electrons of the two involved states. The ionization was assumed to be
instantaneous. The time and energy resolution of the experiment was introduced
by convolving the calculated signal with a corresponding Gaussian with 0.35eV
FWHM in energy and 35fs FWHM in time. Population which was lost during
the propagation due to absorption at the edge of the grid (r1 or r2 ≥ 3.0263) was
assumed to dissociate and associated with an average photoelectron spectrum.
Details can be found in [13].

5.7.4 LAPE calculations
The LAPE photoelectron spectra were calculated using strong-ﬁeld perturbation
theory [158, 195]. The formalism was adapted to use an experimental photoelectron spectrum as input, treating each component of the spectrum as an individual
non-interacting photoelectron continuum in an approach similar to [196]. For
further information see chapter 6.

5.7.5

Description of the experimental setup

A HHG based XUV monochromator provides 35 fs XUV pulses which are interferometrically recombined with 44 fs UV pulses in an angle-integrating magneticbo le spectrometer, providing an energy resolution of be er than 200 meV over
the displayed energy region. The experimental energy resolution of 300 meV is
deﬁned by the energy bandwidth of the XUV. The delay between the two pulses is
set by changing the optical-path length of the UV pulse using a motorized translation stage. The NO2 is brought into the interaction region of the spectrometer
by means of an needle-type leak valve with active pressure stabilization. In order
to prevent the formation of N2 O4 the leak valve was heated to 90 ◦ C. For further
information see the chapter 8.

5.8

Conclusion

In this work we have demonstrated that XUV-TRPES can provide a complete picture of ultrafast-molecular WP dynamics. It was shown that both the excited state
fraction and the dissociation dynamics are immediately accessible. We have also
recovered signatures of the CI dynamics and the large-ampliutde motion in the
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hot ground state. The overall behavior, as well as the recovered time-scales agree
well with the observables extracted from the 3D quantum-WP calculation.
Due to the multiple accessible ﬁnal states, XUV-TRPES provides a multi-dimensional
view without the limitation of a small observation window. In combination with
a single-photon excitation, excited-state spectra, representing the true dynamics
of the system, can be extracted. This time-dependent observable reveals electronic and structural dynamics, relevant to all photochemical processes.
The experimental and theoretical methodology developed here can be applied in
a straightforward manner to other systems, opening new avenues towards the
understanding of more complex systems. To the best of our knowledge, this is
also the ﬁrst study showing LAPE from molecular systems together with a semiquantitative model.
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Introduction to the Laser-Assisted Photoelectric Effect

6.1

In this chapter a simple approximate method is presented to calculate the timedependent laser-assisted photoelectric eﬀect (LAPE) from a given experimental or theoretical photoelectron spectrum, allowing to calculate time-dependent
LAPE for molecular systems. A brief derivation is given together with a set of
benchmark calculations. The formalism was developed to describe the laserassisted photoelectric eﬀect (LAPE) occurring in time-resolved XUV photoelectron spectroscopy experiments presented in chapter 5. In those experiments XUV
and UV laser pulses are simultaneously present in the vicinity of the system under study. The nomenclature of the formalism introduced here is geared towards
this particular case. In some cases there will be electric ﬁelds labeled as UV ﬁelds,
which represent in fact infra-red or visible radiation.
The chapter starts with a general introduction to the laser-assisted photoelectric
eﬀect (Sec. 6.1) and is followed by two sections progressively introducing the
theoretical framework required for section 6.4 in which the expression is derived to calculate time-dependent LAPE for molecular systems. The following two
sections deal with time-independent (Sec. 6.5) and time-dependent (Sec. 6.6) test
calculations. The culmination of this chapter are sections 6.7 and 6.8, where calculated spectra are compared to experimental data obtained from argon and NO2 .

6.1

Introduction to the Laser-Assisted Photoelectric Effect

The strong-ﬁeld approximation, also known as Keldysh-Faisal-Reiss theory [206],
has been proven to be useful for such a broad range of problems across the
spectrum of light-ma er interaction, that it has become textbook knowledge [195,
196]. This is why this section is kept as brief as possible to avoid unnecessary
redundancy with previously published material (for the original publications see
[195]). It should also be pointed out that what is presented here bears a strong
similarity to the formalism used in a osecond streaking to calculate the momentum transfer of a free electron in the presence of a laser ﬁeld [207].
The LAPE is a special case of laser-assisted electron-atom collisions (LAEAC)
where a laser ﬁeld is interacting with an electron in the presence of an atom (or
any other system)
e− (⃗p ′ ) + A(i ) + nh̄ω → e− (⃗p) + A( f ),

(6.1)

where A(i ) denotes an atom in its initial state and A( f ) in its ﬁnal state, nh̄ω
implies the exchange of n photons with energy h̄ω, and e− (⃗p) is an electron with
momentum ⃗p. The diﬀerence is that in LAPE the LAEAC step is preceded by the
creation of the continuum electron
[
]
A(i ) + h̄ωXUV → e− (⃗p ′ ) + nh̄ωUV + A+ ( f ) → e− (⃗p) + A+ ( f ),

(6.2)
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where the XUV photon is absorbed and in the ﬁnal state, the continuum electron exchanges photons with the assisting laser ﬁeld [158] as indicated by the
brackets. This type of eﬀect is experimentally well studied in atoms [117], solids
[208, 209], and liquids [210]. There are also simple analytical expressions for the
time-independent case, already invoking the strong-ﬁeld approximation [158,
195], but dealing with atomic species only.
A simple expression can be derived to calculate the time-dependent eﬀective probability to obtain an electron with momentum ⃗p using strong-ﬁeld perturbation
theory [195] and allowing for several, however non-interacting, ﬁnal states f . The
goal of this chapter is to obtain this expression for the probability P(⃗p) to measure
a photo-electron with momentum ⃗p depending on the time-delay τ between two
laser pulses interacting with a quantum-mechanical system with known photoelectron spectrum S(⃗p ′ ). In quantum-mechanical terms, this probability is given
by
P(⃗p) = lim | ⟨⃗p|Ψ, t, τ ⟩ |2 ,
t→∞

(6.3)

where an expression has to be found for the right-hand side of equation 6.3, which
is deﬁned only by S(⃗p ′ ) and the parameters describing the interacting electromagnetic ﬁelds.

6.2 Single-Active-Electron Strong-Field Perturbation Theory
The starting point for this discussion is the time-evolution operator U (t, t0 ) which
is deﬁned by

|Ψ, t⟩ = U (t, t0 ) |Ψ, t0 ⟩ ,

(6.4)

and can be expressed in the well known Dyson series expansion [195, 211]
U (t, t0 ) = U0 (t, t0 ) −

i
h̄

∫ t
t0

U (t, t′ ) Hint (t′ )U0 (t′ , t0 )dt′ ,

(6.5)

where Hint (t) is the time-dependent part of the Hamiltonian and U0 is the timeevolution operator of the time independent part of the Hamiltonian. The strongﬁeld perturbation-theory expression is then obtained by substituting U (t, t′ ) by
the Volkov propagator Uv (t, t′ )
U (t, t0 ) = U0 (t, t0 ) −

i
h̄

∫ t
t0

Uv (t, t′ ) Hint (t′ )U0 (t′ , t0 )dt′ .

(6.6)

The Volkov propagator governs the time evolution of a free electron in an oscillating electromagnetic ﬁeld, it has the property
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⃗ , t⟩ = Uv (t, t0 ) |Π
⃗ , t0 ⟩ ,
|Π

6.3

(6.7)

⃗ is the time-independent canonical momentum. The time-dependent kiwhere Π
⃗ (t), where A
⃗ (t) is the vector
⃗ + eA
nematical momentum is then given as ⃗p(t) = Π
potential of the electromagnetic ﬁeld. The canonical momentum eigenstates form
a complete basis
∫

1=

Π

⃗ , t⟩ ⟨Π
⃗ , t| dΠ,
|Π

(6.8)

where the integration dΠ is an abbreviation for dΠ x dΠy dΠz . Equation 6.6 therefore has an intuitive explanation. The time-evolution operator is given by the
expression for the time-independent case and a perturbative term, which can be
understood as time-independent propagation up to the time t′ , where the system
is interacting with the XUV pulse, and an electron is liberated, and the consecutive
free propagation of the liberated electron in a laser ﬁeld which is integrated over
all possible t′ . For the purpose of describing LAPE the interaction Hamiltonian is
then given by the XUV light ﬁeld, which is in the length gauge

⃗XUV (t′ ) · ⃗x,
Hint (t′ ) = eE

(6.9)

and reduces for linearly polarized light along êx to
Hint (t′ ) = eEXUV (t′ ) x.

(6.10)

Substituting equation 6.10 into equation 6.6 the following expression is obtained
for the time-evolution operator
∫

ie t
Uv (t, t′ )EXUV (t′ ) xU0 (t′ , t0 )dt′ .
h̄ t0
The explicit form of the Volkov propagator [196] is
U (t, t0 ) = U0 (t, t0 ) −

(6.11)

(
))
i (⃗
⃗
⃗ , t⟩
Uv (t, t0 ) |Π, t0 ⟩ = exp − S Π, t, t0
|Π
h̄
(
)
∫ t(
)2
1
′′
′′
⃗
⃗
⃗ , t⟩ , (6.12)
= exp −i
Π + e A(t ) dt |Π
2me h̄ t0
(
)
⃗ , t, t0 is identiﬁed as the semi-classical action. Inserting this expreswhere S Π
sion into Eq. 6.11 using Eq. 6.8 leads to
∫ ∫

ie t
U (t, t0 ) = U0 (t, t0 ) −
EXUV (t′ )
h̄ t0 Π
(
))
i (⃗
′
⃗ , t⟩ ⟨Π
⃗ , t′ | xU0 (t′ , t0 )dΠdt′ . (6.13)
× exp − S Π, t, t
|Π
h̄
This perturbative form of the time-evolution operator is central to the explicit calculation of photoelectron spectra, in the following section.
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6.3 Calculation of Photoelectron Spectra
Using the time evolution operator (Eq. 6.13), an expression for ⟨⃗p|Ψ, t⟩ can be
obtained as

⟨⃗p|Ψ, t⟩ = ⟨⃗p|U (t, t0 )|Ψ, t0 ⟩

∫ ∫

ie t
= ⟨⃗p|U0 (t, t0 )|Ψ, t0 ⟩ −
EXUV (t′ )
h̄ t0 Π
(
(
)
))
)
i (⃗
i (′
′
× exp − S Π, t, t
exp − E0 t − t0
h̄
h̄
′
′
⃗ , t⟩ ⟨Π
⃗ , t | x |Ψ, t0 ⟩ dΠdt .
× ⟨⃗p|Π

(6.14)

This expression simpliﬁes, realizing that the ﬁrst term vanishes and considering
the limiting case that t → ∞. This helps because for any well behaved electric
⃗ (t) = 0 and, hence, limt→∞ |Π
⃗ , t⟩ = |⃗p⟩. It follows
ﬁeld we can assume limt→∞ A
′
′
⃗ , t⟩ = δ(⃗p − ⃗p ) and therefore
that limt→∞ ⟨⃗p |Π
)
)
i (
′
EXUV (t ) exp − S ⃗p, t∞ , t
h̄
t0
)
(
)
(
i
⃗ (t′ )| x |Ψ, t0 ⟩ dt′ ,
× exp − E0 t′ − t0 ⟨⃗p + e A
h̄

ie
⟨⃗p|Ψ, t⟩ = −
h̄

∫ ∞

′

(

(6.15)

⃗ (t′ )
where S (⃗p, t∞ , t′ ) has to be understood as limt→∞ S (⃗p, t, t′ ). The term ⃗p + e A
in the transition dipole appearing in equation 6.15 comes from evaluating the
canonical-momentum eigenstate, in the length gauge, at momentum ⃗p, which is
⃗ ( t ′ ).
equivalent to a plane wave evaluated at ⃗p + e A
If we consider the case t0 → −∞, which implies the integration over the entire laser interaction, and evaluate the probability P(⃗p) = | ⟨⃗p|Ψ, t⟩ |2 to ﬁnd an electron
at the detector with momentum ⃗p, we ﬁnd
P(⃗p) =

(
)
)
i (
′
′
⃗
E
(
t
)
exp
−
S
p,
t
,
t
∞
XUV
h̄
h̄2 −∞
(
)
2
i
⃗ (t′ )| x |Ψ−∞ ⟩ dt′ ,
× exp − E0 t′ ⟨⃗p + e A
h̄
e2

∫ ∞

(6.16)

where Ψ−∞ corresponds to limt0 →−∞ Ψ(t0 ).

6.4

Photoelectron Spectra of Non-Interacting Multi-Electron
Systems

It is essential to understand, that the formalism developed above is only compatible with a single-active electron description, because initial and ﬁnal state are
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implicitly one electron wave functions. We can extend this picture to a simpliﬁed
multi-electron picture [196]. Let |Ψ( N ) ⟩ be an N electron wavefunction describing
the electronic coordinates of our model system. Further assume that after the ionization step the wavefunction can be wri en as ∑i ci |Ψ( N −1)i ⟩ |⃗pi ⟩, where i denotes
diﬀerent possible ﬁnal states, ci is their expansion coeﬃcient, and |⃗pi ⟩ are the associated photoelectron continua. The probability to ﬁnd an electron with a given
ﬁnal momentum and a given ﬁnal state is
P(⃗pi ) = lim |⟨⃗pi | ⟨Ψ( N −1)i , t|U M (t, t0 )|Ψ( N ) , t0 ⟩|2 ,
t→∞

(6.17)

where U M (t, t0 ) is the multi-electron time propagator. This leads to a total probability for ﬁnding an electron with ﬁnal momentum ⃗p of P(⃗p) = ∑i P(⃗pi ), which
has to be understood as the incoherent sum of contributions from intermediate
cationic states i, each evaluated at ⃗pi = ⃗p. The multi-electron time-evolution operator becomes
U M (t, t0 ) = U0M (t, t0 ) −

ie
h̄

∫ t
t0

UvM (t, t′ )EXUV (t′ ) xU0M (t′ , t0 )dt′ .

(6.18)

and the corresponding Volkov propagator has the property

⃗ i , t0 ⟩ = U ( N −1)i (t, t0 ) ⊗ Uv (t, t0 ) |Ψ( N −1)i t0 ⟩ |Π
⃗ i , t0 ⟩
UvM (t, t0 ) |Ψ( N −1)i t0 ⟩ |Π
0
)
(
(
))
i (⃗
i
= exp − Ei (t − t0 ) exp − S Πi , t, t0
h̄
h̄
( N −1)i
⃗
(6.19)
× |Ψ
, t ⟩ | Πi , t ⟩ .
Following the same derivation as presented in section 6.3 for the one-electron case,
one obtains for the mutli-electron system

P(⃗p) =

e2

∑
t→∞ h̄2
lim

⃗ i , t| ⟨Ψ( N −1)i , t|UvM (t, t0 )|Ψ( N ) , t0 ⟩
⟨Π

i

=

e2
h̄2

2

(

)
)
(
)
i (
i
′
′
EXUV (t ) exp − S ⃗p, t∞ , t
( Ei − E0 )t
exp
h̄
h̄
−∞

∫ ∞

∑
i

′

2

⃗ (t′ )| ⟨Ψ( N −1)i , t′ | x |Ψ(−N∞) ⟩ dt′ ,
× ⟨⃗p + e A

(6.20)

where we can identify the ionization potential, i.e. the binding energy of the the
i
cationic state as Ebind
= Ei − E0 , such that

P(⃗p) =

e2
h̄2

∑
i

(
)
(
)
)
i (
i i
EXUV (t′ ) exp − S ⃗p, t∞ , t′ exp
Ebind t′
h̄
h̄
−∞

∫ ∞

2

⃗ (t′ )| ⟨Ψ( N −1)i , t′ | x |Ψ−∞ ⟩ dt′ .
× ⟨⃗p + e A
(N)

(6.21)
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In principle equation 6.21 can be used to calculate P(⃗p), however, the dipole
⃗ (t′ )| ⟨Ψ( N −1)i t′ | x |Ψ(−N∞) ⟩ is diﬃcult to access
matrix element di (⃗p, t′ ) = ⟨⃗p + e A
from theory. An expression can be obtained which only requires an experimental
XUV photoelectron spectrum as input to calculate the resulting spectrum after
interaction with the UV pulse, which is shown in section 6.5.

6.5

Photoelectron Spectra Based on Experimental PES

Consider an experimental photoelectron spectrum S(⃗p) obtained for a given photon energy Ephot . Each transition from neutral to cation will appear at a certain
photoelectron kinetic energy Ekin which can be translated to its corresponding
binding energy Ebind = Ephot − Ekin , allowing us to write S( Ebind , Θ, φ). In the following, we treat all measured contributions as independent transitions to obtain
)
)
i (
′
P(⃗p) ∝
EXUV (t ) exp − S ⃗p, t∞ , t
h̄
S
−∞
(
)
2
i
× exp
Ebind t′ d( Ebind , Θ, φ, t′ )dt′ dEbind .
h̄
∫

∫ ∞

′

(

(6.22)

We have tentatively assigned individual transitions where there may be none.
Spectral contributions to experimental photoelectron spectra can arise from effects unrelated to the actual species, like contributions due to the inherent resolution of the experimental technique, space-charge eﬀects etc.. While in principle,
most of these broadening eﬀects can be removed by an appropriate deconvolution, it is in practice not always possible. This means, that the transition dipole
moment appearing in equation 6.22 is for this case inherently ill deﬁned.
As approximation it can be assumed that the time dependence of the transition
dipole can be neglected: d( Ebind , Θ, φ, t′ ) ≈ d( Ebind , Θ, φ). This allows us to take
the transition dipole out of the integral. The resulting expression is intuitive if we
expand S (⃗p, t∞ , t′ ) according to equation 6.12 and writing EXUV (t′ ) as product of
an amplitude E0 , a normalized envelope function A XUV (t′ ) and cos ωXUV t′
P(⃗p) ∝

(
)
∫ ∞
(
)
i |⃗p|2 ′
0
|d( Ebind , Θ, φ)|2
EXUV
A XUV (t′ ) cos ωXUV t′ exp
t
h̄ 2me
S
−∞
(
)
(
)
∫ ∞
∫ ∞
2
i e
i
e
′′
′′
′′
2
′′
⃗ (t )dt exp −
⃗ (t )| dt
⃗p · A
× exp −
|A
h̄ me t′
h̄ 2me t′
(
)
2
i
′
× exp
(6.23)
Ebind t dt′ dEbind .
h̄
∫

′
Considering that
( cos( (i ωXUV t ′)))has an exponential representation which is proportional to Re exp h̄ EXUV t , the time integral consists out of ﬁve terms, each
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containing complex-valued exponential functions depending on the integration
variable t′ . This type of function has the property that it only yields results unequal to zero, in the case that the combined argument cancels or has saddle points
[212].

⃗ (t) = 0 and disregarding the envelope function A XUV (t′ ), the two remaiFor A
ning exponential terms together with EXUV (t′ ) cancel if EXUV − Ebind − Ekin = 0,
recovering energy conservation. The magnitude of this contribution will solely depend on the envelope of EXUV . This implies that this expression yields
⃗ (t) = 0.
P(⃗p) ∝ |d(⃗p)|2 for A
⃗ (t) ̸= 0, two exponential functions come
Considering equation 6.23 for the case A
′
⃗ (t′′ )|2 still
into play which do not depend on t linearly. The term containing | A
has a simple explanation, as it contains the ponderomotive shift which enters the
energy conservation like the previous terms. This can be seen by assuming the
⃗ (t) = E
⃗0 A(t) cos(ωt), where A(t) is a slowlyelectric ﬁeld to have the form E
⃗ (t) =
changing normalized envelope function. The resulting vector potential is A
⃗0
E
ω A( t ) sin( ωt ).

i e2
−
h̄ 2me

We can therefore write

∫ ∞
t′

∫ ∞

2 2
⃗ (t′′ )|2 dt′′ = − i e E0
|A
h̄ 2me ω 2

t′

|A(t′′ ) cos(ωt′′ )|2 dt′′ .

(6.24)

Since cos(ωt) is an oscillating function and we assumed A(t) to be slowly changing, it can be approximated that
∫ ∞
t′

A2 (t′′ ) cos2 (ωt′′ )dt′′ ≈
≈

∫ ∞
t′

1
2

⟨
⟩
A2 (t′′ ) cos2 (ωt′′ ) cycle dt′′

∫ ∞
t′

A2 (t′′ )dt′′ ,

(6.25)

⟨
⟩
where cos2 (ωt′′ ) cycle denotes the cylce average of cos2 (ωt′′ ). Inserting equation
6.25 into 6.24 yields

−

i e2
h̄ 2me

∫ ∞
t′

∫

∞
i e2 E02
A2 (t′′ )dt′′
h̄ 4me ω 2 t′
∫ ∞
i
≈ − Up
A2 (t′′ )dt′′ ,
h̄
t′

⃗ (t′′ )|2 dt′′ ≈ −
|A

(6.26)

where we have identiﬁed the ponderomotive potential Up . The last step in this
train-of-thought is to consider a rectangular envelope which has the properties
∫ +∞
A(t) = 1 for |t| < tb and −∞ A(t)dt = Ã. It follows
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i e2
−
h̄ 2me

∫ ∞
t′

(
)
∫ t′
i
′′ 2 ′′
2
′′
⃗
| A(t )| dt = − Up Ã −
A (t)dt
h̄
−∞
∫ t′
i
Up
=
A2 (t)dt′′ + C
h̄
−∞
i
Up (t′ − tb ) + C for |t| < tb
=
h̄
i
=
Up t′ + C for |t| < tb ,
h̄

(6.27)

with C being a constant. This term is once again linear in t′ for |t| < tb and otherwise constant, which means that the new energy-conservation condition is, in
the presence of the pulse, EXUV − Ebind − Ekin − Up = 0. This implies a shift of all
photoelectron bands towards smaller kinetic energies. For a diﬀerent pulse shape
this expression will look slightly diﬀerent, however, the overall trend remains
unchanged.

⃗ (t), is more diﬃcult to understand since
The remaining term, which is linear in A
its saddle points have to be considered. A topic which is touched upon in chapter
3. Without going into details on the saddle-point approximation, 6.23 will recover
the typical behavior of 6.16, however, with the contribution from each binding
energy weighted with the corresponding transition dipole.
The experimental spectrum S( Ebind , Θ, φ) is proportional to the squared of the
transition dipole, however, convoluted with the energy bandwidth provided by
the XUV photon (and the spectrometer resolution). The information about this is
contained in A XUV (t′ ) of equation 6.23. We propose the following relationship
P(⃗p) ∝

(
)
∫ ∞
i |⃗p|2 ′
S̃( Ebind , Θ, φ)
EXUV (t′ ) exp
t
h̄ 2me
S
−∞
)
(
)
(
∫ ∞
2 ∫ ∞
i
e
i e
′′
′′
′′
2
′′
⃗ (t )dt exp −
⃗ (t )| dt
⃗p · A
|A
× exp −
h̄ me t′
h̄ 2me t′
(
)
2
i
′
× exp
Ebind t dt′ dEbind ,
(6.28)
h̄
∫

where S̃( Ebind , Θ, φ) is either a deconvolution of S( Ebind , Θ, φ) using the knowledge of A XUV (t′ ), or the unmodiﬁed spectrum. If a deconvolution is applied
⃗ (t) = 0 will be identical to the experimental input
the calculated spectrum for A
spectrum. If a raw experimental spectrum is used, equation 6.28 will have three
⃗ (t) = 0. If the energy bandwidth in the calculation (∆Ecalc ) is
extremal cases for A
XUV
exp
equal to the experimental energy bandwidth (∆EXUV ), then the predicted energy
√
bandwidth will be overestimated by a factor of 2. If however, either of them is
signiﬁcantly larger than the other, the respective larger bandwidth will dominate
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the calculation. Good agreement between calculation and experimental spectra is
exp
calc , a case which is fulﬁlled when using
obtained for the case that ∆EXUV ≪ ∆EXUV
high-resolution XUV spectra as input for calculations involving ultra-short XUV
pulses.
Equation 6.28 can be compared to experimental data, if the calculated spectrum
⃗ (t) ̸= 0 is appropriately normalized to the calculated spectrum for A
⃗ (t) = 0,
for A
e.g. one can take the maximum of the experimental and calculated spectrum

Sexp ( Ebind , Θ, φ)
P(|⃗p( Ebind , Θ, φ)|)
=
,
max(SXUV ( Ebind , Θ, φ))
max( PXUV ( Ebind , Θ, φ)|))

(6.29)

where PXUV (|⃗p( Ebind , Θ, φ)|) is calculated in the absence of the assisting ﬁeld and
SXUV ( Ebind , Θ, φ) is measured in the absence of the assisting ﬁeld.

6.6

Static Test Calculations

In this section, several basic tests are performed in order to verify the implementation. The most basic checks are whether the input S(⃗p) and the calculated
XUV spectrum are identical, if the generated side bands (SB) appear at the correct energy, and if the total probability to measure an photoelectron is conserved
after the interaction. Afterwards an intensity scaling is performed to check the
individual behavior of the various SB orders, as well as the correct behavior of
the ponderomotive shift. By scaling the UV photon energy, as well as the XUV
photon energy the dependence of the SB intensity on the momentum transfer and
absolute momentum of the origin band can be veriﬁed.

⃗XUV (t), and
Equation 6.28 can be evaluated on a numerical grid, provided S(⃗p), E
⃗
⃗XUV (t) is
EUV (t) are known. In the derivation it was previously assumed that E
polarized along x, hence, the vector notation for the XUV ﬁeld is dropped in the
following (see equation 6.10). While S(⃗p) can be measured directly, EXUV (t) and
⃗UV (t) are typically not immediately accessible.
E
As approximation one can assume that
(

)
1
EXUV (t) =
EXUV t , and
h̄
)
(
1
0
⃗UV (t) = E
⃗UV
EUV t ,
E
AUV (t) cos
h̄
0
EXUV
AXUV (t) cos

(6.30)

where E 0 is the given peak ﬁeld strength and A(t) is a normalized envelope
function. It is more common to state the peak intensity rather than the peak ﬁeld
strength, the relationship between the two is I 0 = cϵ0 (E 0 )2 /2. In the following
discussion we assume that A(t) has the form
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(

)
t2
A(t) = exp −4 ln(2) 2 ,
σt

(6.31)

where σt deﬁnes the full width at half maximum (FWHM) of the envelope
function. The quantities EXUV , σtXUV , EUV , and σtUV can be obtained experimen⃗ 0 as the free parameter, as E 0 cancels upon the suggested
tally, leaving only E
UV
XUV
normalization of the output.
To reduce computation time, it was assumed that electrons are only ejected along
the direction of the polarization of the UV laser ﬁeld (êx ). And therefore,
)
i p2x ′
t
EXUV (t ) exp
P( p x ) ∝
S( Ebind )
h̄ 2me
−∞
S
(
)
(
)
∫ ∞
∫ ∞
i e
i e2
′′
′′
2 ′′
′′
× exp −
p x A x (t )dt exp −
A x (t )dt
h̄ me t′
h̄ 2me t′
(
)
2
i
× exp
Ebind t′ dt′ dEbind ,
(6.32)
h̄
∫

∫ ∞

′

(

where all vectorial dependencies have vanished.
The corresponding output for the input parameters shown in ﬁgure 6.1a-c are
shown in ﬁgure 6.1d-f. The parameters of the UV pulse are chosen to resemble
the typical experimental conditions for a RABBITT experiment [213] at 800 nm.
This means that high ﬁrst-order side bands (SB) are desired at suppressed second
order SB strength. The XUV pulse is modeled to represent the typical output of
an XUV monochromator tuned to transmit the 17th harmonic of an XUV pulse
train derived from high-harmonic generation. The time-grid is set up with a step
width of 0.64 × 10−15 s and the Ebind grid in steps of 10 meV. The comparably
large spacing in terms of binding energy is possible because the inherent energy
resolution of the used experimental photoelectron spectra is about one order of
magnitude higher.
The calculated SBs appear at the correct positions, being shifted by the energy
of
∫ one UV photon each, while the total probability to detect an electron Ptot =
P( p)dp is the same for both the XUV only spectrum ([XUV]) and XUV + UV
spectrum ([XUV + UV]). As pointed out in section 6.5, the experimental spectrum
is reproduced by the calculated [XUV] (see ﬁgure 6.1d). The photoelectron kinetic
energy dependence on the sideband strength can be seen in ﬁgure 6.1e, where the
intensity of SBs is suppressed towards low kinetic energies.
0 on the calculated spectra. The quaFigure 6.2 illustrates the dependence of EUV
litative behavior can be seen in ﬁgure 6.2a-b. With increasing ﬁeld strength the
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depletion of the main peak increases and so does the peak count rate of the individual SB’s. Due to the ponderomotive shift, contained in the A2 term of equation
0 (see
6.23, both the main XUV peak as well as the SB shift as a function of EUV
Figure 6.2c-d).
For low intensities the LAPE eﬀect can be considered an n-photon process in the
assisting ﬁeld, for the n-th order sideband. Therefore, as long as the ﬁrst-order
eﬀect is dominating, the depletion of the main band should scale linearly with
0 . As can be seen in ﬁgure 6.2e, the depletion behaves as
the peak intensity IUV
expected at low intensities but deviates from a linear behavior for intensities starting around 2.5 × 1011 W/cm2 (1 × 109 V/m). The same behavior can be seen for
the ﬁrst-, second- and third-order sideband which show a linear, quadratic, and
third-order dependence respectively, for low intensities (see ﬁgure 6.2f). Interestingly, the deviation of the individual SB intensity from the perturbative scaling
seems to originate from a depletion eﬀect of the main band rather than from the
interaction of diﬀerent SB orders. This can be seen from the signiﬁcant depletion
(about 10%) at the intensity in question.
A more detailed analysis of the ponderomotive shift can be found in ﬁgure 6.2g.
For small intensities the scaling is linear as expected. However, starting from
around 5 × 1011 W/cm2 (2 × 109 V/m) the shift starts to deviate from this behavior. It is not clear what happens at this point, as ∆CG of the other sidebands do
not move in concert with the main peak. It is curious that the induced shift of the
individual SB’s is clearly diﬀerent from each other, increasing with SB order.
Figure 6.3a-d shows the dependence of the ﬁrst-order SBs as a function of the UV
wavelength at otherwise identical parameters. The normalized peak counts of the
+1(-1) order are 16 % (13 %), 1.5 % (0.82 %), and 0.32 % (0.13 %) for 800, 400 and
266 nm respectively, decreasing rapidly towards lower UV wavelengths (higher
photon energies). Besides the change in SB intensity, the most striking feature
is the emergence of a distinct positive shoulder in the depletion region (around
10.8 eV) for low UV wavelengths, indicating a shift of the main peak towards
2 , it therefore
lower kinetic energies. The ponderomotive shift scales with 1/ωUV
decreases for smaller wavelengths. Hence, it is not the actual shift which causes
the shoulder to emerge, but only the decline in depletion, which would otherwise
mask this structure.
The dependence of the photoelectron spectra on the XUV photon energy at otherwise identical parameters is shown in ﬁgure 6.4. The selected photon energies at
31.8, 26.8, and 21.8 eV result in a ﬁnal kinetic energy of the main XUV peak of 16,
11, and 6 eV. The resulting SB peak counts for the +1(-1) order are 20.54 % (17.78
%), 16.35 % (12.93 %), and 10.93 % (6.75 %). As the depletion decreases towards
lower kinetic energies of the main XUV peak, the previously discussed shoulder
on the depletion peak starts appearing (see ﬁgure 6.4b).
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Time-Dependent Test Calculations

In order to obtain time-dependent photoelectron spectra, the UV and XUV pulses
have to be temporally shifted relative to each other prior to integration. The two
light pulses deﬁned in equation 6.30 are initially centered at zero, introducing a
temporal shift τ in the XUV pulse in equation 6.23, we obtain
)
i p2x ′
P( p x , τ ) ∝
S( Ebind )
EXUV (t − τ ) exp
t
h̄ 2me
S
−∞
(
)
(
)
∫ ∞
∫ ∞
i e
i e2
′′
′′
2 ′′
′′
× exp −
p x A x (t )|dt exp −
A x (t )dt
h̄ me t′
h̄ 2me t′
)
(
2
i
′
Ebind t dt′ dEbind .
× exp
(6.33)
h̄
∫

∫ ∞

′

(

This equation can again be evaluated on a numerical grid, as shown in ﬁgure
6.5a-c. It can be shown that, within the linear regime, both the energy-integrated
depletion as well as the energy-integrated ﬁrst-order SB count rate are proportional to the intensity-envelope cross correlation between XUV and UV pulse (see
ﬁgure 6.5d-f).

6.8

Comparison to Experiment: Argon / 400 nm

In the next step the calculation output is compared to experimental data. First a
simple test case is examined: the generation of SB’s from a species with a simple
XUV photoelectron spectrum. In a second step the generation of SB’s in NO2 ,
having a more complex photoelectron spectrum, is evaluated. For the ﬁrst case,
argon was chosen for it being inexpensive and experimentally available.
The XUV pulses were supplied by a high-harmonic-generation-based XUV monochromator [62] and the UV was generated by second-harmonic generation from
a barium-borate crystal. The two electromagnetic ﬁelds were inteferometrically
overlapped in an angle-integrating magnetic-bo le spectrometer [146] and the
delay between the pulses was set by changing the optical path of the UV pulse
via a motorized translation stage. The photoelectron spectrometer was calibrated
by measuring the photoelectrons from argon for various harmonic orders. From
this measurement the XUV photon energy of all harmonics can be determined.
The spectral properties of the UV were monitored with a commercial photon
spectrometer.
In ﬁgure 6.6a-b an experimental time-dependent normalized diﬀerence spectrum
is shown which was obtained using an XUV photon energy of 23.8 eV (H 15) and
an XUV pulse duration of about 35 fs. The UV pulse duration was inferred to be
47 fs from the cross-correlation property of the ﬁrst-order SB and the spectrum
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was centered around 398 nm (3.11 eV). The only free parameter for the calculations is the peak ﬁeld strength of the UV which was optimized for best agreement
with the experiment. The calculations were performed for delay steps of 5 fs.
The qualitative agreement between the experimental spectrum (see ﬁgure 6.6b)
and the calculated spectrum (see ﬁgure 6.6c) is good. When looking at the mean
normalized-diﬀerence spectrum in ﬁgure 6.6d one can see that the band strength
of the ﬁrst-order SB’s is underestimated, particularly so for the minus ﬁrst-order.
The temporal behavior of the SB’s agrees well with the experiment (see ﬁgure
6.6e-f).

6.9

Comparison to Experiment: NO2 / 400 nm

Applying the same procedure as described in the previous section to NO2 yields
a less clear agreement (see ﬁgure 6.7b-c). This is because on top of the LAPE
structures there are additional contributions from molecular-dynamics induced
by the UV pulse, appearing at positive time delays (where the UV comes ﬁrst).
These contributions are obviously not contained in the presented model.
An extraordinary level of agreement is revealed in the delay-averaged contributions just around zero time-delay (see ﬁgure 6.8a). While, the relative intensity of
individual contributions are slightly over- or under-estimated, also the weak contributions at low kinetic energies appear clearly. The biggest diﬀerence between
calculated and experimental delay-integrated diﬀerence spectra is at an energy
around 15 eV, where a structure emerges immediately after τ = 0. This clearly
comes from the underlying molecular dynamics which are not accounted for in
the simulation.
The main body of the spectrum is convoluted, in the sense that there are several
overlapping contributions, both in the experiment and in the calculations. The
region around a kinetic energy of about 19 eV is an exception to this, being an
almost isolated LAPE feature. Figure 6.8b shows the comparison between the
time-dependent band strength of experiment and calculations. At negative timedelays the agreement is excellent, while after τ = 0 there are minor additional
contributions in the experimental trace which stem from the induced photochemical dynamics.

6.10

Conclusion

It was shown in this chapter that, using a simple formalism deriving from the SFA,
accurate predictions of LAPE spectra and their delay dependence can be made.
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and a peak field intensity of 1.9 × 1011 W/cm2 . For the experimental details see the text.
a) Comparison of the normalized XUV only spectra. b) experimental time-dependent
normalized difference photoelectron spectrum. c) calculated time-dependent normalized difference photoelectron spectrum. The spectra are normalized to the peak
value of the XUV only spectra.

This is surprising, as the presented method completely disregards all eﬀects deriving from the structure of the photoelectron continuum, a complication which
is ubiquitous in molecular systems. While not being shown here, the same formalism can be used to calculate RABBIT and streaking traces, however, in those
cases a more careful treatment of the dipole matrix element is required.
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124

Firmly clutching his knife, which he perhaps
would not know how to wield, Dahlmann went
out into the plain.
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Introduction

7.1

This chapter covers parts of the quantum-chemical calculations shown in chapter 5. The one-dimensional cuts through the potential energy surface, shown
there are powerful tools to get an intuitive picture of the nuclear-conﬁgurationdependent photoelectron spectra, and conversely of the underlying time evolution of the excited-state wave packet.
The chapter starts with an introduction pu ing the performed calculations in a
scientiﬁc context. This is followed by a brief description of the computational details and the implemented calculation strategies (Sec. 7.2). After this one section
is devoted to the comparison of CASSCF and MRCI calculations at the neutral
ground-state equilibrium geometry (Sec. 7.3), which is then extended to geometries involving large bond distances (Sec. 7.4). The ﬁnal section of this chapter
deals with the question up to which range of bond distances a removed oxygen
atom remains somewhat bound and what this aspect implies for the calculation
of time-dependent observables (Sec. 7.5).
The coordinate convention used throughout this chapter is identical to the one
used in chapter 5 (see ﬁgure 5.2).

7.1

Introduction

The investigation of the electronic structure of NO2 is an ongoing pursuit reaching back to the very early days of quantum chemistry [214]. With the advent
of open shell methods in the mid 1970’s the ﬁrst ab-initio potential energy surfaces became accessible [215–217], and since then a vast amount of resources has
been spent on the progressive improvement of their accuracy. The next milestone was reached about 10 years later, when multi-reference double-excitation
conﬁguration-interaction (MRD-CI) surfaces became available [218]. However,
arguably the most signiﬁcant push in this development started in the early 1990’s
when the product-state-resolved data on the wavelength-dependent photodissociaton of NO2 via laser induced ﬂuorescence experiments became available [197,
198, 219, 220], where it was found that some of the photo-products displayed
a non-statistical product-state distribution. At the same time experimental investigations of the vibrational spectra close to the dissociation threshold were
undertaken [221–224], which found strong vibrational anomalies and a ributed
them to the non-adiabatic interaction of the 2 A1 ground state and the 2 B2 ﬁrst
electronically excited state.
Driven by the experimental progress, several sets of surfaces were developed. In
order to address the issues regarding the photo fragment distribution, the spinorbit eﬀect [225] had to be included into the calculations. The same protagonists
driving the experimental development, in researching the vibrational anomalies,
developed a set of internally-contracted multi-reference conﬁguration-interaction
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(CMRCI) surfaces [185] using Dunning’s correlation consistent polarized valence
triple zeta basis set ([226], cc-pVTZ) which they intended to use in the calculation
of high-resolution vibrational spectra using the reﬂection method. The problems
arising there drove the development of more advanced full MRCI surfaces [227,
228], which laid the foundation for the latest MRCI quadruple zeta (cc-pVQZ)
calculations on NO2 [187, 229]. These calculations feature an active space of 12 A’
and 3 A” orbitals with the ﬁrst 5 A’ orbitals being treated as closed, corresponding
to all 1s orbitals and the 2s of oxygen.
Even though high-resolution photoelectron spectra of NO2 , spanning large parts
of the valence shell, have been available since the 1970’s [230] and ﬁrst MC-SCF
calculations of the NO2 cation appeared shortly thereafter [231], the ﬁrst detailed
study on the potential energy surfaces of NO2+ only appeared about 30 years later
[232]. The la er study was driven by the renewed experimental interest in the
photoelectron spectrum of NO2 [186] and features cc-pVDZ MRCI calculations
with an active space (C2v ) of 7 a1 , 2 b1 , 4 b2 , and 1 a2 orbital whereof 2 a1 and 1 b2
orbital, representing the individual 1s orbitals, were treated as closed. In Cs symmetry this corresponds to 11 A’ and 3 A” orbitals with the ﬁrst 3 A’ being closed.
The reason why the individual orbitals, and the resulting states, are often labeled
in C2v is the ground state of NO2 is of that symmetry. For the description of
the potential energy surfaces however, the states and orbitals have to be labeled
in Cs , being the highest symmetry which applies to all possible geometries of NO2 .
What will be presented in this chapter is a set of calculations to obtain cuts through
the adiabatic potential energy surfaces of both NO2 and NO2+ calculated with an
optimized augmented cc-pVQZ basis set [233] on an MRCI level of theory. The
augmented basis set was chosen in order to be er describe the diﬀuse orbital
character for large bond distances. The calculations, if not otherwise speciﬁed,
were performed with an active space of 12 A’ and 3 A” orbitals and treating the
ﬁrst 5 A’ orbitals as closed, corresponding to a (13, 10) complete active space
(CAS) for NO2 and a (12,10) CAS for NO2+ . At each geometry point the energies
were calculated in separate state-averaged calculations for each spin multiplicity
and symmetry. All calculations were done using the MOLPRO suite [199] and
performed on the EULER cluster.

7.2 The Calculation Strategy
Typically this type of calculations becomes increasingly diﬃcult to converge with
the number of desired states to be calculated. This is due to the increasing density
of electronic states towards higher energies. It is therefore becoming more likely
that there are regions of the potential energy surface where additional states,
initially not included in the calculation, start to come energetically close. The pro-

128

CASSCF vs. MRCI: GS Equilibrium Coordinate

7.3

blem is then that the solver picks and optimizes the wrong roots yielding diﬀerent
results for the entire state average calculation, or it may even fail to converge at all.
This problem can be circumvented by identifying such regions and including
more states into the state average calculation. This has the downside that, adding
states increases the energies of all included states and the correction of this oﬀset
may then be delicate. Therefore the path taken here is to calculate and optimize
the CAS at a deﬁned geometry, which is, if not otherwise speciﬁed, the groundstate equilibrium geometry, and to use this CAS as the initial guess for geometry
points in the immediate vicinity. In further iterations the geometry points next to
what was calculated before are tackled, and so on. If this is done with suﬃciently
small steps root ﬂipping can be reduced to a minimum. Points which could still
not be converged were added by interpolation from neighboring points.
The drawback of this approach is that there is a limit to the parallelization of the
calculation due to its iterative nature. This was partially overcome by spli ing
the MRCI calculation in two steps. A ﬁrst step in which an inexpensive CASSCF
calculation is performed over the entire grid in the described iterative fashion.
Then, as a second step, the time consuming and numerically expensive MRCI
calculation is calculated on top of the CASSCF step in a fully parallelized fashion.

7.3 CASSCF vs. MRCI: GS Equilibrium Coordinate
As a ﬁrst step, the excited state energies of the neutral and the cation are compared between CASSCF and MRCI calculations at the ground state equilibrium
geometry of the neutral (r1 = r2 = 1.193 Å, Θ = 134 ◦ ). These calculations were
done twice, once in C2v symmetry and once in Cs . The results for the ground
state of the neutral are presented in table 7.1 and compared to a literature value
calculated at the same geometry. This value was calculated with a similar active
space, however with a smaller PVTZ basis set and is henceforth energetically
higher lying in absolute terms.

Cs

C2v

REF [232]

CASSCF

MRCI

CASSCF

MRCI

MRCI

-204.2967

-204.6457

-204.3064

-204.8137

-204.6045

Table 7.1: Calculated total energy of the (1)2 A′ [(1)2 A1 ] electronic ground state of NO2
in hartree. The geometry is set to the ground-state equilibrium values.

The resulting energy diﬀerences from the neutral ground state to the excited state
of the neutral and the cationic states are shown in table 7.2. For the excited state
of the neutral, the C2v and Cs calculations agree well and lie for the majority of the
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states within 0.02 eV of each other. For both C2v and Cs calculations the CASSCF
calculations lie consistently higher, the oﬀset between the two theory levels is on
the order of 0.1-0.2 eV. When looking at the energy diﬀerences from the neutral
ground state to the cationic states, the overall situation remains unchanged for the
CASSCF calculations for both symmetries. The picture changes however when
looking at the MRCI output, which lies consistently lower for the C2v calculations
(≈ 0.2 eV). The obtained numbers are again compared to literature values, which
lie consistently higher (≈ 0.4 eV). The MRCI energy diﬀerences obtained for Cs
symmetry are shown together with an experimental photoelectron spectrum in
ﬁgure 5.4c. A more quantitative comparison with experimental data is diﬃcult,
as the experimental photoelectron bands only allow to extract indirect observables
like the band centers or the band onset, both of which do not neccessarily coincide
with the calculated quantity.

7.4

CASSCF vs. MRCI: Large Bond Distances

When calculating the potential energy curves for increasing bond distances, the
agreement between CASSCF and MRCI calculations is lost within a few tenths of
angstrom from the equilibrium geometry (see ﬁgure 7.1a).
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Figure 7.1: Comparison of CASSCF and MRCI calculations at large bond distances. a)
comparison for the three lowest 2 A1 states of the neutral. b) comparison of the three
lowest 3 A1 states of the cation. The dotted lines represent the initial CASSCF calculation shifted by 1.43 eV. r1 is set to be 1.193 Å.

This becomes most clear when comparing the predicted dissociation threshold
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CS (NO2 )
CASSCF / eV
∆EGS
MRCI / eV
∆EGS

1 2 A′

1 2 A′

3 2 A′

1 2 A′′

2 2 A′′

3 2 A′′

0

3.34

6.27

3.25

3.68

5.67

0

3.38

6.08

3.02

3.69

5.62

1 2 A1

1 2 B2

2 2B

1 2B

1

1 2 A2

2 2 A2

CASSCF / eV
∆EGS

0

3.42

6.34

3.28

3.61

5.85

MRCI
∆EGS

0

3.38

6.07

2.91

3.66

5.64

C2V (NO2 )
/ eV

2

CS (NO2+ )

1 1 A′

2 1 A′

3 1 A′

1 1 A′′

2 1 A′′

3 1 A′′

CASSCF / eV
∆EGS

9.46

13.05

16.4

12.42

15.07

16.42

10.93

14.44

17.69

13.87

16.35

17.72

1 1 A1

1 1 B2

2 1 A1

1 1 A2

2 1 A2

1 1 B1

9.38

13.00

16.24

12.47

14.85

16.34

MRCI / eV
∆EGS

10.74

14.27

17.42

13.79

16.16

17.57

REF / eV [232]
∆EGS

11.11

14.65

17.90

14.01

-

17.97

CS (NO2+ )

1 3 A′

2 3 A′

3 3 A′

1 3 A′′

2 3 A′′

3 3 A′′

CASSCF / eV
∆EGS

11.42

14.80

16.04

12.04

14.92

15.94

MRCI
∆EGS

12.81

16.03

17.45

13.46

16.15

17.28

C2V (NO2+ )

1 3 B2

2 3 B2

1 3 A1

1 3 A2

2 3 A2

1 3 B1

CASSCF / eV
∆EGS

11.47

14.66

15.99

12.07

14.71

15.86

MRCI
∆EGS
REF /
∆EGS

/ eV

12.73

15.84

17.32

13.36

15.93

17.13

eV [232]

13.07

16.26

17.64

13.76

-

17.55

MRCI
∆EGS

/ eV

C2V (NO2+ )
CASSCF / eV
∆EGS

/ eV

7.4

Table 7.2: Relative energy differences at the ground-state equilibrium geometry of
the neutral. The respective absolute energies of the ground-state equilibrium energy
of the neutral are given in table 7.1.

for the two calculations. In a ﬁrst order approximation, the dissociation threshold
Ediss is given by the following expression
NOeq

Ediss = lim EGS (r1
r2 → ∞

NO2eq

, r2 ) − EGS (r1

NO2eq

, r2

NO2
NO
, ΘNO2eq ) − Ezp
+ Ezp
,

(7.1)

where Ezp denotes the zero point energy of each species. Assuming a harmonic
oscillator type behavior Ezp can be deduced by the vibrational frequencies associated with the individual coordinates. For NO2 the three normal modes have
NO2
frequencies of 1318 cm−1 [234], 750 cm−1 [234] and 1618 cm−1 [235] yielding Ezp
= 0.228 eV. The same calculation yields for NO (1904 cm−1 [234]) a zero point
NO = 0.118 eV. Table 7.3 compares the dissociation threshold obtained
energy of Ezp
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for CASSCF and MRCI calculations when taking various large r2 as approximation for the limit appearing in equation 7.1. The MRCI value still changes by 8
meV between 4 and 5 Åand is about 0.2 eV oﬀ the literature value. The CASSCF
calculations predict a dissociation threshold 1.2 eV too low when compared to
experimental values.
r2 / Å

CASSCF / eV
Ediss

MRCI / eV
Ediss

EXP / eV
Ediss

3
4
5

1.985
1.972
1.974

2.904
2.927
2.935

3.114

Table 7.3: Approximated dissociation threshold for several values of r2 . The stated
value is taken as the minimum value along the Θ coordinate and at r1 = 1.193 Å. The
full data is shown in figure 7.2 for the MRCI calculation.

For the dynamics of NO2 , the barrier height of the (2)2 A1 state towards large r2
is of the essence. Depending on this value, a direct dissociation channel via the
(2)2 A1 opens up at experimentally accessible energies. The quantity which matters is the minimal barrier height however, which cannot easily be deduced by
the simple potential energy curves calculated here. When looking at ﬁgure 7.1a
however, the discrepancy between CASSCF and MRCI calculation is apparent.
The barrier height for this particular cut through the potential energy surface
diﬀers by 0.6 eV. The predicted behavior of the system will be vastly diﬀerent for
both types of calculations.
The calculations of the cationic potential curves show the general energy oﬀset
between CASSCF and MRCI calculations that was pointed out in the previous
section (see ﬁgure 7.1b). When shifting the CASSCF calculations to match the
MRCI cationic ground-state energy and the neutral ground-state equilibrium
coordinate, the same trend is observed for large bond distances as was for the
neutral. The asymptotic value of the 11 A1 ground state potential energy diﬀers
again by about 1 eV between the MRCI and CASSCF calculations.

7.5

Extent of Weakly-Bound Roaming Parts of an Induced
Nuclear Wavepacket

A question, which is relevant to determine the numerical grid of wave packet
calculations, is how far a nuclear wavepacket with a given maximal will energy
extend, and conversely how big does the calculation grid have to be in order to
describe all dynamics up to this energy consistently.
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As stated before, the experimental dissociation threshold of NO2 is at 3.114 eV
(398.1 nm) with regard to the ground-state energy, or 3.224 eV above the minimum of the potential energy surface. The calculated dissociation threshold lies
3.045 eV above the minimum of the potential energy surface. Potential energy
curves were calculated with r1 = 1.154 Åset to the equilibrium distance of NO
and r2 = 3, 4, and 5 Å(see ﬁgure 7.2).
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Figure 7.2: Bond angle dependence of the lowest three 2 A1 states for different r2 .
Panels a) to c) are calculated for r2 being 3, 4, and 5 Åfor r1 = 1.193 Å. The dashed line
shows the approximate dissociation threshold (see text).

At each of these distances, the minimum energy, relative to the dissociation threshold, is calculated that is required to access this value of r2 . The results are shown
in table 7.4.
r2 / Å

∆Ediss / meV

∆Ediss / nm

3
4
5

30.8
7.4
1.8

3.9
0.9
0.2

Table 7.4: Energies relative to the dissociation threshold for which a wavepacket
would exceed the individual values for r2 . The third column is calculated from the
extracted energy difference assuming the experimental dissociation threshold of at
398.1 nm.

The typical excitation bandwidth for experiments based on short UV pulses, generated via second-harmonic generation in barium borate crystals is on the order
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of 50 meV (6 nm, FWHM). This implies that when exciting the system with an
excitation spectrum centered at the dissociation threshold consistent with the calculations, the entire bound fraction of the excited wavepacket will extend beyond
3 Å. In order to describe a meaningful part of the bound wavepacket for this
particular case, the calculation grid should be extended to 5 Å, in which case less
than 10 % of the bound part of the excitation spectrum will prematurely dissociate (assuming absorbing boundaries). It is important that these large r2 are only
required for r1 being close to the NO equilibrium coordinate.

7.6

Conclusion

It was shown in this chapter that the performed CASSCF and MRCI calculations
agree with previously published results. By comparing the results of CASSCF
and MRCI calculations for large bond distances and for the relative diﬀerence
between neutral and cation, it was also shown that the accuracy of the CASSCF
surfaces in the asymptotic region was insuﬃcient to properly account for dissociation.
In a second step, the limitations of the MRCI results were highlighted, by comparing the dissociation threshold as well as the relative vertical binding energies
with experimental data. The diﬀerence between the experimental and calculated
dissociation threshold was found to be on the order of 200 meV, which is large in
terms of a typical excitation spectrum.
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Description of the Experimental Setup

8.1

In this chapter the experimental conditions, as well as the data processing leading
to the experimental data shown in chapter 5, are discussed. The depletion correction method applied in the same chapter will also be illustrated in more detail.
Chapter 5 is to be published in a very similar form and is preparation for publication. Several aspects essential to the understanding of the presented technique are
located in the supplementary of the initial publication and were, for brevity, not
added to the main text of this thesis. This chapter covers all experimental aspects
initially located in said supplementary. The chapter is structured as follows: ﬁrst
a detailed description of the experimental setup and its capabilities is given (Sec.
8.1), then the data processing is explained in detail (Sec. 8.2) as well as the performed error analysis (Sec. 8.3), and ﬁnally the introduced depletion correction is
discussed at length (Sec. 8.4).

8.1

Description of the Experimental Setup

A Ti:Saph ampliﬁer system delivers 30 fs laser pulses at 5 kHz, centered at 800
nm, and with a pulse energy of 2 mJ. The incident beam is split into two interferometric arms. 1 mJ is used to generate high-order harmonics in a semi-inﬁnite cell
[91]. After this a single harmonic order is isolated by a time-preseving monochromator [236], delivering XUV pulses of about 35 fs with a spectral bandwidth on
the order of 300 meV. The UV pulses are generated in the second interferometric
arm by second-harmonic generation using a 100 µm thick BBO crystal with a cut
angle of 29.2◦ . 1 mJ of input energy yields 250 µJ UV pulses (25% conversion
eﬃciency) with a duration of 44 fs. The XUV and UV beam are then recombined
in an angle-integrating magnetic-bo le time-of-ﬂight photoelectron spectrometer
(MBES) [146], yielding a cross-correlation of about 56 fs. A beam-path overview
is given in ﬁgure 8.1.
For each dataset the excitation spectrum was recorded as well as a cross correlation in argon. The excitation spectrum used for the fs-dynamics dataset shown
in chapter 5 is given in ﬁgure 8.2a. By tilting the BBO crystal, the spectrum could
be shaped, moving its center of gravity by ±5 nm around 400 nm. The shown
spectrum is tuned to about 399 nm and slightly asymmetric due to the tilt dependent phase-matching in the BBO. Figure 8.2b shows the cross correlation recorded
for the same data set. Typical values for the FWHM of the cross correlation are
around 55 fs depending on day-to-day alignment and compressor se ings.
The MBES was calibrated before each set of measurements using photoelectron
spectra from argon, obtained with XUV pulses corresponding to diﬀerent harmonic orders. A continuous-ﬂow needle-type leak valve was used to supply the
gas into the MBES. It consists out of a 40 mm long, electrically-grounded stainless
steel tube with an inner diameter of 127 µm which is positioned at a distance of 1
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Figure 8.1: The beamsplitter BS is used to separate the incoming IR radiation in two
interferometric arms. The reflection off the BS is focused with the lens F1 into the
semi-infinite gas cell for XUV generation and consecutive monochromatization. The
transmitted part is frequency doubled using a BBO crystal whereafter the remaining IR
is separated using dichroic mirrors (DIC). Before focusing the UV via F2, a chopper CH
is employed to block every second pulse thereby allowing for single-shot-referenced
detection. The two light pulses are then combined in the MBES. The optical path
length of the UV pulses can be changed using a motorized translation stage TS.
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Figure 8.2: Excitation spectrum and argon cross correlation measured for the fsdaynamics dataset presented in chapter 5. a) UV excitation spectrum. The spectrum
is centered around 399 nm and about 60% of the spectral intensity is above the dissociation threshold. b) cross correlation measured prior to the NO2 data set in argon.
A gaussian is fit (solid line) is performend on the experimental data (crosses) for both
first order side bands. The average FWHM is 55.8 fs which indicates a UV pulse duration around 44 fs.

mm relative to the interaction region. The backing pressure of the leak valve was
actively stabilized by a membrane gauge and an actuated precision-needle valve.
In order to prevent cluster formation in NO2 , the leak valve is heated to 90◦ C with
a temperature-stabilized heating foil. The equilibrium constant for the reaction
NO2 ↔ N2 O4 is Kp = p2NO2 /pN2 O4 ≈ 7 atm. at 359.6 K (86.6◦ C) and a pressure
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of 40 mbar [237]. This yields a fraction of N2 O4 of 11% assuming a thermallyequilibrated sample.

8.2 Methodology of the Data Processing
The data acquisition is set up around a 2-channel high-speed 8 bit analog-todigital converter card with an internal ringbuﬀer. The MCP signal is acquired
for each shot and stored in the ringbuﬀer which can be read out simultaneously
without loss of trigger events. The read out data is then transformed into a binary representation by appropriate thresholding, removing spurious RF noise.
The second channel is used as qualifying input to determine the chopper status,
i.e. whether a trigger event contained only the XUV pulse or both pulses. The
total electron-count-rate per shot, was set suﬃciently low to avoid double counts
within the time window deﬁned by the single event response of the MCP, including the RF ringing. This corresponds to about 50 registered electron counts per
shot.
For each delay step, 3 × 105 trigger-events were acquired, corresponding to
1.5 × 105 UV + XUV events. The data sets, shown in chapter 5, all consist of 20
independent delay scans which were averaged, corresponding to 3 × 106 trigger
events contributing to the average (≈ 1.5 × 108 electron counts), corresponding
to an integration time of 10 minutes per delay step. For the shown data sets 110
delay steps were recorded per scan, with a delay step of 6.33 fs and 33.3 fs for the
short- and long-term dynamics respectively.
The time-of-ﬂight spectra are then converted to photo-electron kinetic energy by a
suitable calibration function where after the data was rebinned on an equidistant
grid with a spacing of 50 meV. During the acquisition time of 36 hours the XUV
pulses drifted in their ﬂux (by 50 %) and in their corresponding photon energy
(by 150 meV). The average total number of XUV only counts per delay-step per
scan was calculated and for each delay step both the XUV and the XUV + UV
spectrum were normalized accordingly to account for a time-dependent drift of
the XUV ﬂux. The time-dependent shift of the XUV photon energy was partially
compensated by calculating individual binding energy axes for each scan and
interpolating on a common grid before averaging. The data sets are not compensated for a possible drift in UV pulse energy (≈ 30 % over the duration of the scan).
The resulting delay averaged XUV and XUV + UV spectra are shown in ﬁgure 8.3
on a kinetic energy axis. For this data set the direct ionization by the pump pulse
accounts for about 10 % of the collected electrons in the XUV + UV spectra. The
direct ionization dominates the diﬀerence spectrum at low kinetic energies up to
about 3 eV.
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Figure 8.3: Photoelectron spectra obtained in NO2 . a) XUV spectrum. b) Spectrum
obtained in the presence of UV and XUV. The UV ionization accounts for 90 % of the
ionization events in the XUV + UV case.

The resulting time-dependent average XUV and XUV + UV spectra, calculated
from the independent scans, are shown in ﬁgure 8.4a-b in terms of biding energy,
excluding the low kinetic energy part at high binding energies. The resulting difference spectrum is shown in ﬁgure 8.4c. The obtained diﬀerences are on the order
of 50 counts given a peak count in the reference of 3700. Due to the small signal
size it was decided to apply oversampling in the time-delay dimension, i. e. the
delay step size of 6.3 fs is signiﬁcantly smaller than the duration of the cross correlation (56 fs). A moving average can therefore be applied for displaying purposes,
without losing signiﬁcant time resolution. If the data sets are shown as 2D map,
they have been convolved with Gaussians (see ﬁgure 8.4d).

8.3 Methodology of the Error Analysis
As can be seen from ﬁgure 8.4, the error analysis in terms of statistical ﬂuctuations of individual data points is essential. In order to quantify this the standard
deviation of the average was calculated for each individual energy bin in the
mean diﬀerence spectrum. This information can then be used to calculate the
standard deviation of integrated bands by Gaussian error propagation. Figure
8.5a-c, shows the standard deviation of the average for the XUV and the XUV +
UV and calculated standard deviation of the diﬀerence. As can be seen in ﬁgure
8.5b-c the standard deviation of the average can be as high as 10 % of the peak
count value in the XUV only spectrum.
The most signiﬁcant contribution to the statistical variation of the data stems from
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Figure 8.4: Raw and processed data after energy calibration, rebinning, photonenergy drift compensation and averaging. a) Averaged raw XUV + UV spectrum. b)
Averaged raw XUV-only spectrum. c) Difference spectrum calculated from a) and b).
d) Difference spectrum after application of the moving average by convolution with
a Gaussian in both time (FWHM: 18 fs) and energy (FWHM: 100 meV).

a time-dependent drift of the XUV photon energy or XUV bandwidth during a
scan, which can be seen close to sharp edges of the XUV only spectrum. The
band edge at 12.8 eV for example causes a peak in the standard deviation with
a FWHM of ≈ 250 meV, giving an estimate of the magnitude of the ﬂuctuation.
This implies that the statistical ﬂuctuations of integration bands, in the vicinity
of a sharp feature, are orders of magnitude larger than the overall small signals,
making the data statistically insigniﬁcant without further processing.

8.4 Depletion Correction in XUV-TRPES
An essential technique in unravelling the dynamics of the UV induced excited
state fraction is the possibility to compensate the experimental normalized diﬀerence spectra for depletion eﬀects. The idea is that the contribution of the unperturbed groundstate photoelectron spectrum SGS ( Ebind ) is directly proportional
to the absolute-squared population of the time-independent groundstate nuclear
⃗
wave function in the electronic ground state χEG
GS ( R )
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(c)) and the resulting difference (d)). The mean XUV only spectrum is shown in a).
The dashed lines highlight the steepest edges which coincide with the regions of high
statistical fluctuations.

EG ⃗
2
⃗
SGS ( Ebind , t) ∝ |cGS (t)|2 = | ⟨χEG
GS ( R )| χ ( R, t )⟩ | .

(8.1)

Provided there is only a single electronic ﬁnal state and provided the depletion
and induced dynamics in the electronic ground state are small, the population
transfer will follow the real-valued ﬁeld envelope A(t) of the interacting pulse,
assuming a simple two-level scheme. This implies that

SGS ( Ebind , t) ∝ 1 − α

(∫

t

−∞

′

A(t )dt

′

)2
(8.2)

,

where α is a parameter depending on the ⃗R dependent transition dipole moment
and the detuning. This leads to the following heuristic function for the timedependent photoelectron spectrum
(

SGS ( Ebind , t) = SXUV ( Ebind ) 1 − α
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(∫

t

−∞

A(t′ )dt′

)2 )
,

(8.3)

Conclusion

8.5

where SXUV ( Ebind ) denotes the XUV-only spectrum. The resulting correction
function is then
∆

corr

( Ebind , t) = SXUV ( Ebind ) α

(∫

t

−∞

′

A(t )dt

′

)2

We can now introduce the empirical depletion parameter β = α
to obtain
(∫ t
∆corr ( Ebind , t) = SXUV ( Ebind ) β

∫−∞∞
−∞

A(t′ )dt′
A(t′ )dt′

(8.4)

.
(∫

∞
−∞

A(t′ )dt′

)2

)2
.

(8.5)

Assuming that the UV pulse has a Gaussian envelope with a FWHM of σt which
can be deduced from experiments, this leaves only β as a free parameter.
In order to extract β from experimental data, suitably located depletion and gain
bands in the diﬀerence spectrum are required. Ideally, a single free standing
depletion feature is available to extract the excitation fraction directly. If this is
not the case, regions of the spectrum can be exploited where a depletion sharply
intersects with a gain band. β is then varied until a smooth transition is achieved
from areas inﬂuenced by the depletion to areas free of depletion eﬀects in the
corrected diﬀerence spectrum . This works because most gain bands turn out
to be broad homogeneous structures devoid of sharp edges. Clearly the la er
technique has a larger error margin than the ﬁrst.
Figure 8.6 shows the depletion correction being applied to one of the data sets
discussed in the main body of the text. The pulse duration σt is set to 44 fs (see
¯ corr
ﬁgure 8.2). In order to determine β, ∆
norm is evaluated for time-delays outside the
pulse overlap. As a ﬁrst step, β is gradually increased until there are no unphysical negative contributions left (see the arrow annotation at 21 eV in ﬁgure 8.6d).
Then the β is further increased until unphysical edges start appearing (see the
arrow annotation at 13 eV in ﬁgure 8.6d). Typically, β yields values showing an
unphysicality-boundary on the order of ± 30%. In order to compare the diﬀerent
¯ corr
obtained corrected normalized diﬀerence spectra qualitatively, ∆
norm is shown
for three diﬀerent values of β.

8.5 Conclusion
In this chapter, additional experimental information to chapter 5 was presented.
The experimental apparatus, as well as the data-acquisition technique, was brieﬂy
described. Further information was supplied on the post-processing of the raw
data and the statistical variation of individual data points. In a last step, the concept of depletion correction was introduced and the technique was discussed in
terms of its applicability and accuracy.
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If we shadows have oﬀended,
Think but this, and all is mended:
That you have but slumbered here
While these visions did appear.
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The XUV-monochromator beamline, containing the XUV generation, the monochromator itself, and the photoelectron spectrometer has been (re-)built and
characterized. The available photon energies (17-39 eV), the energy bandwidth on
target (200-300 meV), the pulse duration of the XUV (35 fs), the extinction coeﬃcient of neighboring harmonics (1/100), the energy resolution of the spectrometer
(100 meV for kinetic energies below 18 eV), and the achievable signal quality, all
have were extracted, just to name the most important parameters.
On the basis of this, XUV-TRPES experiments were be performed. The test-piece
was chosen to be NO2 , a system for which a signiﬁcant bulk of work had been
accumulated in the past. Exciting the 2 A1 → 2 B2 transition all expected features of
the induced molecular dynamics were observed, starting from the initial depletion of the ground state, over the CI dynamics, to the dissociation of the molecule.
Using wave-packet calculations, performed on state-of-the-art potential energy
surfaces, as an input for semi-classical ionization calculations, photoelectron were
calculated from ﬁrst principles. These calculations, being a collaborative eﬀort
within the group, show excellent agreement with both, the experiment and the
suggested interpretation.
It is in the nature of a summary, that there is a certain level of redundancy to
the presented abstract. The claim, made at the beginning of this thesis, was that
experimental and theoretical methods, were developed to perform and, more importantly, understand XUV-TRPES. It was further claimed, that these tools have
been proven to work in an exemplary study. The author hopes, that this very
reader could be convinced of these two claims.
At several points throughout this work, indications were made as to how future experiments could look like. The most desirable experiment, in terms of
gas-phase XUV-TRPES of molecular species, would arguably be the study of
nucleobases after photoexcitation at 266 nm. The four nucleobases comprising
our DNA exhibit a high level of UV photostability [11], an eﬀect which has been
studied with FUV TRPES [11, 12]. The ultrafast (sub 100 fs for adenine [11] and
thymine [12]) photo-induced molecular dynamics, being central to the possibility
of human life, could be studied - from excitation to the induced hot ground-state
dynamics.
Even before this thesis was completed, it was decided to move on from gas-phase
spectroscopy to the liquid phase. A bulk of experiments was performed along
the lines of time-resolved XUV-TRPES in liquid water, using a diﬀerent photoelectron spectrometer [238], featuring a liquid jet [239]. These experiments were
done in pursuit of the solvated electron in water [80, 240–244]. The obtained
signals were small and the reproduction of previously published work was only
partially successful. Data previously published on charge-transfer-to-solvent reactions [245, 246] of K4 Fe(CN)6 solutions [247], which is the only evidence of
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the solvated electron by XUV-TRPES, could not be reproduced. Reproducing an
experiment trying to verify the K4 Fe(CN)6 data [248] was successful, where only
undesired time-dependent space-charge eﬀects were measured. These results
should be considered preliminary and may be voided in the future. All this data
will probably be the subject of another Ph.D. thesis, hopefully at that point with
a more successful outcome.
An important result from the measurement campaign on liquid-phase TRPES,
are single-harmonic XUV spectra generated from the water jet. These measurements serve as principal components in the extraction of photoionization delays
by means of RABBITT [213], speciﬁcally allowing the spectral deconvolution of
congested photoelectron spectra generated by XUV radiation containing several
harmonic orders [249].
An experiment combining the two approaches of molecular spectroscopy in the
gas and liquid phase, is to investigate the diﬀerent manifestation of molecular
dynamics induced in the same species depending on its state of ma er. 1,3cyclohexadiene would be a candidate for this experiment. It shows an ultrafast
(sub 100 fs) ring-opening reaction when excited at 266 nm [162, 250, 251], which
should be greatly inﬂuenced due to the presence of neighboring molecules. Recent XUV-TRPES work on the gas-phase species demonstrate the feasibility of
this experiment [61].
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In Borges short story ”the garden of forking paths”, the author remarks that
”when a man is faced with alternatives he chooses one at the expense of the others”, implying that a path is determined at its forks and crossroads, diﬀerent
choices lead to diﬀerent, often mutually exclusive, futures. The present is the
product of past decisions, which in turn, were inﬂuenced by experiences we had
made.
The German word for a Ph.D. supervisor is ”Doktorvater”, a concoction of the
word ”Doktor” meaning Ph.D. and ”Vater” meaning father. Conjecturing a genitive, the expression becomes rather metaphorical, since it implies a family bond
between Ph.D. student and its supervisor. Now, family bonds are often complicated, particularly between parents and children. As children we did not always
agree with our parents and the same thing happened, in a more pronounced way,
the other way around. However, even in disagreement there is an undeniable
bond between progenitor and oﬀspring, which manifests in the impact on the
respective lives and a certain indebtedness deriving from it. With this I would
like to thank Prof. Dr. H.J. Wörner for the past ﬁve years of fruitful collaboration.
I am very grateful to Prof. F. Merkt who acted as co-examiner for this work and
generously invested some his valuable time to this task.
There are several inspirational individuals I have met during the last years, who
have had a profound impact on me and have to be mentioned here. I want to
thank Prof. Christoph Gerz who made me understand physics, Dr. Vladislav
Yakovlev for showing me that I might have been a bit fast with that conclusion,
and Prof. Anne L’Huillier and Dr. Cord Arnold for pointing out that it does not
ma er that much, as long as you enjoy doing science.
A great many people have directly contributed to this work. The experimental
eﬀorts would not have been possible without the excellent and untiring support
of the mechanical and electronic workshop and other ETH infrastructure services.
By far the largest contributions were from Andreas Schneider and Andres Laso,
who spent countless hours advising, manufacturing, and ﬁxing errors, mainly
caused by yours truly. Also Josef (Seppi) Agner, Daniel Freund, Markus Imbach,
Sandra Jörimann, Markus Kerrelaj, Christa Leumann, Oliver Oberhänsli, HansJürg Schmu , Mario Spigaglia, David Stapfer, and Daniel Zindel contributed
signiﬁcantly, and I am very happy that I can call some of the above my friends
today.
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