DISS. ETH No. 25331

Time-Resolved High-Harmonic Spectroscopy
of Photochemical Reactions

A thesis submi ed to a ain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by

ANDRES DEMIAN TEHLAR
MSc Interdisciplinary Sciences
ETH Zurich
born on 21.03.1986
citizen of
Swi erland

accepted on the recommendation of
Prof. Dr. Hans Jakob Wörner, examiner
Prof. Dr. Jeremy Richardson, co-examiner

2018

C
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v

Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . vii

1 Introduction . . . . . . . . . . . . . . .
1.1 Motivation . . . . . . . . . . . . .
1.2 Time-resolved high-harmonic spectroscopy:
1.3 Previous experiments . . . . . . . . .
1.4 Conclusion . . . . . . . . . . . . .

. . . . . . .
. . . . . . .
an introduction
. . . . . . .
. . . . . . .

.
.
.
.
.

.
.
.
.
.

. 1
. 3
. 4
. 9
. 13

2 Experimental Setup . . . . . . . . . .
2.1 Introduction . . . . . . . . . . .
2.2 Laser Sources . . . . . . . . . .
2.3 High-harmonic Spectroscopy Setup .
2.4 Optical Setups . . . . . . . . . .
2.4.1 Setup for short deep UV pulses
2.4.2 Transient-grating setup . . . .

.
.
.
.
.

.
.
.
.
.
. .
. .

.
.
.
.
.
.
.

.
.
.
.
.

15
17
17
18
20
. . 20
. . 22

3 Theoretical description of the non-adiabatic dynamics and photodissociation of NO2 . . . . . . . . . . . . . . . . . . .
3.1 Introduction . . . . . . . . . . . . . . . . . . . . .
3.2 Method . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Calculation of potential-energy surfaces . . . . . . . . . .
3.2.2 Calculation of the vibronic wave packet . . . . . . . . . .
3.2.3 Calculation of photoelectron spectra . . . . . . . . . . . .
3.3 Results . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Potential-energy surfaces . . . . . . . . . . . . . . . . . .
3.3.2 Vibronic wave packets . . . . . . . . . . . . . . . . . . . .
3.3.3 Photoelectron spectra . . . . . . . . . . . . . . . . . . . .
3.4 Comparison to Experimental Photoelectron Spectra . . . . .
3.4.1 Experimental Se ing and Data Treatment . . . . . . . . .
3.4.2 Simulation of the Experiment . . . . . . . . . . . . . . . .
3.4.3 Comparison of the Experiment with the Simulation . . .
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . .

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

. 27
. 29
. 31
. . 31
. . 37
. . 38
. 43
. . 43
. . 45
. . 48
. 53
. . 53
. . 53
. . 54
. 58

.
.
.
.
.

.
.
.
.
.
. .
. . .

.
.
.
.
.
. . .
. . .

.
.
.
.
.

.
.
.
.
.
. . .
. . .

.
.
.
.
.
. .
. .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

i

CONTENTS
4 Modeling of high-harmonic spectra
4.1 Introduction . . . . . . . .
4.2 Tunnel Ionization . . . . . .
4.3 Electron Propagation . . . .
4.4 Nuclear Dynamics during HHG
4.5 Electron Recombination . . .
4.6 Conclusion . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

59
61
63
69
71
73
83

5 Impulsive alignment of 1,3-cyclohexadiene and benzene .
5.1 Introduction . . . . . . . . . . . . . . . . .
5.2 Experimental details . . . . . . . . . . . . .
5.3 Theoretical Model . . . . . . . . . . . . . .
5.4 Results and Discussion . . . . . . . . . . . .
5.5 Conclusion and Outlook . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

85
87
87
89
90
95

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

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

.
.
.
.
.
.
.
.
.

.
.
.
. .
. .
.
.
.
.

.
.
.
.
.
.
.
.
.

. 97
. 99
. 100
. . 100
. . 101
. 102
. 107
. 110
. 112

7 Time-resolved high-harmonic spectroscopy on NO2 .
7.1 Introduction . . . . . . . . . . . . . . .
7.2 Methods . . . . . . . . . . . . . . . .
7.2.1 Experimental details . . . . . . . . . . . .
7.2.2 Data analysis . . . . . . . . . . . . . . . .
7.3 Results and Discussion . . . . . . . . . .
7.3.1 Static Spectrum . . . . . . . . . . . . . . .
7.3.2 Femtosecond Dynamics . . . . . . . . . .
7.3.3 Picosecond Dynamics . . . . . . . . . . .
7.4 Conclusion . . . . . . . . . . . . . . .

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

.
.
.
.
.
.
.
.
.
.

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

.
.
.
.
.
.
.
.
.
.

. 113
. 115
. 115
. . 115
. . 116
. 117
. . 117
. . 117
. . 120
. 122

8 Time-resolved high-harmonic spectroscopy on 1,3-cyclohexadiene .
8.1 Introduction . . . . . . . . . . . . . . . . . . . . .
8.2 Methods . . . . . . . . . . . . . . . . . . . . . .
8.2.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . .
8.2.2 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . .
8.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8.3 Discussion . . . . . . . . . . . . . . . . . . . . .
8.4 Conclusion . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

. 123
. 125
. 127
. . 127
. . 128
. . 128
. 133
. 133

6 Dissociation dynamics in CH3 I and CF3 I
6.1 Introduction . . . . . . . . . .
6.2 Method . . . . . . . . . . . .
6.2.1 Experimental details . . . . .
6.2.2 Data Analysis . . . . . . . . .
6.3 Results . . . . . . . . . . . .
6.4 Theoretical model . . . . . . .
6.5 Discussion . . . . . . . . . .
6.6 Conclusions and Outlook. . . . .

ii

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

CONTENTS

9 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . 135

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . 139
Bibliography. . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Publication List . . . . . . . . . . . . . . . . . . . . . . . . . 153
Curriculum Vitae . . . . . . . . . . . . . . . . . . . . . . . . . 155

iii

A
The investigation of the electronic structure of molecules during chemical reactions is one of the major objectives of modern chemistry. Direct experimental
observations to the change of the electronic properties of molecules whilst they
react would greatly beneﬁt the understanding of the selectivity and outcome of
chemical reactions. The high-harmonic generation process, with its unique sensitivity to the electronic structure of the participating molecule and its inherently
high temporal resolution, is tailored exactly towards this purpose. The aim of
the work presented in this thesis is to push the understanding of the investigated
photochemical reactions as well as to demonstrate the experimental possibilities
of probing photo-reactions with high-harmonic generation.
An introduction to the concepts of Time-Resolved High-Harmonic Spectroscopy
(TRHHS) is presented in chapter 1 and an overview of previous experimental results obtained with this technique is shown. The most important parts of the experimental setup and techniques are explained in chapter 2. Special a ention is
given to the method to produce ultrashort pulses (∼30 fs) in the deep ultraviolet
(UV) and to setup and align a TRHHS experiment in order to probe the dynamics
during a photo-reaction.
Chapter 3 presents a detailed theoretical study on the photo-reaction of NO2 after excitation with a laser pulse centered around 400 nm, providing insights into
the background processes and driving forces during a chemical reaction. The reaction encompasses the fast initial motions of the molecule and multiple crossings of a conical intersection before wave-packet diﬀusion and partial dissociation sets in. The accuracy of the simulation is shown by comparing the theory
to time-dependent photoelectron spectroscopy by using a semi-classical multidimensional reﬂection method to calculate the spectra. The chapter describes a
model that enables the interpretation of the experimental results and also provides the ﬁrst basis for more accurate modeling of the TRHHS signal of the reaction. As an additional result of this project, new extensive potential surfaces of the
NO2 -system for the lowest two neutral 2 A′ states (both, adiabatic and diabatic),
as well as each of the two lowest lying 1 A′ , 1 A′′ , 3 A′ , and 3 A′′ states of the cation
have been made available.
The proposed model to simulate TRHHS signals is presented in more detail in
chapter 5, before it is used for comparison with experimental spectra of aligned
small organic molecules (1,3-cyclohexadiene and benzene). The following chapter
6 presents the newly obtained experimental TRHHS data, starting with the photodissociation of CH3 I and CF3 I when excited at 266 nm and probed with highharmonic generation using 800 nm, showing the sensitivity of TRHHS to their
dissociation.

v

ABSTRACT

Chapter 7 contains new experimental results on the photo-dissociation and the
conical intersection dynamics of NO2 when generating high-harmonic spectra
with 1420 nm. The experimental observations are compared to the theoretical
results of chapter 3 and the previously performed experiments on this molecular system. While the results are similar to the observations in the experiments
with a probe centered at 800 nm, the conical intersection dynamics show a shift
in modulation of 30 fs with respect to each other.
Finally, chapter 8 focuses on the observations on the pericyclic ring-opening of
1,3-cyclohexadiene when excited with 30 fs long 266 nm pulses and probed with
high-harmonic generating pulses centered at 1420 nm. This shows the potential
of TRHHS to resolve photo-reactions on a very short timescale and demonstrates
its extension to medium-sized molecules.
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Z
Die Untersuchung der elektronischen Struktur von Molekülen während chemischer Reaktionen ist eines der grossen Ziele der modernen Chemie. Ein direkter
experimenteller Zugang zu den sich ändernden elektronischen Eigenschaften von
Molekülen, während der Reaktion, würde das Verständnis von Selektivität und
Ausgang von chemischen Reaktionen stark fördern. Der Prozess der Erzeugung
hoher Harmonischer ist hierfür optimal geeignet, da er ausserordentlich stark von
der elektronischen Struktur des beteiligten Moleküls abhängt ist und intrinsisch
eine grosse Zeitauﬂösung mit sich bringt. Das Ziel der Arbeit, die in dieser Dissertation vorgestellt wird, ist es, das Verständnis der untersuchten photochemischen Reaktionen zu vertiefen und die experimentellen Möglichkeiten zur Untersuchung von photochemischen Reaktionen mi els Erzeugung von hohen Harmonischen aufzuzeigen.
Eine Einführung in die Konzepte der zeitaufgelösten hohen harmonischen Spektroskopie (TRHHS von time-resolved high-harmonic spectroscopy) wird in Kapitel 1 gegeben. Des Weiteren werden frühere experimentelle Ergebnisse, basierend
auf dieser Technik, vorgestellt. Die wichtigsten Bestandteile des experimentellen
Au aus und die experimentellen Techniken werden in Kapitel 2 erklärt. Speziell
wird darauf eingegangen, wie man kurze (≈30 fs) Lichtpulse im tiefen ultraviole en (UV) Spektralbereich erzeugen kann, um zeitaufgelöste hohe Harmonische
Spektroskopie-Experimente an Photoreaktionen durchführen zu können.
In Kapitel 3 wird eine theoretische Studie über die Photoreaktion von NO2 nach
einer Laseranregung bei 400 nm präsentiert. Sie gibt ein tiefgreifendes Verständnis
für treibenden Kräfte und Prozesse während der chemischen Reaktion. Während
der Reaktion ﬁndet zuerst eine schnelle Bewegung des Moleküls und mehrmaliges Durchqueren einer konischen Überschneidung sta , bevor das molekulare
Wellenpaket zerﬂiesst und teilweise dissoziiert. Die Präzision der Simulation wird
anhand eines Vergleichs der Theorie mit experimentellen zeitäbhängigen Photoelektronenspektren aufgezeigt. Die Spektren werden mit Hilfe einer semiklassischen multidimensionalen Reﬂektionsmethode berechnet. Die Ergebnisse ermöglichen die Interpretation der experimentellen Resultate und stellen einen ersten
Schri in Richtung der detaillierten Simulation der zeitaufgelöste hohen harmonischen Spektroskopie an dieser Reaktion dar. Ein weiteres Ergebnis dieses Projektes ist die Berechnung neuer ausgedehnter Potentialﬂächen für das NO2 -System.
Sowohl die Potentialﬂächen der zwei energetisch tiefstliegenden 2 A′ Zustände
des neutralen Moleküls inklusive deren Diabatisierung, als auch die Potentialﬂächen der zwei jeweilig tiefstliegenden 1 A′ , 1 A′′ , 3 A′ und 3 A′′ Zustände des Kations
wurden veröﬀentlicht.
Das vorgeschlagene Modell zur Berechnung des Signals von zeitaufgelöster ho-
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ZUSAMMENFASSUNG

her harmonischer Spektroskopie wird in Kapitel 5 tiefergehend besprochen, bevor
die Ergebnisse mit experimentellen Spektren von ausgerichteten kleinen organischen Molekülen (1,3-Cyclohexadien und Benzol) verglichen werden. Das darauf
folgende Kapitel 6 stellt neu gemessene zeitaufgelöste hohe harmonische Spektren vor. Hierzu wird die Photodissoziation von CH3 I und CF3 I nach einer Anregung bei 266 nm mit einer nachfolgenden Erzeugung von hohen Harmonischen
mit 800 nm untersucht. Es zeigt sich, dass TRHHS auf die Dissoziation empﬁndlich ist. Kapitel 7 enthält neue TRHHS Ergebnisse für die Photodissoziation und
die Dynamik an konischen Überschneidungen in NO2 bei Erzeugung von hohen
Harmonischen mit 1420 nm. Die experimentellen Beobachtungen werden mit den
Resultaten aus Kapitel 3 und früheren TRHHS-Messungen an NO2 verglichen.
Während die Resultate sehr ähnlich zu den Ergebnissen von TRHHS bei 800 nm
sind, weist die Modulation durch die Bewegung in der konischen Überschneidung einen Zeitversa von 30 fs auf.
Schliesslich werden in Kapitel 8 die Ergebnisse von zeitaufgelöster hoher harmonischer Spektroskopie an der perizyklischen Ringöﬀnungs-Reaktion in 1,3Cyclohexadien nach einer Anregung mit einem kurzen Puls von 30 fs bei 266 nm
präsentiert. Es zeigt die Möglichkeiten von TRHHS, auch ultraschnelle Reaktionen zeitlich aufzulösen und beweist die Anwendbarkeit der Methode auf mi elgrosse Molek’́ule.
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1

1

Motivation

1.1

In this chapter, the technique of time-resolved high-harmonic spectroscopy
(TRHHS) is introduced. The basis of this chapter stems from the publication
“A. Tehlar, P. M. Kraus, and H. J. Wörner. Probing electronic dynamics during
photochemical reactions. Chimia, 67, (2013)” [1] from which major parts are cited.

1.1

Motivation

The outcome of all chemical reactions is underpinned by the valence electronic
structure of the reacting molecules. To understand the selectivity of chemical processes and the reactivity of molecules direct observation of the electron structure
during the reaction is greatly advantageous. Since the elementary steps of chemical reactions take place on femtosecond to a osecond (1 fs = 1000 as = 10−15 s) time
scales, any experimental method aiming at resolving these fundamental events
must oﬀer an adequate temporal resolution, which is a non-trivial problem. Since
the relevant length scales are those of a chemical bond, a spatial resolution on the
order of 1 Ångström is simultaneously essential.
Both prerequisites can be achieved by applying tools that are rapidly developing in the ﬁeld of A osecond Science [2, 3]. Compared to time-resolved XUVtransient absorption [4], time-resolved XUV electron spectroscopy [5], reconstruction of a osecond harmonic burst by interference in two photon transition (RABBIT) [6] and a osecond streaking [7], time-resolved high-harmonic spectroscopy
(TRHHS) distinguishes itself by the relatively simple implementation in the laboratory, making it a promising tool to investigate the hitherto hidden dynamics of
chemical processes.
The fundamental mechanism of high-harmonic pulse generation can be simply
interpreted as a sequence of three steps; ionization of a molecule by the electric
ﬁeld of an intense laser pulse (∼ 1014 W/cm2 ), acceleration of the liberated electron
by the laser ﬁeld, and ﬁnally, recombination of electron and parent ion accompanied by emission of an a osecond pulse [8, 9]. The achieved spatial resolution is
determined by the de-Broglie wavelength of the recombining photoelectron, on
the order of 1-2 Å in typical experiments [10]. A temporal resolution of a few
tens of femtoseconds can be reached by starting a process with a ﬁrst, weak, laser
pulse and high-harmonic generation by a second, precisely delayed, intense laser
pulse. This was ﬁrst experimentally shown in [11] and [12] for vibrational excitations. In special cases, where the dynamics of interest can be prepared by
strong-ﬁeld ionization, a sub-femtosecond resolution can be achieved using a single high-harmonic-generation pulse and exploiting the unique relationship between electron excursion time and emi ed photon energy [13, 14].
The application of high-harmonic spectroscopy to studying photochemical dynamics is termed Time-Resolved High-Harmonic Spectroscopy (TRHHS). Expansion of its use on diﬀerent molecular systems and exploring its limits are discussed
within this thesis.
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1.2

Time-resolved high-harmonic spectroscopy: an introduction

The basis of time-resolved high-harmonic spectroscopy is the use of high-harmonic generation (HHG) to probe the electronic structure of the investigated sample.
The dynamics are induced by a ﬁrst, weak “pump” laser pulse, which leads to the
fast modiﬁcation of molecules, which is followed by a “probe” pulse which generates a high-harmonic spectrum from the sample. The high-harmonic generation
process is repeated for every half-cycle of the electric ﬁeld of the probe pulse. This
leads to destructive interference of certain frequencies in the emi ed spectrum, if
the probe pulse is a multi-cycle pulse (as it is the case throughout this thesis), and
causes that only energies which are odd multiples q of the probe photon energy
are present in the high-harmonic spectrum. Thus observed emission peaks can
be assigned to a speciﬁc multiple q of the probe photon energy and are usually
labeled accordingly. For example, the emission frequency corresponding to 25
times the photon energy of the fundamental is called harmonic 25 or H25. The
high-harmonic spectrum is investigated in dependence of the relative delay ∆t
between the two pulses. The time resolution one can reach with this technique is
determined by the durations of the laser pulses.
So far, there were two experimental implementations of this principle: a collinear
pump-probe geometry [15], or a transient-grating conﬁguration [10, 16–19]. In
the second case, the two pump beams are temporally synchronized and aligned
in such a way that they cross each other under a small angle in the focus. Due to
the interference of the electric ﬁelds, the intensity of the pump pulse is modulated
in the plane of the two pump beams. This, in turn, leads to a spatially varying excitation of the investigated sample. A scheme of the experimental setup is shown
in ﬁgure 1.1.
The transient-grating implementation leads to additional observables, as part of
the high-harmonic emission diﬀracts from this grating. The emission which is not
diﬀracted is formally identical with the one generated with the collinear geometry
[19]. As there is no diﬀraction before the sample is structured with the transient
grating, the additional signal is background-free, allowing enhanced contrast and
sensitivity on the changes in electronic structure. Additionally, the diﬀracted
emission formally allows the reconstruction of the phase and amplitude of the
emi ed light. Thus, all studies presented in this thesis were performed with the
transient-grating setup shown in 1.1.
The femtosecond pump pulses, usually in the UV range of light, are parallelized
with the probe pulse (in the near- to mid-IR range of the spectrum), leading to
three vertically oﬀset parallel beams, which are focussed with a single mirror into
a vacuum chamber. The pump pulses are synchronized in time and lead to a spatially varying intensity I along the direction z across the focus.
1
I (z) =
2

4

!

cos

!

2πz
Λ

"

"

+1 ,

(1.1)
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1.2

Figure 1.1: Schematic drawing of a high-harmonic transient-grating experiment with
an exemplary high-harmonic spectrum of NO2 generated with a pulse centered at 1420
nm. See main text for the description.

where Λ is the distance between two bright fringes (the grating constant), which
depends on the angle between the pump beams. The pump wavelength is ideally
chosen in a way to allow a one-photon excitation to the desired electronic state.
In this case, the excitation fraction r is linearly dependent on the intensity and the
excitation pa ern of the sample is structured similar to the interference pa ern of
the two pump beams .
R
re ( z ) =
2

!

cos

!

2πz
Λ

"

"

+1 ,

(1.2)

where R is the excitation fraction in the bright fringes. After a time delay ∆t, an
intense (∼ 1014 W/cm2 ) infrared probe pulse generates high-harmonic emission,
which can be expressed for each high-harmonic q individually as
Enear−field = dg (1 − re (z)) + de re ,

(1.3)

where dg,e are the complex spectral components of high-harmonic emission from
the ground state (subscript g) and excited state (e), respectively. On the detector,
far away from the sample, the interference of these electric ﬁelds can be described
by Fraunhofer diﬀraction, i.e. the spatial Fourier-transform of the near-ﬁeld emis-
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sion.
Efar−field

!

" % &
$
R#
z
= dg +
de − dg · δ
2
λL
!
"
$
R#
z
1
+
de − dg · δ
−
4
λL Λ
!
"
$
R#
z
1
+
de − dg · δ
+
,
4
λL Λ

(1.4)

where δ is the Dirac delta function, L is the distance from the source to the detector and λ the wavelength of the radiation. Thus, one can observe
# z $ three spots.
One lies at z = 0, the undiﬀracted signal (m = 0), due to the δ λL
term in equation 1.4 and two are oﬀset
# z in the
$ vertical direction, which we call diﬀracted signal
1
(m = ±1), due to the δ λL ± Λ terms. The value m signiﬁes the diﬀraction order
from the transient grating. To observe the high-harmonic spectrum, the emission
is dispersed in the horizontal direction by an XUV-grating. The detector, a microchannel plate coupled to a phosphor screen, which is imaged by a CCD camera,
images the ﬁrst order diﬀraction of this grating. Details of the experimental setup
to perform this experiment are given in chapter 2.
An additional advantage of the transient-grating setup becomes apparent when
considering time delays with temporally overlapping pump and probe pulses.
There, high-harmonic generation can be induced by the beams simultaneously,
leading to an eﬀect called wavemixing [20]. The resulting emission also has the
energy of an odd number of photons of the pump and probe pulse together, while
the direction is determined by the pointing vectors of the interacting beams. In
a transient-grating setup the resulting emission is vertically oﬀset from the nondiﬀracted high-harmonic emission, while in a collinear setup they coincide spatially. We label the arising spots on the detector according to the participating
number of pump photons (wm) = ±1, ±2, ..., where the negative sign indicates
photons from the pump beam pointing down with respect to the probe, and the
positive sign photons from the pump beam pointing up. The number of participating pump photons is usually low (one or two), as the pump pulse is signiﬁcantly weaker than the probe. Because wavemixing only occurs when the pump
and probe temporally overlap, it can be used to determine zero delay very accurately and it also gives a direct measure of a (high-order) cross-correlation time.
Spectrally, the separation of the spots on the detector can be increased by an appropriate selection of the probe wavelength.
If the probe wavelength is an integer multiple of the pump wavelength, wavemixing emission can have the same photon energy as high-harmonic emission from
the probe pulse only. The probability of wavemixing is strongly dependent on the
relative polarizations of the pump and probe pulses. Depending on the sample,
it can be completely suppressed with perpendicular polarizations. An overview
of the typical signal before, around and after ∆t = 0 with a pump wavelength of
400 nm and a probe wavelength of 1420 nm is shown in ﬁgure 1.2. The labeling
of the individual spots arising around zero delay is illustrated in ﬁgure 1.3.
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10 -1

b ∆t ≈ 0

10 -2

c ∆t > 0

Normalized Intensity

1

a ∆t < 0

Divergence / pixel

1.2

10 -3

Wavelength / arb. units
Figure 1.2: Typical signal on the detector for a time-dependent high-harmonic spectroscopy experiment with a probe wavelength of 1420 nm and a pump wavelength of
400 nm. Shown is the excitation of NO2 to its first electronically excited state. a) The
pump pulses arrive after the probe pulse. Because there is no transient grating in the
sample, only high-harmonic emission of the unexcited molecules is observed. b) All
three pulses are interacting simultaneously with the molecules. The transient grating
leads to emission vertically offset from the non-diffracted spots, but with the same
energy. Wavemixing leads to additional spots, which has different energies than the
high-harmonic spots due to the probe alone, because the pump photon energy is not
an integer multiple of the probe photon energy. The identification of the individual
spots is illustrated in figure 1.3. c) The pump pulses arrive before the probe pulse. Because the sample is excited with the structure of the transient grating, m = 0, ±1 are
visible.

In order to describe the dynamics induced by “weak” pump pulses which do not
induce dynamics in the electronic ground state [10] one can use
'
'
'
#
$'2
R
∆t
(
)
Im=0 (∆t) = | E(∆t, z = 0)| = '
de (∆t) − dg '
'dg + 2
'
'
R2 (∆t) '
2
'de (∆t) − dg '2 .
Im=±1 (∆t) = | E(∆t, z = ± Lλ/Λ)| =
16
2

(1.5)
(1.6)

In the experiments, we normalize all signals by dividing them with the un' '2
diﬀracted emission at negative pump-probe delays t, i.e. Im=0 (t ≪ 0) = 'dg '
and deﬁne
dN = de /dg = D · exp(i∆ϕ) ,

(1.7)

with the relative amplitude D and the phase diﬀerence ∆ϕ, and thus show the
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wm=2
m=1

wm=1

Norm. Intensity

Divergence / pixel

10 -1

m=0

10 -2

wm=-1

m=-1

wm=-2

Wavelength / arb. units

10 -3

Figure 1.3: Identification of individual spots surrounding a harmonic around ∆t = 0.
hν
Shown is the 19th harmonic of NO2 with a probe photon energy Eprobe
= 0.87 eV
hν
(1420 nm) and a pump photon energy Epump
= 3.1 eV (400 nm). Black: undiffracted

hν
hν
m = 0 signal. It has the photon energy Eharm
= qEprobe
, where q is an odd integer. Red: diffracted m = ±1 signal, with the same photon energy as m = 0. Blue:
wavemixing signal wm = ±1. As a pump photon has 3.55 times the energy of a
hν
hν
hν
probe photon, the wm = 1 spot can be observed at Ewm
=1 = ( q − 3) Eprobe + Epump =
hν
(q + 0.55) Eprobe
. Magenta: wavemixing signal wm = ±2. Its photon energy is

hν
hν
hν
hν
Ewm
=2 = ( q − 8) Eprobe + 2Epump = ( q − 0.9) Eprobe . Green: wavemixing peak due to
the interaction of (q − 8) photons of the probe and one each of the two pump beams.
Grey: Second order diffraction of the grating which disperses the signal spectrally.
Because the pump energy is low, wavemixing peaks due to stimulated emission and
higher order wavemixing spots are not observed.
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normalized signals
IN,m=0 (∆t) = 1 + R(∆t) · [ D (∆t) cos(∆ϕ(∆t)) − 1]
)
R2 (∆t) (
+
· 1 − 2D (∆t) cos(∆ϕ(∆t)) + D2 (∆t)
4
2
)
R (∆t) (
IN,m=±1 (∆t) =
· 1 − 2D (∆t) cos(∆ϕ(∆t)) + D2 (∆t) .
16

(1.8)
(1.9)

To interpret the variation of the phase and amplitude with pump-probe delay
∆t, our group has developed a model of high-harmonic emission relying on
the factorization of the complex amplitudes into three contributions [8, 9]. The
complex-valued induced dipole moment describing high-harmonic emission is
expressed as the product of three terms representing the strong-ﬁeld ionization
of the molecule, the propagation of the electron in the continuum and the recombination of the electron with its parent cation (cf. chapter 4). Each of these steps
contributes a phase and an amplitude to the emi ed radiation, allowing us to
approximate the induced dipole moment as
*
+
if
if
2
di (Ω, ∆t) = dR |χi (R, ∆t)|
I i f (R)e−iIp (R)τ drec (R) ,
(1.10)
where i denotes the state of the molecule which emits high harmonics, f symbolizes the cationic state of the molecule during the high-harmonic generation
(HHG) process, Ω is the emission energy, χi is the nuclear wave function, I i f is
if
the strong-ﬁeld ionization rate of state i to f , Ip is the vertical ionization potential
from i to f , τ the transit time of the electron in the continuum during HHG, and
if
drec the recombination amplitude of the returning electron with its molecule [21].
if

The term e−iIp (R)τ stems from the propagation of the electron in the continuum
and has been identiﬁed as the main inﬂuence on the phase of the emission. As
the continuum time τ is only dependent on the harmonic number q (for a given
wavelength and intensity) and lies between 0 and 1.7 fs for an 800 nm probe pulse
if
of typical intensity, Ip has been determined as the main inﬂuence on whether
the emissions of the ground and excited states interfere constructively or destructively.

1.3

Previous experiments

Before the start of the PhD leading to this thesis, photo-reactions (as opposed to
vibrational motion) in two molecular systems, Br2 and NO2 , have been studied
using time-resolved high-harmonic spectroscopy [10, 18].
We illustrate the principles of TRHHS by ﬁrst discussing the results on the photodissociation of Br2 molecules [10, 22]. Single-photon absorption at 400 nm
1
excites the molecules from the X 1 Σ+
g ground state to the repulsive C Πu excited state (ﬁgure 1.4a) thus creating a nuclear wave packet. The excited state
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nuclear wave packet has a signiﬁcant extension along the nuclear coordinate (approximately 1.5 Å FWHM), which does not severely spread in the course of the
photodissociation. Figures 1.4a and 1.4b show the experimental high-harmonic
intensities for the zero and ﬁrst-order diﬀracted signal, respectively. The zero
order signal ﬁrst decreases and then recovers to a harmonic-order-dependent
level. The ﬁrst-order signal increases, reaching its maximum asymptotic value
approximately 300 fs after the excitation pulse. The large peak at 0 fs is dominated
by wavemixing between pump and probe pulses [20].
A very simple model [10, 19] has been found to capture the main observations of
the experiment: the modulations of the harmonic emission in both the diﬀracted
and undiﬀracted signals are dominated by the modulation of the harmonic phase
e−i∆Ip τ resulting from the propagation of the electron in the continuum [9] and
is thus sensitive to the variation of the ionization potential as a function of the
reaction coordinate. Here, ∆Ip is the diﬀerence of the vertical ionization potentials of the ground and excited state of the molecule (as shown in the top panel
of ﬁgure 1.4a) and τ is the transit time of the continuum electron, which can be
calculated for a given harmonic order using the classical model [8] (cf. chapter
4) or the saddle-point approximation [9]. Since the ionization potential is itself a
function of the internuclear separation, so is ∆Ip (Top panel of ﬁgure 1.4). These
experiments are thus directly sensitive to the evolution of electronic binding energies as a function of the reaction coordinate.
A major beneﬁt of the transient-grating measurements is that the simultaneous
measurements of diﬀracted and undiﬀracted signals can be used to extract both
the amplitude and phase of harmonic emission from the excited molecules relative to the unexcited ones [10]. The high-harmonic amplitudes provide additional
insights into the evolution of the electronic structure as a function of the reaction
coordinate, such as harmonic-order dependent minima that probe the internuclear separation of the molecule as it dissociates [10, 22].
In the second example it has been shown how time-resolved high-harmonic spectroscopy can be generalized and extended to probe more complex photochemical
dynamics. NO2 represents an interesting model system, because photoexcitation
at 400 nm is known to be followed by an eﬃcient ultrafast radiationless decay to
the electronic ground state as the result of a conical intersection. Photoexcitation
around 400 nm prepares a nuclear wave packet in the Ã 2 B2 electronically excited
state with the dominant conﬁguration (...)(b2 )1 (a1 )2 . The wave packet then moves
toward the conical intersection that it can either cross, retaining its dominant
electronic character, or remain on the upper adiabatic surface thereby changing
its electronic character to the dominant conﬁguration (...)(b2 )1 (a1 )2 of the X̃ 2 A1
electronic ground state.
This behavior is illustrated by wave packet calculations shown in ﬁgure 1.5.
Following photoexcitation, population is transferred to the Ã 2 B2 electronically
excited state which then oscillates back and forth between the Ã and X̃ states accompanied by a oscillatory motion along the O-N-O bending angle β [21, 23, 24].
After 11 fs the wave packet has crossed the conical intersection for the ﬁrst time
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Figure 1.4: TRHHS on the photodissotiation of Br2 after excitation at 266 nm. (a)
Relevant potential surfaces of Br2 (blue and green) and Br2+ (red) and their ∆Ip (black).
(b) Observed undifffracted (m = 0) signal. (c) Observed diffracted (m = ±1) signal.
(d,e) Results of a simple theoretical model shows the diffracted signal in d) and the
undiffracted in e). This figure was reprinted from [1].

and mainly diabatically, i.e. it has not changed its electronic character, whereas
the second crossing occurs at 60 fs and is mainly adiabatic, resulting in a minimum of the diabatic excited-state population.
Measurements of the photochemical dynamics of NO2 in a transient grating
geometry have revealed these oscillations in the diﬀracted signal, whereas the
undiﬀracted signal revealed much weaker, barely observable oscillations with
an opposite phase. The diﬀracted signal reaches a maximum after 35 fs, subsequently decreases to a minimum around 70 fs and reveals another maximum
around 130 fs.
How do these ﬁndings compare to the previous results obtained in Br2 ? In the
case of the photodissociation of Br2 the signal modulations contained the modulations of the ionization potential because the Br-Br stretch coordinate is a single
soft coordinate preventing a signiﬁcant spreading of the wave packet during the
dissociations as shown in ﬁgure 1.4. In photochemical dynamics taking place in
higher-dimensional coordinate spaces such as in NO2 , the spreading of the vibrational wave packet is signiﬁcant, thus damping the eﬀects of the varying ionization potential on the signal modulations, as the variation of the ∆Ip τ phase is also
averaged over the whole extension of the wave packet. In such cases the signal
variation is rather governed by the evolving electronic populations than by the
variation of the ionization potentials.
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Figure 1.5: TRHHS on the conical intersection dynamics in NO2 after excitation at 400
nm. (a) relevant potential surfaces. (b) undiffrated (blue) and diffracted (red) experimental signal. Results of a three-dimensional wave packet calculation showing the
population of the higher-lying diabatic state (A state) in red, and the expectation values of the O-N-O bond angle for the wave-packet components in the diabatic X state
(black) and A state (yellow). This figure was reprinted from [1].
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Conclusion

In this chapter, the main results and conclusions of the ﬁrst experiments using
time-resolved high-harmonic spectroscopy have been reviewed. The working
principles and the main sensitivities of TRHHS can be summarized as follows.
First, TRHHS is sensitive to the electronic structure of the reacting molecule
through the amplitude and phase of the photorecombination transition moments.
This is illustrated through minima in the amplitude of emission observed during
the photodissociation of Br2 that is consistent with destructive quantum interference [10, 22]. Moreover, oscillations observed in the diﬀracted high-harmonic
yield in the case of NO2 are consistent with the evolution of the electronic character of the molecular wave packet as it crosses a conical intersection [18, 19,
21].
Second, TRHHS is sensitive to the variation of the vertical ionization potential
along the reaction coordinate. The relative phase of high-harmonic emission from
excited and unexcited molecules has a contribution ∆Ip τ (in atomic units) that
is proportional to the diﬀerence of the vertical ionization potentials ∆Ip and the
electron excursion time τ. This is illustrated by the results on both Br2 and CH3 I
where it was shown that a simpliﬁed theoretical model containing only the ∆Ip τ
contribution to the variation of the excited-state emission qualitatively reproduces
the signal variations that were found to be very diﬀerent for the two molecules.
Third, TRHHS is also sensitive to temporal variations of the population of electronic states, even in cases where multi-dimensional wave-packet spreading prevents the observation of coordinate-dependent changes in the phase and amplitude of emission. This case was encountered in the photodissociation of NO2
[18], where the wave packet spreads considerably along both the bending and
asymmetric-stretch coordinates [19, 21]. In this case, the signal modulations were
found to reﬂect the temporal variation of the population of two states involved in
the conical intersection, i.e. the evolution of the electronic character of the excitedstate wave packet as it crosses the conical intersection.
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Introduction

2.2

This chapter presents the details of the experimental setup as it was used to produce the data presented in this thesis (unless otherwise noted).

2.1

Introduction

This chapter focuses on the presentation of the experimental setup as it was used
in our laboratory. After a description of the laser sources and the high-harmonicspectroscopy setup, two major diﬃculties of the experiments are explained in
more detail. First, the generation of short pump pulses at 266 nm with high intensity is challenging. The method presented in this chapter followed the implementation described in [25]. Second, the alignment of the beams for the timedependent high-harmonic spectroscopy setup in the transient grating conﬁguration is tedious and was continuously optimized during the work for this thesis. A
description of the method to which we eventually converged to in order to perform the alignment will be given.

2.2

Laser Sources

The source of our laser beam was a commercial Ti:Sa laser system from Coherent (Legend Elite Duo) with a repetition rate of 1 kHz and an energy output of
10 W. The ampliﬁer was seeded by a Ti:Sa oscillator with a bandwidth of ∼100
nm centered at 800 nm. Initially, the oscillator was of the Micra series which was
later replaced by a Vitara model (both from Coherent). After compression, pulse
durations of 25 to 30 fs (FWHM of the intensity envelope) with a central wavelength of 800 nm and a bandwidth of 60 nm were reached. Pulse durations were
characterized by second-harmonic-generation frequency-resolved optical gating
(SHG-FROG) [26]. To limit self-phase modulation, the compression of the laser
pulses was performed with homebuilt reﬂective-grating compressors as close as
possible to the experimental setups. The beam could be separated and routed into
diﬀerent setups to frequency-convert for later use in the experiment. Conversion
to the mid-IR spectral region was performed with a commercial optical parametric
ampliﬁer (OPA) by Light Conversion (HE TOPAS), producing pulses in the range
of 1200 to 1500 nm (Signal) and 1600 to 2200 nm (Idler) with a total conversion
eﬃciency of up to 42% and an output pulse duration of ∼45 fs.
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2.3

High-harmonic Spectroscopy Setup

The vacuum system of the high-harmonic sepctroscopy setup was built similarly
to the setup used in previous publications [10]. A scheme of the setup is shown in
ﬁgure 2.1 with a vertical (panel a) and a horizontal cut (panel b). The setup consists
of two chambers in diﬀerent pressure regimes, the source chamber where highharmonic generation occurs at ∼10−3 mbar and the detector chamber at a pressure
<10−5 mbar. They are separated by a pinhole which is mounted close to the highharmonic source.
The high-harmonic-generating (HHG) beam enters the system through a window
mounted at the front of the setup and passes through the pinhole into the detector
chamber (panel b). The sample gas is introduced to the focus of the HHG beam in
the form of a supersonic molecular beam created by a pulsed valve (Parker general
valve) which runs at 125 Hz and is synchronized with the laser. This means that
only every eighth laser shot generates a signal. The valve can be positioned in
all three dimensions with stages mounted on top of the chamber (panel a). The
sample gas is delivered to the valve by a pipe system which connects it either
directly to a source bo le, or to a tank of a premixed dilution in helium, or to a
bubbler containing the liquid sample which saturates a carrier gas (helium).
After entering the detector chamber, the emi ed light passes a slit and is diﬀracted
by a ﬂat-ﬁeld XUV grating (1200 lines/mm, Shimadzu 30-002) which images the
slit onto the plane of the micro-channel plate detector (MCP). The MCP is circular
and has a diameter of 80 mm. This enables the imaging of a large spectral range
of the emission simultaneously. The MCP is coupled to a phosphor screen which
emits light at 512 nm when hit by the generated electrons. The MCP and phosphor screen were obtained from Photonis. The phosphor screen is subsequently
imaged by a CCD camera (DVC 1500M) standing outside the vacuum chamber.
To minimize the amount of sca ered light on the detector, the slit and the grating
are mounted inside a closed box and the zero order diﬀraction of the grating is
blocked. The grating box can be moved out of the way of the HHG beam from
outside the chamber, allowing to shoot the beam through the complete setup for
the rough alignment of the setup. The angle of the XUV grating can be adjusted
with two picomotors determining the spectral region visible on the detector. Each
chamber is pumped from below by a turbopump (not shown).
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2.3

gas supply
gas supply
3D movable
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bubbler

HHG beam
gas jet
CCD camera
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HHG
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gas jet
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XUV
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Figure 2.1: Schematic drawing of the high-harmonic spectroscopy setup. (a) Vertical
cut through the source chamber. (b) Horizontal cut through the complete setup. See
main text for a detailed description.
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2.4

Optical Setups

2.4.1

Setup for short deep UV pulses

Due to the strong dispersion of many materials and crystals in the deep UV, it
is challenging to produce short pulses with a central wavelength around 266 nm
with high pulse energy. There are multiple approaches presented in the literature,
such as frequency tripling in gas cells or ﬁbers, which is limited by the low conversion eﬃciency, generation with nonlinear crystals made from beta barium borate
(BBO, β-BaB2 O4 ) with subsequent broadening in a ﬁber and recompression, and
generation in thin BBO crystals followed by compression with chirped mirrors.
We tried to implement the la er two approaches, of which the last was successful
in a collaboration with the authors of [25]. The optical setup is illustrated in ﬁgure
2.2.
400 nm
40 fs, 0.5 mJ
nonlinear
crystal

D3

800 nm
30 fs, 3 mJ
D2
D1

λ/2
wave plate

nonlinear
crystal

266 nm
70 fs, 0.1 mJ
chirped mirrors

movable stage

266 nm
30 fs, 0.07 mJ

Figure 2.2: Schematic drawing of the setup to produce short deep UV pulses centered
at 266 nm with high pulse energy. The setup was pumped with compressed 3 mJ pulses
of the Ti:Sa laser (red arrows). A part of the beam is converted by second harmonic
generation in a thin BBO crystal to pulses centered at 400 nm (blue arrows). The two
beams in the different wavelength-ranges are separated by a dichroic mirror (D1),
reflecting the UV pulses and transmitting the IR pulses. To produce pulses centered
at 266 nm, the two beams have to be mixed in another thin nonlinear BBO crystal
with the same polarization. To synchronize the two beams temporally, the 800 nm
beam is guided over a movable stage and sent through a λ/2 waveplate to adjust its
polarization. The two beams are recombined with a second dichroic mirror (D2). The
resulting 266 nm pulses are filtered with a third dichroic mirror and sent over mirrors
which induce negative dispersion (chirped mirrors), leading to a compressed pulse.
The final setup had a conversion efficiency of 2.3%.

The setup was built in two stages. On the ﬁrst occasion, the nonlinear crystals
were supplied by our collaborators. Here, the BBO-crystal for second harmonic
generation was 100 µm thick and the third harmonic generation crystal (nominally) 40 µm thick. A cross-correlation signal with the high-harmonic generating
infrared pulse at 1420 nm can be seen in ﬁgure 2.3a. For the second iteration of
measurements, we used diﬀerent BBO-crystals, where the third harmonic gener-
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ation crystal was slightly thicker, which led to by a higher conversion eﬃciency
and a narrower spectrum of the 266 nm beam. The resulting 266 nm beam was
characterized with a self-diﬀraction FROG to determine the needed properties
of the chirped mirrors. The cross-correlation of the second iteration is shown in

Figure 2.3: Influence of pump-pulse shape on the high-harmonic signal. Panels a
and c show the cross-correlation of the compressed 266 nm pump pulse with the
HHG probe beam in argon as observed in the wave-mixing peak. Panels b and d illustrate the resulting time-dependent high-harmonic signal on a sample of gaseous
1,3-cyclohexadiene. The high-harmonic signal is normalized with respect of the undiffracted signal before excitation. The left scale indicates the normalized signal of
the harmonic emission at 16.6 eV (H19) shown with the black dots. The right scale
indicates the normalized diffracted signal at 16.6 eV shown with the red dots. The
wave-mixing signal is shown with no scale in blue. The shaded areas denote one standard deviation from 6 and 8 consecutive scans for panel b and d respectively. The
wave-mixing peak in argon in panel a indicates a strongly structured temporal shape
of the pump pulse. This pulse leads to a signal as shown in panel b. The prior characterization of the pulse allows the use of adjusted chirped mirrors, resulting in a
properly compressed pulse. This gives a gaussian shape of the cross-correlation in argon (panel c) and changes the observed time-dependent high-harmonic emission of
1,3-cyclohexadiene significantly.

ﬁgure 2.3c. A comparison of the two cross-correlation traces shows that the ﬁrst
instance produced a third harmonic beam with a post- and a prepulse probably
due to the presence of signiﬁcant third-order chirp. Because the pulse shape determines the shape of the excited-state wave packet in molecules, this can have a
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strong inﬂuence on the time-dependent high-harmonic signal which is observed,
as can be seen by the comparison of ﬁgures 2.3b and d. While the excitation with
non-gaussian pulses is interesting, the interpretation of the resulting signal is signiﬁcantly more complicated.

2.4.2

Transient-grating setup

A scheme of the optical setup to produce the three parallel beams for the timedependent high-harmonic spectroscopy experiments is shown in 2.4. The UV
beam, which is illustrated with the blue arrows, is split into two equal parts with
a beamspli er (BS1), which is chosen to be as thin as possible. In the ﬁnal setup, it
was 1 mm thick and had to be mounted free standing to prevent any stress leading
to bending of the optic. The reﬂected part of the beam was sent through an equally
thick window in order to have the same dispersion in both parts of the beam. The
reﬂected beam was routed over two movable stages S1 and S2, while the transmitted beam was reﬂected over three mirrors, leading to two horizontally oﬀset but
parallel beams. The ﬁrst stage, S1, was used to temporally synchronize the two
beams. The second stage, S2, which was mounted on top of the ﬁrst stage, was
used to set the horizontal distance between the beams, usually around 24 mm.
The polarization-turning periscope P1 turned the horizontal oﬀset into a vertical
one. The upper mirror of the periscope was mounted on a vertically moving stage,
allowing the exact se ing of the vertical oﬀset of the beams in order to center them
around the high-harmonic generating infrared beam on the dichroic mirror D1,
which transmi ed the infrared but reﬂected the UV.
The three copropagating beams were reﬂected in front of the experimental vacuum chamber with a mirror and reﬂected with a small angle on the focusing mirror F1. The focal length of the mirror was between 350 and 450 mm, depending
on the experiment. The three beams were focused through the window W2 into
the experimental chamber. While W2 was initially made from fused silica and 2
mm thick, for the experiments with short UV pulses, we used a 1 mm thick CaF2
window. The temporal delay of the IR with respect to the UV pulses was set by a
motorized stage in front of D1. The intensity of the UV beams was set by the iris
I1 in front of the beamspli er BS1.
As the alignment of the setup is very sensitive, we shortly describe the general procedure here. After making sure that the stage S1 and the periscope P1 are aligned
correctly, iris I1 is completely opened to ensure the setup is able to transmit the
complete beam. Then S2 is set for the minimal horizontal distance between the
two UV beams. To minimize the horizontal distance between the beams, the other
UV beam has to be routed close to the edge of mirror M2. The two UV beams are
parallelized by the mirrors M1 and M2, which is best checked by either inserting
a mirror after the periscope P1 or removing D1 to compare the far-ﬁeld distance
as well as the near-ﬁeld distance. Then D1 is used to steer the beams on the left
edge of M3 (in order to minimize the angle on the focusing mirror F1).
Subsequently, the high-harmonic generating beam (HHG beam) is set by mirrors
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HHG
chamber

F1

W2

M3
HHG beam

P1

D1

vertically
movable stage
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M1

M2
BS1

I1
pump
beam
W1

movable stage
S1

movable stage
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Figure 2.4: Scheme of the transient-grating setup for time-dependent high-harmonic
spectroscopy. The pump pulse is denoted in blue, the high-harmonic generating probe
pulse is shown in red. The components are given with abbreviations I for irises, BS for
beam-splitters, S for stages, W for windows, M for mirrors, P for periscopes, D for
dichroic mirrors and F for focusing mirrors. See main text for a detailed description.
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in front of D1. The most accurate way to align the HHG beam is to move the
vertical oﬀset of the UV beams with the stage S3 such that one of the beams is
centered at the height of the HHG beam and then walking the HHG beam with
the mirrors iteratively until the beams are copropagating between D1 and M3.
This is also best checked by inserting another mirror between D1 and M3 or M3
and F1 to check the far-ﬁeld image.
Afterwards, the UV beams are blocked and M3 and F1 are used to align the HHG
beam through the source chamber and the spectrometer until nice harmonic generation is observed. For the rough alignment of the setup, argon was used as a
test gas, as it has an intense high-harmonic emission spectrum in the region of interest, is readily available, and shows strong wave-mixing eﬀects with both, 400
nm as well as 266 nm.
After centering the UV beams around the HHG beam with the stage S3, a mirror
is inserted in front of the entrance window W2, such that the beams focus in the
air. Spatial overlap between the beams can be found by blocking the UV beams
and inserting a slip of paper in the position of the focus. The intensity of the HHG
beam is suﬃcient to burn a hole through the paper. After blocking the HHG beam,
I1 is closed for low intensity and D1 is adjusted until the upper beam is hi ing the
new hole (this is best seen by inserting a screen in the far-ﬁeld). Subsequently, M2
is adjusted to hit the hole with the other beam.
The best method to ﬁnd the temporal overlap between the beams depends on the
wavelengths and intensities of the involved beams. For both methods presented
here, a duplicate of window W2 has to be inserted after the pickoﬀ mirror in front
of W2. The simplest way is to check for disturbance in one of the UV beams due
to the plasma formation of the HHG beam. For this, the UV beam which is routed
over stage S1 is blocked and the iris I1 reduced until there is no ionization in the
air due to the UV beam. The temporal overlap of the HHG and the UV pulses
in the focus manifests itself as a change in the far-ﬁeld pa ern of the UV beams
when moving the delay stage between them. Manual movement of the stage is
often way more eﬃcient in ﬁnding slight disturbances and optimizing the timing
compared to external controlling with a software. When the disturbance is found,
this UV beam is blocked and the other opened. Now stage S1 is adjusted until the
disturbance is found. As this disturbance is more sensitive to the spatial overlap
of the foci, the horizontal overlap of the foci can be optimized by the magnitude of
the disturbance. However, maximizing the disturbance with vertical adjustments
usually leads to more problems afterwards.
If plasma formation of the HHG beam in air is too weak or the disturbance is
not visible due to other reasons (e.g. similar colors of the pump and probe beams
or too small or weak probe beams), it can be advantageous to align the beams
by building a transient-grating FROG [27]: either after ﬁnding the rough overlap
with shooting through the same hole or directly from the start, we overlapped
the two UV beams in a thin window with high damage threshold. We used a
0.5 mm-thick sapphire (α-Al2 O3 ) window. The iris I1 has to be closed suﬃciently
to decrease the intensity below the damage threshold of the window. Spatial over-
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lap is found by aligning the beams on the window on top of each other. Temporal
overlap is noticeable due to the self-diﬀraction in the window when the beams
interfere with each other. The intensity of the HHG beam also has to be reduced
below the damage threshold. The two UV beams are moved on top of the HHG
beam by adjusting D1. Temporal overlap of the HHG pulses with the UV pulses
can be observed due to the diﬀraction of the HHG beam on the transient grating
of the UV beams.
When the temporal and spatial overlap in front of the vacuum chamber was found,
the beams were sent through the chamber with full power. If we were lucky the
spatial overlap was exact enough to immediately observe wave-mixing spots from
high-harmonic generation in argon. Usually, we had to move D1 at least vertically
to observe wave-mixing. If wave-mixing was found, its intensity was optimized
by adjusting the temporal overlap with the stages and the spatial overlap with the
mirrors D1 and M2 for the two beams, respectively.
Subsequently, the wave-mixing spots were symmetrized around the high-harmonic spots by changing the vertical oﬀset with stage S3 and readjusting the temporal
overlap afterwards. Then the UV intensity was reduced slightly and everything
was optimized again. If no wave-mixing was found, the spatio-temporal overlap
of the beams was optimized in front of the vacuum chamber again. If the wavemixing was satisfactory, the sample gas was introduced and wave-mixing was
optimized again. Then the delay was set to a time where diﬀraction was expected
and, if it was found, optimized again by small movements of M2, D1, and S1 as
well as reducing the UV intensity with the iris I1. If no diﬀraction was found,
wave-mixing was reoptimized and then diﬀraction searched again.
To optimize the diﬀraction, it was often advantageous to increase the sensitivity
of the MCP close to saturation and to maximize the integration time of the CCD
camera. It was crucial to plot the live-images of the camera in a nonlinear color
scheme to allow an easy way to judge an increase in signal intensity. Depending
on the molecule and the pump pulse wavelength, the diﬀraction intensity varies
drastically. Afterwards, it is important to reassess the saturation of the MCP and
camera before taking scans, as the intensity of the non-diﬀracted harmonics usually drops after the excitation. The relative pointing of the beams was usually
stable over one to two hours, and had to be reoptimized afterwards.
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3.1

Taking the example of NO2 , the theoretical principles of the dynamics of photoexcited molecular systems are illustrated and compared to XUV time-dependent
photoelectron experiments. This chapter is mainly based on the publications
A. Tehlar, A. von Conta, Y. Arasaki, K. Takatsuka, and H. J. Wörner.
Ab-initio calculation of femtosecond-time-resolved photoelectron spectra of NO2
after excitation to the A-band.
The Journal of Chemical Physics, 149, 3, (2018), p. 034307 [28]
for theory and
A. von Conta, A. Tehlar, A. Schle er, Y. Arasaki, K. Takatsuka, and H. J. Wörner.
Conical-intersection dynamics and ground-state chemistry probed by extremeultraviolet time-resolved photoelectron spectroscopy. Nature Communications, 9,
3162, (2018) [29]
for the comparison with the experiment.
Our collaborators, Yasuki Arasaki and Kazuo Takatsuka from the Fukui Institute in Kyoto were essential for this project. They developed the program for
the wavepacket propagation and helped us to understand and use it.

3.1

Introduction

The dynamics of molecules after photoexcitation can be described within the
Born-Oppenheimer approximation by the movement of nuclear wave packets on
potential energy surfaces of electronic states. The gradient of the potential energy
expresses itself as an intramolecular force, leading to deformation of the nuclear
structure.
Interesting features arise due to the proximity of potential energies of diﬀerent
electronic states at certain nuclear conﬁgurations, leading to interaction, i.e. mixing, of the electronic states and the breakdown of the Born-Oppenheimer approximation. At conﬁgurations where the interaction is impossible (usually due to the
diﬀerent symmetries of the electronic states), but the energies are identical, the
potential surfaces cross, which is called a conical intersection. At these conﬁgurations, wave packets might change directly to another electronic state. However, if
the symmetries of the electronic states are identical, the interaction might couple
the two electronic states leading to so-called avoided crossings. There, the transfer of population between the electronic states is possible but depends on the nonadiabatic-coupling strength. This transfer is only signiﬁcant when the geometric
structure is close to the location of a conical intersection. This becomes clearer
if one concentrates on the total energy of the system instead of only the potential energy. Coupling occurs due to the kinetic energy of the system. Electronic
eigenstates are not identical with the eigenstates of the kinetic-energy operator,
leading to the mixing of the states. This led to the development of the diabatic
picture of the potential surfaces which includes the eﬀect of the coupling on the
energy. In contrast, the adiabatic picture only illustrates the potential energies of
the diﬀerent electronic states.
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Conical intersections play a central role in the photochemistry of most molecules,
determining the pathway of reactions in molecules of all sizes ranging from DNA
to small molecules, such as 1,3-cyclohexadiene (cf. chapter 8), iodomethane (cf.
chapter 6) or nitrogen dioxide (cf. chapter 7). The la er is a prototypical system
to study the eﬀect of a conical intersection. In NO2 , it connects the energetically
lowest-lying excited state to the ground state. Its presence leads to a complex
femtosecond dynamics in the electronically excited state after excitation around
400 nm and enables the dissociation of the molecule after internal conversion to
the ground-state surface. These properties as well as the limited number of electrons and nuclei make NO2 an ideal candidate to benchmark high-level ab-initio
calculations against suitable experimental observables.
The spectroscopic properties of NO2 have been determined with high accuracy
[30–38]. However, femtosecond time-resolved experiments have only recently
become possible with the introduction of multiphoton time-resolved photoelectron spectroscopy (TRPES) [39] and time-resolved high-harmonic spectroscopy
(TRHHS) [1, 10, 18, 21, 40, 41]. On the theoretical side, NO2 has been studied
extensively. Potential-energy surfaces of the energetically lowest lying electronic
states of the neutral molecule [42–50] and the cation [51, 52] have been calculated
by many researchers and have reached a high level of accuracy. The surfaces
with the highest density of points so far were Davidson-corrected multi-reference
conﬁguration-interaction (MRCI) calculations with the Dunnings correlationconsistent polarized valence quadruple zeta (cc-pVQZ) basis set [53] for the two
lowest electronic states of the neutral molecule [49] and MRCI cc-pVDZ [53] calculations for the cationic molecule [52]. Some of the surfaces have been used
to calculate time-dependent wave packets after excitation, leading to insights
into the short-time dynamics [23] and enabling the calculation of experimental
observables, such as photoelectron spectra and photoelectron angular distributions [24]. However, due to the strong dependence of the potential energies of
the diﬀerent states of NO2 on the nuclear coordinates (both in the cation as well
as in the neutral molecule), there are many accessible cationic states for a given
binding energy after excitation at 400 nm. This makes high-level calculations of
photoelectron spectra very expensive.
Here, we extend previous wave-packet calculations of two of our collaborators
[23, 24] to a larger grid, enabling us to accurately describe the photodissociation.
Simultaneously, we improve the level of theory from complete-active-space selfconsistent ﬁeld (CASSCF) to MRCI, which allows us to reach quantitative accuracy with respect to the dissociation threshold. We present the results of fulldimensional quantum-mechanical wave-packet calculations on these novel surfaces. Subsequently, we report the calculation of time-dependent photoelectron
spectra for comparison with recent experimental data from XUV-TRPES [29] in
an extended range of binding energies for the channels leading to the two lowest
lying states of 1 A′ , 1 A′′ , 3 A′ and 3 A′′ character of the cationic molecule within a
semiclassical model.
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Calculation of potential-energy surfaces

3.2

z

To describe the nuclear arrangement of NO2 , we use three diﬀerent coordinate
systems: internal coordinates, Jacobi coordinates [54], and Cartesian coordinates
(see ﬁgure 3.1).

θ

r=

R
β

r1

r2

y

mr

2

Figure 3.1: Coordinate systems for NO2 : Black: internal coordinates with the NO bond
lengths r1 and r2 , as well as the bond angle β. Green: Jacobi coordinates r, R, and
θ . The coordinate R is measured from the center of mass along the NO-bond, i.e.
r2 m = r2 mO / (mO + mN ) from the nitrogen nucleus, where mO and mN are the atomic
masses of oxygen and nitrogen, respectively. Orange: molecular-frame Cartesian coordinates. The molecule lies in the yz-plane. The origin is located in the center of
charge and z is pointing along the β-angle bisector.

The potentials, which are used in the wave-packet calculations and the photoelectron calculations, are determined on the following grid:
r = 0.9Å + 2.625 · 10−2 Å ir ,

(3.1)

R = 0.484375Å + 2.21875 · 10−2 Å i R ,

(3.2)

θ = 180◦ − (45/64)◦ iθ ,

(3.3)

with ir = 0, ... , 90,

with i R = 0, ... , 155,

with i R = 0, ... , 250.

This grid consists of 3.6 million points. For the electronic states of the neutral
molecule, 28250 points were calculated and the remaining ones interpolated. The
calculated points were not equidistant. Their density was chosen to be high in the
potential minimum, around the conical intersection, and where problems with
the interpolation on the grid occurred. The number of points was increased until
satisfactory potential surfaces up to an energy of 3.5 eV of the (1)2 A′ state above
the lowest energy in the grid were achieved.
The quantum-chemistry calculations were performed using the Molpro suite [55].
We ﬁrst determined the two-state-averaged wave functions with the MC-SCF approach with a (13,10)-CAS [56, 57] in a simpliﬁed conﬁguration, namely r1init =
r2init = 1/2 (r1 + r2 ). This was taken as an initial guess for a two-state-averaged
(13,10)-CASSCF calculation at the ﬁnal conﬁguration with a subsequent (13,10)MRCI [58–60] calculation. Here, (13,10) refers to the chosen active space: we used
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10 open orbitals with 13 active electrons. In the case of CASSCF calculations, the
ﬁve orbitals with the lowest energies were closed.
For the MRCI calculation, two orbitals were closed and three were frozen (core)
orbitals. All calculations used the optimized augmented Dunnings correlationconsistent polarized valence quadruple zeta (aug-cc-pVQZ) basis set [53]. The
output was checked for convergence problems and, in case of errors, recalculated.
Conﬁgurations which could not be converged or resulted in energies which were
signiﬁcantly diﬀerent from the surrounding points were excluded.
For the potential surfaces of the neutral states, we tried to calculate the potential at 29174 grid points (i.e. 924 calculations did not converge). Here, two main
diﬃculties had to be treated. First, as can be seen in ﬁgure 3.2, a sharp avoided
crossing of the second with the third 2 A′ state at large θ and r below 1.5 Å led to an
artiﬁcial jump in the calculated energy of the lower state (indicated by an arrow).
This was corrected by calculating the relevant volume without state-averaging,
and shifting the energy to maximize the overlap at smaller θ. As the energy of the
(2)2 A′ state is larger than 4 eV and the diabatic coupling of the lowest two states
is negligible, no accurate energy of the higher state is needed at these structures.
7

V / eV

(1)2 A (2 state av.)
6

(2)2 A (2 state av.)

5

(1)2 A (single)

4
3
2
1
0
100

120

140

160

180

/ deg.
Figure 3.2: Illustration of the artifact at large θ and small r in the adiabatic potentials:
Blue and red: state-averaged potential surfaces. Yellow: single-state calculation of
the lower surface, shifted for minimal deviation between 152 and 161 degrees.

Second, due to the approximation of the (3)2 A′ state to the lower states at large
R, three-state averaged calculations had to be performed in these regions. The
energy was shifted for minimal deviation along R = 3.1469 Å. For the potential
surfaces of the cationic states, the number of points was decreased (between 5864
and 6167 points), as they were not needed for the propagation. The diabatization
of the neutral adiabatic potentials was performed on the basis of a phenomenology
ical approach [61, 62] by maximizing the transition dipole moment µD,12 between
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the diabatic states. This leads to a diabatization angle
αµ =
y

y

# y
1
y
y $
atan2 µ11 − µ22 , 2µ12 ,
2

(3.4)

where µ11 and µ22 are the permanent dipole moments along the y-axis of the
y
(1)2 A′ and (2)2 A′ states, respectively, and µ12 is the transition dipole moment
between them (see ﬁgure 3.1 for the deﬁnition of the y-axis). This method relies
on the properties of the (1)2 A1 and (1)2 B2 states (labeled in the C2v symmetry
of the ground state) and fails when a third state interacts signiﬁcantly with these
states. In these parts of the coordinate space, the mixing angle was approximated.
Generally, the angles were visually inspected for cuts along θ and smoothly continued to 0, π/2, or −π/2, respectively. Figure 3.3 illustrates the diabatization
process.
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Figure 3.3: Illustration of the diabatization process. All plots are cuts through the
hypersurfaces of the lowest-lying electronic states of NO2 with r = 1.1625 Å and R =
1.7047 Å. (a) Calculated permanent dipole moments of (1)2 A′ and (2)2 A′ along the
y-axis (blue and red), as well as their transition dipole moment (black). (b) Mixing
angles: The black curve illustrates the mixing angle calculated according to equation
(3.4) and the green curve is the modified diabatization angle which was used in the
diabatization. (c) Final result of the diabatization: The adiabatic potentials are colored
in red and blue, the diabatic potentials in yellow and violet. The additional avoided
crossings around θ = 80◦ (between the first and second adiabatic state), 105◦ and 165◦
(both between the second and third adiabatic state) were not diabatized.
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For r > rref = 1.8188 Å, the third 2 A′ state couples too strongly to the other states
to use the phenomenological diabatization method. Instead, the angle was taken
to be constant (i.e. αD (θ, R, r > rref ) = αD (θ, R, r = rref )), which was checked by
comparing to cuts at larger r. An example is shown in ﬁgure 3.4.
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Figure 3.4: Illustration of the diabatization process at long r. Shown are cuts through
the hypersurfaces with R = 1.9266 Å and with r = rref = 1.8188 Å and r = r1 = 1.9500 Å,
respectively . (a) Mixing angles: The black curve shows the mixing angle calculated
from the dipole moments at r = rref (according to eq. 3.4) and the green curve the
modified mixing angle for the diabatization procedure. The black dashed curve illustrates the calculated diabatization angle for r = r1 . (b) Potential surfaces for r = rref :
the adiabatic potentials in red and blue, the diabatic potentials in yellow and violet.
(c) Potential surfaces for r = r1 : same color code as in panel b. Additionally, the dashed
curves indicate the diabatic surfaces calculated with the dipole-dependent mixing angle αµ (shown as the black dashed curve in panel a). The proximity of the third adiabatic state leads to problems with the phenomenological model of the diabatization.
The mixing angle was approximated by the values at r = rref .
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For large R, the same problem occurred. Here, the construction of the diabatic
potentials was more involved. We used an inherent property of the Jacobi coordinates; for every set of Jacobi-coordinates (θ, R, r ), there is a second set (θ ′ , R′ , r ′ )
with identical properties, where
′

r =
R′ =

+
+

(mr + R cos θ )2 + R2 sin θ 2 ,

(3.5)
2

m2 R2 + 2m (m2 − 1) rR cos θ + (m2 − 1) r2 ,
!
"
rR
sin
θ
θ ′ = atan2
,
mr2 − m3 r2 − mR2 + (1 − 2m2 )rR cos θ
mO
m=
.
mO + mN

(3.6)
(3.7)
(3.8)

Here, mO and mN are the atomic masses of O and N. The diabatic potentials
around (θ ′ , R′ , r ′ ) were used to interpolate the potential and extract a mixing angle for (θ, R, r ). For a set of coordinates with 2.0375 Å ≤ R ≤ 2.2594 Å, this
enabled us to make an educated guess how to consistently extrapolate the mixing angle into areas (at small θ) where three states interact. Further out, with
R > 2.2594 Å, the interpolated mixing angles were ﬁ ed with a heuristic function
α = a arctan(b θ + c) + π/4 for each cut along θ.
The raw data can be found as supplementary material to [28]. It includes the
adiabatic energies, the diabatic energies and coupling constants, the permanent
dipole moments and transition dipole moments in the y-direction between the
two lowest 2 A′ states of the neutral molecule, as well as the adiabatic energies of
each of the two lowest 1 A′ , 1 A′′ , 3 A′ , and 3 A′′ states of the cationic molecule.
The adiabatic and diabatic energies, as well as the dipole moments at the calculated points were interpolated on the complete grid by iterative one-dimensional
Akima-interpolations [63]. Sections of the surface with at least six subsequent
points with a maximal distance of d between them were searched and the missing points in between them interpolated (only interpolating up to the third point
from each end of the array). The new set of points was included in the similar next
interpolation along the second dimension (R). This was repeated along the ﬁrst
two dimensions with increasing d. Then, the interpolation along the third dimension (r) was performed and the process repeated until no additional points were
generated anymore. Finally, the interpolation was extended to the data points at
the edge. For the interpolation along θ, the mirror plane at θ = 180◦ was taken
into account.
As the interpolations of the diabatic and adiabatic surfaces were performed independently, small errors had to be corrected afterwards: e.g., if the lowest diabatic
energy at a certain geometry was smaller than the lowest adiabatic energy, the diabatic energy was adjusted to coincide with the adiabatic energy. The amplitudes
of the diabatic coupling constant were calculated from the interpolated surfaces.
Its sign was taken from a direct interpolation of the deﬁned coupling constants at
the calculated points of the grid.
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Calculation of the vibronic wave packet

The vibronic wave packet was calculated with a split-step-operator method presented in [23]. As the wave packet is calculated on a grid, the dissociating parts
of the wave function can not be fully described. Absorbing barriers were constructed [64] and tested for minimal reﬂection of the wave function at the edges
of the grid. The optical potential has the shape

with

#
#
$$
Vopt (θ, R, r ) = max A(θ, R, r ) , A θ ′ , R′ , r ′ .
A(θ, R, r ) = max(0, mr (r − rabs ) ,

(3.9)

(3.10)

m R ( R − Rabs ) , mθ (θ − θabs )) ,
−1

−1

where rabs = 3.0263 Å, mr = 1.2425 eV Å , Rabs = 3.7016 Å, m R = 1.1828 eV Å ,
θabs = 21.7969 deg, and mθ = −0.0139 eVdeg−1 . The primed parameters are deﬁned as the set of Jacobi-coordinates using the center of mass along the other bond
of NO2 (see equations 3.5-3.7). This deﬁnition ensures that the symmetry of the
generated wave packet is not broken due to the absorbing boundary conditions.
The initial ground-state wave function was found by calculating an energy spectrum of a Gaussian centered at the equilibrium position [65] and subsequent ﬁltering of the wave function with the lowest energy [66]. The energy of the ground
state wave function was determined to be 0.233 eV above the minimal energy on
the grid, which is in good agreement with the zero-point-energy derived from experimental vibrational frequencies using the harmonic-oscillator approximation
(0.228 eV). The wave function was propagated with a split-step operator method
[65], explicitly including the dipole-coupling of the two lowest-lying states due to
the pump pulse [23]. The step size of a typical calculation was 0.02 fs. The wave
functions were saved every 1 fs to serve as input for further calculations.
The following approximations had to be made; ﬁrst, the rotational motion of the
molecules was not included. They were assumed to be aligned with their y-axis
(cf. ﬁgure 3.1) along the polarization direction of the pump pulse. Second, the
transition from the 2 A1 ground state to the 2 B1 second excited state was neglected.
The ﬁxed orientation of the molecule due to the ﬁrst assumption prohibits this
excitation as its transition dipole moment is perpendicular to the electric ﬁeld in
this case. Previous work [67] showed this transition to be weak compared to the
transition to the 2 B2 state at excitation energies above 2.9 eV. Third, the RennerTeller coupling of the 2 A1 with the 2 B1 state around θ = 0◦ and θ = 180◦ was not
treated.
To depict the results of a propagation, we project the ground state vibronic wave
function χ0 out of the total wave function according to
χ

proj

(t) = χ(t) −

*

R

χ0 χ(t) dRχ(t) ,

(3.11)
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and calculate partial densities along speciﬁc coordinates with
* '

proj

'2
' proj
'
ρr = ρr2 = 'χi (r, R, θ )' sin θ dRdθ
* '
'2 sin θ r
' proj
'
1
ρ β = 'χi (r1 , r2 , β)'
dr1 dr2 ,
R

(3.12)
(3.13)

where χi denotes the vibrational wave function of state i without contributions
of the initial state.

3.2.3

Calculation of photoelectron spectra

Due to the number of the involved cationic states as well as their complexity, it
was not possible to calculate the photoelectron spectra by direct propagation of
the wave functions on the ionic surfaces [24]. Instead, we turned to a semiclassical model. The cross section σ for a transition at the energy Etr can generally be
wri en as
'
'2
πe2 Etr
σ( Etr ) =
Pa '⟨Ψb | R̂ |Ψ a ⟩'δ( Etr − ( Eb − Ea )) ,
∑
3ϵ0 c a,b

(3.14)

where Pa is the population of the initial state, R̂ is the dipole operator, Ψ a and Ψb
are the initial and ﬁnal molecular wave functions, respectively, and Ea and Eb are
their energies [68]. Following the literature [69], one can express equation (3.14)
in terms of the nuclear coordinates R and the electronic coordinates r by using the
Born-Oppenheimer approximation as

∑

σ( Etr ) = C

i,k, f ,l

Pik

** ,

# $ ' ' # $- ∗ # ′ $
ψi R′ 'r̂ 'ψ f R′ χik
R

' '
# $
,
× χ f l R′ χ∗f l (R) χik (R) ψ f (R) 'r̂ 'ψi (R)
#
#
$$
× δ Etr − E f l − Eik dR′ dR,

(3.15)

where ψi and ψ f are the initial and ﬁnal electronic wave functions, respectively,
χik and χ f l are the initial and ﬁnal nuclear wave functions with their vibrational
quantum numbers collectively described by the indices k and l, and we collected
the prefactors in C. Inserting the semiclassical approximation [70]
E f l − Eik ≈ Vf (R) − Vi (R) ,

(3.16)

where Vi and Vf are the potential energies at coordinate R of the involved electronic states, and the identity

∑ χfl
l
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#
$
R′ χ∗f l (R) = δ R′ − R

(3.17)
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one obtains
σ( Etr ) = C

∑

i,k, f

Pik

* ',

'
'
' ψ f (R)'r̂ |ψi (R)⟩'2 χ∗ (R)
ik

#
#
$$
× χik (R) δ Etr − Vf (R) − Vi (R) dR.

(3.18)

This is known as the multidimensional reﬂection principle [71, 72] without the
kinetic energy correction [73, 74], because the approximation in equation (3.16)
neglects the eﬀects of the vibronic energy [69] and thus assumes that the kinetic
energies of the nuclei do not change
during
the transition. As the electronic transi'
,
'
tion dipole moment µi f (R) = ψ f (R) r̂ |ψi (R)⟩ as well as the δ-function in equation (3.18) are independent of k, it can also be wri en in a time-dependent form
* '

' #
#
$$
'µi f (R)'2 δ Etr − Vf (R) − Vi (R)

σ( Etr , t) = C ∑
i, f

∗
× ∑ Pik (t) χik
(R) χik (R) dR
k

* '

' #
#
$$
'µi f (R)'2 δ Etr − Vf (R) − Vi (R)

= C∑
i, f

× |χi (R, t)|2 dR.

(3.19)

For simplicity, we contracted Pi into χi , such that
Pi (t) =

*

|χi (R, t)|2 dR.

(3.20)

e +V
e
For photoionization, we deﬁne Vf = Ekin
cat, f , where Ekin is the kinetic energy
of the measured electron and Vcat, f the electronic energy of the cationic state, to
get

σ( Etr ) = C ∑
i, f

* '

'
'µi f (R)'2 |χi (R, t)|2

#
$
e
× δ Etr − Ekin
− Vcat, f (R) + Vi (R) dR.

(3.21)

As Etr is typically constant in an experiment, we substitute it with the binding
e
energy Ebind = Etr − Ekin
σ( Ebind ) = C ∑
i, f

* '

'
'µi f (R)'2 |χi (R, t)|2

#
$
× δ Ebind − Vcat, f (R) + Vi (R) dR.

(3.22)

Because we did not diabatize the cationic potential energy surfaces, the adiabatic
representation of χi , Vcat, f , and Vi is used to evaluate equation (3.22). As the elec' '2
tronic structure of the involved states is changing in this representation, 'µi f ' is
strongly conﬁguration dependent. We approximate the dipole matrix element as
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the norm of the Dyson orbital [75–77] by using the sudden approximation, i.e.
we disregard any structure of the photoionization continuum. In detail, the calculation of the structure-dependent transition strength is motivated by work of
Åberg [75, 78, 79]. Within the MC-SCF approach [56], electronic states Ψ can be
expanded in a basis of Slater determinants φi as

∑ ck φk ,

Ψ=

(3.23)

k

where ck are conﬁguation interaction (CI) coeﬃcients. The Slater determinants
can be expressed as a sequence of creation operators associated with the molecular
orbitals (acting on the empty space) [80], resulting in expressions for the initial i
and ﬁnal states f
Ψi =

∑ ck φk =
k

Ψf =

∑ cl φl =
l

N #
$S
c
∑ k ∏ âr+ r,k |vac⟩
k

r =1

N #
$S
c
∑ l ∏ âr+ r,l |vac⟩,
l

(3.24)
(3.25)

r =1

where r runs over the number of (spin-)orbitals in the CI calculation and Sr,n are
the occupation-number vectors of the individual orbitals in the nth determinant.
If we choose a biorthonormal basis, the operators are the same for the neutral and
cationic molecule. We approximate the ionization probability within the sudden
approximation as the norm of the Dyson orbital of the transition from state i to
state f [76, 77]
'
'
. ' ' / '2
' '2 '
' '
'
'Φi f ' = '
(3.26)
'∑ Ψ f 'âq 'Ψi ϕq ' ,
'q
'
where ϕq are the individual orbitals associated with the annihilation operators âq .
Using the equations 3.24 and 3.25 this results in
'
'
' '2
'Φi f ' = ∑ '
'∑ ∑ ck cl
q 'l k
'
' 1'2
0
' 1
'
'
N #
$
'
'
Sr,l
+ Sr,k '
× vac ' ∏ ( âr ) âq ∏ âr
(3.27)
'vac ' ,
'r= N
'
'
r =1
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where we used the orthonormality of the individual orbitals ϕq . The bra-ket evaluates to ±1 or 0, depending on the occupation of the initial state and the number
of permutations needed to annihilate the qth electron from the initial state [80]. In
practice, we evaluated equation 3.27 by calculating the state-averaged electronic
structure of the three lowest 2 A′ states with (13,10)-CASSCF and the aug-cc-pVQZ
basis set within the Molpro suite [55]. Subsequently, while not optimizing the
orbitals anymore, the three lowest cationic 1 A′ , 1 A′′ , 3 A′ , and 3 A′′ states were optimized. All determinants with ck , cl ≥ 0.0001 were included to determine the
' '2
norm. In ﬁgure 3.5, the behavior of 'µi f ' for a cut along θ is shown.
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Figure 3.5: Illustration of the calculated transition-matrix element |µi f (R) |2 for the example of the transitions from the two energetically lowest adiabatic 2 A′ states (black
curves in (b)) to the cationic (1)3 A′ (blue), (1)3 A′′ (red) and (2)3 A′′ (yellow) states in
a cut through r = 1.1625 Å and R = 1.7047 Å. (a) Dyson norm. The color indicates
the final state and the line style the initial state. (The legend is given in the lower
panel.) (b) Cut through the potential surfaces of the states. The magnitude of the
overlap is strongly dependent on the electronic structure of the initial and the final
state. Avoided crossings in the involved states can lead to sharp changes in the Dyson
norm, as can be observed for the case of the transition from (2)2 A′ to (2)3 A′′ (dashed
yellow line) due to the crossing at θ = 140◦ in the final state. However, not all crossings lead to a change in Dyson norm, as can be observed for the crossing of the neutral
states at θ = 130◦ in the transition to the (1)3 A′ state (solid blue line).
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Using the sudden approximation and deﬁning the local ionization potential
if
I p (R) = Vcat, f (R) − Vi (R), the photoelectron spectrum is given by
σ ( Ebind , t) = C ∑
i, f

*

'
'2
|χi (R, t)|2 'µi f (R)'

%
&
if
× δ Ebind − I p (R) dR.

(3.28)

The cationic potential energies were shifted collectively by 0.32 eV in order to
maximally overlap the photoelectron bands with the experimental spectrum of
NO2 . Using the calculated time-dependent wave functions, photoelectron spectra
of individual channels can be calculated according to equation (3.28).
Depending on the excitation energy, a signiﬁcant part of the wave function runs
into the absorption barrier at large R and r. To include the absorbed population
into our model, its spectrum σabs has to be approximated. To take the conﬁguration dependence of the spectra of the absorbed parts of the wave functions into
account, we calculated the time-integrated density
* '
'2
Pint (r, R, θ ) = 'χproj (r, R, θ, t)' dt
t

(3.29)

and from this, the conditional probability density in r
Pcond ( R, θ |r ) = 2

Pint (r, R, θ )
.
P r, R, θ ) sin θdRdθ
R,θ int (

(3.30)

The photoelectron signal of the absorbed wave packet can then be approximated
by
if
σabs

*

'
'2
Pcond (R) 'µi f (R)'
R,r ≥r
% abs
&
if
×δ Ebind − I p (R) dR.

=C

(3.31)

The total photoelectron signal was then calculated using
σtot =

∑ σi f (Ebind , t)
i, f

if

if

= ∑ σ0 ( Ebind , t) + (1 − P(t)) σabs ( Ebind , t) ,

(3.32)

i, f

if

where σ0 ( Ebind , t) is the photoelectron spectrum without absorbed contributions
from state i to state f and P is the total population in the grid. We simulated the
limited energy resolution of the experiment by convolving the resulting spectrum
with a Gaussian with a FWHM of 0.35 eV. To simulate the probe pulse, the spectra
were convolved with a Gaussian with a FWHM of 8 fs (electric ﬁeld envelope).
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3.3.1

Potential-energy surfaces

3.3

The potential-energy surfaces used in the propagation agree very well with earlier
high-level calculations and experimental values (see table 3.1). The dissociation
threshold, which is shifted by -0.2 eV (-6.25 %) from the experimental value, shows
the largest deviation. A cut through the calculated potential energy surfaces with
rNO = 1.625 Å is shown in ﬁgure 3.6.

Figure 3.6: Cut at r = 1.625 Å through the 2 A′ potential energy surfaces of neutral
NO2 in Jacobi coordinates. The top panel (a) shows the adiabatic potentials, the result
of the diabatization is shown in the lower panel (b). In the back planes, a cut thorugh
R = 1.35 Å is shown, and on the right, cuts through θ = 128◦ are illustrated. This
figure is published in [28].
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(1)2 A1 minimum
(1)2 B2 minimum
(1)2 Πu minimum
(1)2 A1 /(1)2 B2 cusp
(1)2 A′ : NO + O

V / eV
2.258
2.380
2.266
2.374

r1 = r2 /a0

this work
0
1.248
1.766
1.313
3.028

β/deg

V / eV

2.2609
2.3659
2.263
2.3590

r1 = r2 /a0

β/deg

V / eV

2.255 [30]
2.351 [32]
2.324[33, 34]
2.355 [30]

r1 = r2 /a0

133.9 [31]
102.6 [32]
180
103.1 [30]

β/deg

Experiment
134.3
101.9
180
106.6

0
1.21 [32]
1.83 [33, 34]
1.21±0.09[30]
3.23 [35, 36]

Kurkal et al. [49]
134.0
101.9
180
107.4

0
1.31
1.726
1.28
3.11

Table 3.1: Comparison of the calculated potential surface with Kurkal et al. [49] and experimental values.
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3.3.2

3.3

Vibronic wave packets

The result of a wave packet propagation with a Fourier-limited excitation pulse
of 8 fs duration (FWHM of the electric ﬁeld envelope), centered at 400 nm, and
a peak intensity of 1 · 1012 W/cm2 is illustrated in ﬁgures 3.7 and 3.8. Figure 3.7
shows a representation of the density of the wave packets with isosurfaces. Figure 3.8 shows the partial densities in r and β as deﬁned in the equations (3.12)
and (3.13) and the behavior of the populations of the electronic states. Note that
the partial density in r has to remain in the C2v symmetry of the vibronic ground
state equilibrium of the molecule, i.e. ρr = ρr2 = ρr1 . Thus, a molecule which is
strongly asymmetrically stretched is associated with density at small and large r
at the same time.
The excited wave packet initially moves symmetrically towards longer r1 and r2
and smaller β and reaches the conical intersection within 12 fs after its excitation,
where most of the population transfers to the lower adiabatic state. The remaining
part of the wave packet sca ers at the conical intersection and reaches a turning
point at θ ≈ 100◦ and 14 fs, moving back towards the conical intersection (cf. the
upper panels of the ﬁgures 3.7a-d and 3.8b). The excited wave packet on the lower
adiabatic state reaches the turning point at β ≈ 88◦ later (20 fs) and afterwards
moves towards 180◦ (lower panels).
In contrast to this, the turning point in r occurs earlier (16 fs), leading to a maximal
contraction of the molecule (around 24 fs), and a subsequent expansion (ﬁg. 3.8a,
bo om). Only during this extension is the asymmetric stretch mode signiﬁcantly
excited, where one NO bond length oscillates around the equilibrium distance,
while the other oxygen moves towards the absorption barrier (at 3.0263 Å). Simultaneously, the molecule spreads in the angle dimension. The leading edge of
the wave packet reaches the absorbing barrier after 87 fs (ﬁgures 3.7g-k and 3.8).
The second crossing of the upper adiabatic wave packet over the conical intersection around 20 fs after the excitation (ﬁg. 3.7b-d) leads to a second distinct wave
packet on the lower surface, which does not lead to fast dissociation. While the
coherent vibration of one of the bond lengths is visible until the end of the simulation (ﬁg. 3.8a), the wave packet clearly disperses. The loss of population due to
absorption is mainly caused by the elongation of the bond length and not due to
the spread of the wave function into the absorbing barrier at small β.
The chosen pump pulse excites 2.58 % of the sample. The adiabatic population dynamics show that most of the excited population relaxes to the adiabatic ground
state with the ﬁrst crossing of the conical intersection. The signiﬁcant net transfer to the upper adiabatic state around 38 fs correlates with the second crossing
of the initially formed wave packet across the conical intersection, visible in ﬁg.
3.7e-f and 3.8b.
Experimentally, pump pulses of 8 fs are diﬃcult to achieve. Recent experimental
work [29] uses 56 fs long (FWHM of the electric ﬁeld envelope) excitation pulses.
The longer excitation duration leads to a signiﬁcant broadening of the wave packets in conﬁguration space, as can be seen in ﬁgure 3.9. While the underlying move-
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Figure 3.7: Isosurfaces of the time-dependent difference in adiabatic nuclear densities
in internal coordinates calculated as ρi(t) = |Ψi (t, R)|2 − |Ψi (t = 0, R)|2 . Blue are negative contributions, i.e. where population was removed due to the excitation, and red
are positive contributions. The black line indicates the seam of the conical intersection. An animated version of this figure can be found in the supplementary material
of [28]. This figure is published as part of [28].
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ments of the wave packets do not change signiﬁcantly, important details, such as
the coherent motion of one of the NO bond lengths, are not visible anymore.
In the picosecond time range, the dynamics are known to be complex. Individual
resonances show strongly varying dissociation time constants close to the dissociation threshold, leading to excitation-energy-dependent dissociation times [81,
82]. In experiments, due to the bandwidth of the excitation pulse, one can only
observe a signiﬁcant increase of the decay constants with higher excitation energies [83, 84]. In our model, this can also be observed. Figure 3.10a shows the
adiabatic and total populations over time for diﬀerent excitation energies. For all
excitation energies, we observe an initial fast decay due to the coherent movement
of a wave packet to the absorption barrier around 150 fs after excitation. Subsequently, the dissociation can be approximated by an exponential decay. The extracted dissociation times τ, which are determined by exponential ﬁts to the total
population from t > 250 fs, are strongly dependent on the excitation energy. Due
to the bandwidth of the pulse (FWHM ≈ 0.046 eV), excitation below the threshold
also leads to dissociation (see ﬁgure 3.10b). While our model does not agree with
the expected femtosecond response around the threshold, it shows a qualitative
agreement.

3.3.3

Photoelectron spectra

The time-dependent wave functions can be used to calculate extreme-ultraviolet
time-resolved photoelectron spectra [5, 29] according to equation 3.32. The timedependent spectrum of NO2 , assuming an 8-fs long pump pulse centered at 400
nm and an 8-fs long probe pulse centered at 45.75 nm (27.1 eV) with a bandwidth
of 0.33 eV, is depicted in ﬁgure 3.11a. We consider all transitions from the neutral (1)2 A′ and (2)2 A′ states to each of the energetically lowest-lying two states of
1 A′ ,1 A′′ ,3 A′ , and 3 A′′ character of NO+ . The spatially conﬁned character of the
2
wave packets up to 70 fs after excitation leads to strong modulations in the spectrum. Afterwards, when the wave packets cover a larger fraction of conﬁguration
space and one NO-bond is signiﬁcantly elongated, the spectrum can be structured
into three parts: ionization of the NO-fragment leading to a band around 9.3 eV,
ionization of the O-fragment leading to a band around 13.3 eV, and the hot ground
state of NO2 leading to a broad background from 10 to 14 eV, peaking at 12.3 eV.
Note that signiﬁcant loss of population in the grid only occurs after 100 fs (cf. ﬁgure 3.8). To illustrate the accuracy of the method, 3.11b compares the calculated
spectrum of the NO2 ground-state wave function to experimental spectra. The
calculations enable the interpretation of convoluted experimental spectra, as the
contributions of individual channels can be calculated separately. The contributions of the diﬀerent channels are exemplarily shown for a pump-probe delay of
50 fs in 3.11c.
Figure 3.12 shows the signal arising from the ionization channel from the coupled
states of the neutral molecule to the (1)1 A′ state of the cation in more detail. While
the binding energy of the photoelectron is determined by the local ionization po-
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Figure 3.10: Simulation of the picosecond dissociation dynamics of NO2 : Results of
wave packet calculations with a 56 fs long excitation pulse centered at 2.95, 3.05 and
3.15 eV with a peak intensity of 1 · 1012 W/cm2 in the top, middle and bottom panel,
respectively. The total population (black) and the population of the lower adiabatic
state (blue) are indicated with the left scale, the population of the lower adiabatic
state (red) is indicated with the right scale. The parameter τ is the lifetime of the
excited molecule determined by a fit to Ptot = a exp(−t/τ ) + b with t ∈ [0.25, 10] ps. (b)
Decay constants vs. energy shift of the central pump energy Epump with respect to the
calculated dissociation energy E0 . The expected experimental femtosecond response
of the system was simulated with an exponential fit to the population when exciting
with a Fourier-limited gaussian centered at the pump energy [82]. Experimental values
were taken from picosecond-resolved measurements [83]. This figure is published in
[28].
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Figure 3.11: Calculated time-dependent photoelectron spectrum of NO2 . (a) Total
time-dependent photoelectron spectrum of the excited part of the wave function.
(b) Comparison of the static spectrum calculated from the ground-state wave function with experimental spectra (red [29] and blue [37]). The calculation using a constant ionization overlap Sif (yellow) shows a significantly worse agreement with the
experiment than the calculation including a variable ionization overlap (violet). (c)
Individual contributions from different channels to the photoelectron spectrum at a
pump-probe delay ∆t of 50 fs. The contributions from different channels are differentiated by their initial states (solid and dashed) and final states (colors). All spectra
are normalized with respect to the maximum of the cross-section of the first photoelectron peak (assigned to the transition (1)2 A1 → (1)1 A1 around Ebind = 11.2 eV) of
the static spectrum. This figure is published in [28].

tential Ip at the position of the wave packet, the probability to ionize is determined
by the photoionization matrix element. Cuts through the potential surfaces along
r and β are illustrated in the ﬁgure 3.12a, which give rise to the Ip shown in panel
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b. The electronic structures of the states lead to a strongly varying matrix element
along these cuts (panel b, right scale). A calculation with the transition matrix elements set to 1, as illustrated in panel c, shows the strong modulations due to the
movement of the wave packet. For example, the excitation in the Franck-Condon
region leads to the appearance of a peak at 8.1 eV, which is oﬀset from the binding energy of the corresponding band in the static photoelectron spectrum by the
excitation energy. The peak is shifting fast towards higher binding energies as the
wave packet moves towards the conical intersection (mainly along β). The crossing of the conical intersection leads to the appearance of the transition from the
lower adiabatic state, which initially shows strong modulations due to the oscillation in β and r (see ﬁgure 3.8). The intensity maximizes due to accumulation
of density at turning points of the dynamics or, on longer time scales, when the
wave packet reaches areas where the local Ip is similar for many conﬁgurations
(e.g. when the molecule reaches conﬁgurations with an elongated r). The spread
of the wave packet in the potential leads to a spectrum with 4 eV width.
If one includes the ionization probability (ﬁgure 3.12d), the direct interpretation
of the spectra becomes more complicated. For example, the ionization of the initially formed wave packet is strongly suppressed, leading to the near-vanishing
of the expected peak at 8.1 eV around ∆t = 0. In the case of the transition to the
(1)1 A′ state, the ionization of the NO fragment is forbidden by Koopman’s theorem, such that the band is losing intensity when the molecule reaches strongly
stretched conﬁgurations. The large range of local ionization potentials covered by
the wave packet, which leads to the overlap of contributions from many ionization channels, as well as the strong inﬂuence of the photoionization cross-section,
make it challenging to interpret experimental time-resolved photoelectron spectra
without extended theoretical modeling of the system [5, 29].
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Figure 3.12: Illustration of the photoionization channels (1)2 A′ → (1)1 A′ and (2)2 A′ →
(1)1 A′ . (a) shows the potential surfaces of the involved states as cuts along r1 with
r2 = 1.190 Å and β = 134◦ (on the left) and β with r1 = r2 = 1.190 Å. The potentials
of the neutral molecule are only shown in regions which are energetically accessible
to the wave packet. Both, the ionization potentials depicted in (b) (left scale, blue),
as well as the norm of the Dyson orbital (red, right scale) vary strongly along the
cuts. Panel (c) depicts the calculated photoelectron spectrum of the channels with the
matrix elements set to 1, while panel d illustrates the complete implementation of
equation 3.28. This figure is published in [28].
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Comparison to Experimental Photoelectron Spectra

The calculations presented in this chapter are the basis of the interpretation of
XUV time-dependent photoelectron spectroscopy (XUV-TRPES) measurements
of NO2 presented in [29]. Here, we concentrate on the comparison of the calculations with the experimental spectra. Direct comparison however, needs the
inclusion of the laser-assisted photoelectric eﬀect (LAPE) [85], which gives significant contributions during the temporal overlap of the pump and probe, but is
not dependent on the dynamics of the system after excitation. The calculation of
LAPE is discussed in [29].

3.4.1

Experimental Setting and Data Treatment

The NO2 molecules were excited with a UV pump pulse centered around 400 nm
with a bandwidth (FWHM) of 7 nm, 44 fs duration and 8.4 · 1011 W/cm2 intensity
in the focus. The ionizing XUV pulse was centered at 27.1 eV, had a duration of
44 fs and a bandwidth of 300 meV. This bandwidth is the main inﬂuence on the
experimental energy resolution. To be able to compare the experimental spectra
directly with the theory, the contribution of the ground state was subtracted from
the time-dependent spectra. A detailed discussion of the experiment can be found
in [29].

3.4.2

Simulation of the Experiment

To simulate the experiment, we used a pump pulse of 40 fs duration with an intensity of 2 · 1011 W/cm2 . The lower intensity was chosen due to the approximation
that the molecules are aligned with the transition dipole along the electric ﬁeld.
This leads to an overestimation of the excitation by a factor of 3, because the excitation probability pex is dependent on the angle ϑ between the transition dipole
and the pump-pulse-polarization direction as
pex (ϑ ) = σex Ipump cos2 (ϑ ) ,

(3.33)

where σex is the excitation cross-section and Ipump the pump intensity. The total
probability of excitation is therefore
pex,tot =

=

*
*

ϑ
ϑ

ρ(ϑ ) pex (ϑ ) sin(ϑ ) dϑ

(3.34)

ρ(ϑ ) σex Ipump cos2 (ϑ ) sin(ϑ ) dϑ,

(3.35)

where we introduced the molecular angle distribution ρ(ϑ ). For an isotropic distribution, this results in a total excitation probability of
pex,tot,iso =

σex Ipump
,
3

(3.36)
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which is 3 times smaller than for an aligned sample. The result of this wave packet
propagation is illustrated in ﬁgure 3.10. The calculated excitation fraction was
3.74 %. The calculated photoelectron spectra were convolved with Gaussians of
35 fs FWHM to approximate the time resolution of the probe and 0.35 eV FWHM
to approximate the experimental energy resolution.

3.4.3

Comparison of the Experiment with the Simulation

An overview of the experimental results is shown in ﬁgure 3.13. The quantity
∆corr
norm is the photoelectron intensity of the excited fraction of the molecules normalized with the maximal photoelectron intensity of the (1)1 A′ band of NO2 [29].
The panels a and b show the complete energy range of the experimental spectra, while panel (c) compares the signal at long time delays to the simulation in
the energy range of the simulation. As can be observed in panel b, the signal of
the excited molecules signiﬁcantly deviates from the NO2 ground state, but has
common parts with the photoelectron spectrum of NO. The source of individual
bands can be interpreted by comparison with the theory in c.
First, while the total agreement of the simulation with the experiment is good,
two peaks signiﬁcantly deviate. The band centered at 9.2 eV is too intense and
shifted to lower energies, while the band at 13.5 eV is also too intense. Both of
these features can be assigned to the portion of the wave packet with one oxygen
atom far away from the NO moiety (red line). They are too intense because the
dissociation threshold of the potential surface is slightly too low, leading to more
density in this area as well as a shifted center of the NO band at 9.2 eV. The peak
at 13.5 eV is associated with the O fragment. The broad band from 11 to 13 eV is
mostly due to vibrationally hot molecules, i.e. molecules with high kinetic energy,
in the electronic ground state.
Figure 3.14 illustrates the mean time-dependent behavior of selected bands which
are color-coded in ﬁgure 3.13. These bands can be compared to the simulated
spectra to further illustrate the diﬀerent eﬀects which build up the observed signal, as shown in ﬁgure 3.15. First, the contribution of LAPE can be very signiﬁcant
around zero time delay, leading to signiﬁcant overlap with the excited state signal
(panels h and i). Second, individual features of the bands can be assigned to the
wave packet reaching speciﬁc nuclear conﬁgurations. The weak tail of the band
around 8 eV (panel h) is due to molecules close to a linear conﬁguration. The
rise of the signal in the band around 10 eV after the initial LAPE peak is due to
the wave packet accessing strongly asymmetrically stretched conﬁgurations. The
rise of the signal in panel 3.15j, where the contribution of LAPE is minimal, is due
to the wave packet accessing the lower adiabatic state. The subsequent decay is
caused by loss of density around the conical intersection.
The deviations of the simulation compared to the experiment have two main contributions. Because the dissociation threshold of the potential energy surface is
slightly (0.2 eV) too low, wave packets which are in reality reﬂected when reaching elongated conﬁgurations are moving further out in the simulation, leading to
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Figure 3.13: Experimental depletion-corrected excited-state photoelectron spectra.
a) Time-resolved signal. b) mean difference spectrum averaged from 150 to 500 fs
(black). As an overlay, scaled spectra of the pure compounds of NO2 (blue) and NO
(red) are shown. c) same as (b), compared to calculated spectra of different regions in
the nuclear configuration space. On top of the figure, selected integration areas of
selected bands are shown. This figure is published in [29].
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an increased population in these conﬁgurations and a faster loss of density around
the conical intersection. Note that the reduction of the three dimensional potential energy surfaces to the illustrated cuts makes the direct interpretation diﬃcult.
Additionally, the knowledge of the ionization probabilities, whose inﬂuence is illustrated in ﬁgure 3.12, is necessary for this interpretation. Because of the reduced
ionization cross-section, the contribution of channels starting from the upper adiabatic state is strongly suppressed, leading to only very small contributions to the
overall signal.
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3.5

Conclusion

The potential energy surfaces presented in this chapter are, to our knowledge,
the most extended in coordinate space (for NO2+ ) and are obtained at the highest
level of theory (for NO2 ) published so far. We performed full-dimensional wavepacket calculations on the electronic surfaces of the neutral molecule, revealing
the signatures of the conical intersection and extending the time scale of previous studies to the picosecond range. This enabled us to report time-dependent
photoelectron spectra for a broad range of binding energies and involving many
ionization channels which are needed for a direct comparison to experimental results in XUV time-resolved photoelectron spectroscopy (XUV-TRPES) [29]. The
comparison allowed for a stringent test of the ab-initio method presented and allowed interpretations of time-dependent spectra of XUV-TRPES, laying the foundation for a quantitative evaluation of such experiments. Additionally, NO2 is an
ideal candidate to demonstrate electronic control over non-adiabatic wave-packet
dynamics [86–88]; one of the major perspectives of a osecond science.
More generally, this chapter illustrates the current understanding of the behavior
of molecules after photoexcitation. The molecular dynamics can be understood
as wave packets moving in the nuclear conﬁguration space, with their movement
governed by the potential energy surfaces, diﬀusion and coupling between the
electronic states. However, the calculation of the dynamics is computationally
very demanding which limits its application to relatively small molecules. Additionally, small deviations of the potential energy surfaces can lead to signiﬁcant
changes in the calculated dynamics. In the case of NO2 , the underestimation of the
dissociation threshold led to a signiﬁcant overestimation of the fraction of dissociated (or nearly dissociated) molecules. Nevertheless, the calculations also open
the perspective for the quantitative interpretation of time-resolved high-harmonic
spectroscopy and several other experimental techniques, such as core-level transient absorption spectroscopy [89] by using similar techniques.
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Introduction

4.1

This chapter discusses the modeling of high-harmonic spectra of polyatomic
molecules and presents the main contributing quantities using the example of
1,3-cyclohexadiene.

4.1

Introduction

High-harmonic generation, is the emission of light with frequencies in integer
multiples q of the intense driving laser ﬁeld, when interacting with ma er. The
harmonic number q reached can be up to a few hundred or more. Contrary to
the expectations from perturbation theory, the intensity in the emission with increasing order q does not fall exponentially but for high orders there is a so-called
plateau where the harmonics have near-identical intensity, followed by a steep
drop, called the cut-oﬀ. An intuitive explanation of this behavior was found in
the beginning of the 1990s [90, 91] for a linearly polarized driving laser, and is
called the three-step model. It divides the process into three steps: ionization,
acceleration and recombination, which are illustrated in ﬁgure 4.1. An electron,

a

E

b

E

c

E

Energy

Emax = 3.17 Up
h

0
-Ip

Figure 4.1: The three-step model of high-harmonic generation. The potential of the
active electron is sketched with the red lines, with energies given on the left scale.
The potential without the presence of a laser field is shown with the grey dotted lines.
The movement of the active electron in the process is indicated with the dotted black
arrow pointing from the grey initial position of the electron to the blue final position
of the electron. The direction of the electric field E is indicated with the arrow on
top of the sketches. (a) An electron is tunnel-ionized through the deformed potential
around a source molecule. (b) The ionized molecule is accelerated in the oscillating
laser field. (c) The electron collides with the source molecule and recombines. The
accumulated energy from the first two steps is emitted as an XUV photon.

which is usually bound by the coulomb potential to its molecule, tunnels through
a potential barrier to the continuum. The barrier is formed by the deformation of
the potential due to the presence of the strong electric ﬁeld of a laser pulse (panel
a). Because this process is strongly nonlinear, it only occurs at very high peak in-
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tensities of around 1014 W/cm2 , which is only feasible when focusing ultra-short
laser pulses to a small area. This process is known as tunnel ionization in the literature [92, 93]. Subsequently, the liberated electron is accelerated due to the force
generated by the laser ﬁeld. It is initially pushed away from the parent molecule,
but because the electric ﬁeld oscillates, it is subsequently driven back towards
its origin (panel b). If the electron returns to its parent molecule, it can recombine
with the molecule and a photon with an energy given by the sum of the ionization
energy of the electron and the energy acquired during the acceleration is emi ed
(panel c).
An analysis of the possible paths of the electron shows that recollision with the
parent molecule is only possible at speciﬁc times of ionization which are associated with a time of return of the electron and a kinetic energy of the electron when
it returns. For each emi ed photon energy, there are two diﬀerent possible trajectories of the electron, which are labelled by the duration of the propagation τ as
short and long trajectories. Experimentally, the divergence of the detected emission is diﬀerent for both, allowing the detection of the long trajectory emission.
Luckily, experimental conditions can be set in a way to suppress the emission of
long trajectories by positioning the focus of the high-harmonic-generating beam
slightly behind the gas jet, an eﬀect due to the so-called phase-matching, which
is the coherent superposition of the high-harmonic emission of the many source
molecules in the interaction volume [94].
In recent years, the one-to-one relation of the electron’s transit time to the emission
energy could be conﬁrmed experimentally [95–98]. The maximally emi ed photon energy can also be determined as 3.17Up + Ip , where Up is the ponderomotive
potential in the laser ﬁeld. It is deﬁned as
Up =

e2 I0
,
2cϵ0 me ω02

(4.1)

in which e is the elementary charge, I0 is the peak intensity of the electric ﬁeld,
c is the speed of light, ϵ0 the vacuum permi ivity, me the mass of the electron
and ω0 the angular frequency of the electric ﬁeld. The model also explains the
harmonic structure of the emission. Because the process is repeated in every halfcycle of the laser ﬁeld, one observes the interference of many temporally equally
spaced events. This leads to destructive interference for frequencies which are
not harmonic orders of the driving laser. Additionally, if the sample is inversion symmetric, also even harmonic emission is suppressed. Subsequent work
generalized this picture to a quantum-mechanical model [99] (see also [100–107]),
which, while leading to a be er understanding of the process and agreeing be er
with experimental results, did not invalidate the intuitive picture of the three-step
model.
The quantum-mechanical model is formulated in the time domain as a coherent
process of subsequent ionization, electron propagation and electron recombination, but due to the equivalence of the return condition in this model, one can
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write it in the more easily accessible energy (frequency) domain. With the inclusion of the ionization of inner valence electrons leading to diﬀerent cationic states
of the molecule and the nuclear motion in the molecule during the HHG process,
a compact form to write the single-molecule induced dipole d by a linearly polarized driving laser is
d(Ω) =

∑
i

* 2π * π
0

0

A(θ, φ) ai,ion (θ, φ) Ci (Ω) ai,acc (Ω) ai,rec (Ω, θ, φ) sin(θ ) dθdφ,

(4.2)
where Ω is the emi ed photon energy, θ and φ are Euler angles in the laboratoryﬁxed frame of reference, and A is the axis distribution describing the orientation
of the emi ing molecule [99] relative to the laser ﬁeld. The sum runs over the
diﬀerent cationic states which are accessed by the strong-ﬁeld ionization. The
separation into the three steps can be motivated by reference to the return condition described above. The quantity ai,ion describes the eﬀect of the strong-ﬁeld
ionization, ai,acc electron wave-packet propagation in the continuum, and ai,rec the
recombination. The nuclear autocorrelation function Ci describes the eﬀect of nuclear motion between the ionization and the recombination. Note that equation
(4.2) is not dependent on the third Euler angle. This is due to the invariance of
the problem when rotating the sample around the axis of the electric ﬁeld. The
Euler angle θ is given as the angle between the molecular extraordinary axis and
the electric ﬁeld axis in the laboratory frame. The second angle φ describes a subsequent rotation around the molecular extraordinary axis.
Not included in the model are eﬀects on the cationic states due to interaction with
the laser ﬁeld and the coupling of the liberated electron to the remaining electrons. This model has been used to successfully describe the high-harmonic spectra of aligned carbon dioxide [108] and oriented iodoacetylene [109]. This chapter
concentrates on the presentation of the individual terms in equation 4.2 on the
example of the alignment of 1,3-cyclohexadiene.

4.2

Tunnel Ionization

While the tunnel ionization of atoms is well described by existing theories [92, 93,
110] the angle-dependence of molecular ionization is still intensely researched.
Not only is the process of tunneling ionization diﬃcult to describe, but the probability of tunneling is determined by the shape of the electronic wave function in
the barrier. This is a quantity not usually needed for other calculations, because
of the low electronic density in these areas. Several methods have been proposed
in recent years, such as the molecular strong-ﬁeld approximation [111, 112], the
molecular Ammosov-Delone-Krainov (ADK) method [113], or a partial-Fouriertransform approach [114]. The ionization probabilities used in this work are calculated by our collaborators Lars Madsen, Frank Jensen, Oleg Tolstikhin, and Toru
Morishita. They invented another new method, the weak-ﬁeld asymptotic theory
(WFAT) [115–118], to use molecular orbitals to obtain angle-dependent ionization
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probabilities and developed especially adapted quantum chemistry basis sets to
describe the asymptotic behavior of the electronic wave functions [119, 120]. The
leading term in the ﬁeld strength F of the tunnel ionization rate within WFAT is
described as
Γion = | G00 (θ, φ)|2 W00 ( F ) ,
(4.3)

where G00 is a structure factor dependent on the ionized molecular orbital and
W00 is a ﬁeld factor, which is given as
W00 =

3

Ip,au
2

!

8Ip,au
Fau

"

+

2
Ip,au

−1

4

exp −

√ 3/2 5
4 2Ip,au
3Fau

,

(4.4)

where Ip,au is the ﬁeld-free ionization potential of the ionized electron in atomic
units and Fau the electric ﬁeld strength in atomic units. The quantities in atomic
units are related to the physical quantities as

(4πϵ0 h̄)2
Ip
me e4
(4πϵ0 )3 h̄4
=
F,
m2e e5

Ip,au =
Fau

(4.5)
(4.6)

where ϵ0 is the vacuum permi ivity, me the electronic mass and e the elementary
charge. The eﬀect of the tunnel ionization is then
6
6
ai,ion = Γi,ion ( Pi,ion ) = G00 W00 ,
(4.7)
where Pi,ion is the angle-dependent phase of the ionized electron, which is contained in G00 . The ﬁgures 4.2 to 4.5 illustrate the angle dependence of the four
highest lying occupied molecular orbitals of 1,3-cyclohexadiene. Note that for
easier comparison of the molecular orbitals and G00 , all plots are given in the
molecular frame of reference.
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0.652

Figure 4.2: Illustration of the angle dependence of the strong-field ionization rate of the energetically highest lying occupied molecular
orbital of 1,3-cyclohexadiene (HOMO). Panel (a) shows the orbital shape with an isosurface of 0.01 of a Hartree-Fock calculation with
the aug-cc-pvqz basis set [53] with color-coded signs. Panel (b) shows the structure factor G00 as a function of the angles θ and φ with
color-coded values. Panel (c) illustrates the structure factor in a 3D plot with color-coded signs. The distance from the origin is the
magnitude of G00 , the phase is given by the color (red and blue). The given square root of the field factor is calculated for an intensity
of 1014 W/cm2 . The given square root of the field factor is calculated for an intensity of 1014 W/cm2 .
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Figure 4.3: Illustration of the angle dependence of the strong-field ionization rate of the energetically second highest lying occupied
molecular orbital of 1,3-cyclohexadiene (HOMO-1). Panel (a) shows the orbital shape with an isosurface of 0.01 of a Hartree-Fock calculation with the aug-cc-pvqz basis set [53] with color-coded signs. Panel (b) shows the structure factor G00 as a function of the angles θ and
φ with color-coded values. Panel (c) illustrates the structure factor in a 3D plot with color-coded signs. The distance from the origin is the
magnitude of G00 , the phase is given by the color (red and blue). The given square root of the field factor is calculated for an intensity
of 1014 W/cm2 .
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0.070

Figure 4.4: Illustration of the angle dependence of the strong-field ionization rate of the energetically third highest lying occupied
molecular orbital of 1,3-cyclohexadiene (HOMO-2) Panel (a) shows the orbital shape with an isosurface of 0.01 of a Hartree-Fock calculation with the aug-cc-pvqz basis set [53] with color-coded signs. Panel (b) shows the structure factor G00 as a function of the angles θ and
φ with color-coded values. Panel (c) illustrates the structure factor in a 3D plot with color-coded signs. The distance from the origin is the
magnitude of G00 , the phase is given by the color (red and blue). The given square root of the field factor is calculated for an intensity
of 1014 W/cm2 .
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Figure 4.5: Illustration of the angle dependence of the strong-field ionization rate of the energetically fourth highest lying occupied
molecular orbital of 1,3-cyclohexadiene (HOMO-3). Panel (a) shows the orbital shape with an isosurface of 0.01 of a Hartree-Fock calculation with the aug-cc-pvqz basis set [53] with color-coded signs. Panel (b) shows the structure factor G00 as a function of the angles θ and
φ with color-coded values. Panel (c) illustrates the structure factor in a 3D plot with color-coded signs. The distance from the origin is the
magnitude of G00 , the phase is given by the color (red and blue). The given square root of the field factor is calculated for an intensity
of 1014 W/cm2 .
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Electron Propagation

The term describing the electron propagation can be expressed as
#
$
#
$
ai,acc ∝ exp −iIp,i τ + cUp ≈ exp −iIp,i τ ,

(4.8)

where τ is the time interval that the electron spends in the continuum (transit
time) and c is small enough to be neglected when measuring only emission generated by short electron trajectories [121]. As τ is a real number, ai,acc is a pure
phase factor. In the model used in this thesis, τ is determined by the classical
model of a molecule in a linearly polarized laser ﬁeld F (t) = F0 cos(ω0 t) with an
angular frequency ω0 . The displacement x of the electron from the molecule can
be determined as
eF0
(cos(ω0 trec ) − cos(ω0 tion ) + ω0 (trec − tion ) sin(ω0 trec )) ,
me ω02
(4.9)
where tion is the time of ionization, trec the time of recombination. Zero crossings
of this function fulﬁll the return condition, i.e. the ionized electron can recollide
with its parent molecule. The kinetic energy of the electron upon recollision is
x (trec , tion ) =

Ekin = 2Up (sin(ω0 trec ) − sin(ω0 tion ))2 ,

(4.10)

which is dependent on the laser intensity and wavelength. Because there is no
analytical solution for the roots of equation 4.9, it has to be solved numerically.
Figure 4.6 illustrates possible transit times and recombination energies for a HHG
laser with 1014 W/cm2 at a central wavelength of 800 nm and ﬁgure 4.7 shows the
same for a laser centered at 1420 nm. Panel a shows the diﬀerent possible trajectories of the ionized electron for an ionization event in the ﬁrst half-cycle of the
electric ﬁeld. Blue (red) are short (long) trajectories. The kinetic energy and the
transit time of the recolliding electron depends on the time of ionization (panel
b). This leads to a direct mapping of the transition time to the kinetic energy of
the electron (panel c). If the long trajectories are successfully suppressed in the
experiment, every spectral energy corresponds to a speciﬁc transit time. A comparison between the two ﬁgures shows that the slower frequency of the electric
ﬁeld at the longer wavelength leads to longer excursion times and higher kinetic
energies. Therefore, higher emission energies are possible at similar laser intensities.

69

MODELING OF HIGH-HARMONIC SPECTRA

long traj.
short traj.

3.17

3

0

-10
-20

-1
0

1
2
t / fs

2

1.5

3.17 U

20

p

10

E

0

c
/ eV

4

kin

b
0

x/Å

10

1

2

/ fs

14

I 0 =10 W/cm
=800 nm

Ekin / Up

a 20

F/ F

Ch. 4

0

3

0

0.5 1
t ion / fs

0
1.5

0
0

1

2
/ fs

3

Figure 4.6: Electron propagation in the classical three-step model when generating
high-harmonic emission with 1014 W/cm2 and 800 nm central wavelength. (a) Possible
electron trajectories after the ionization (left scale) which lead to recollision of the
electron with its parent molecule. Red lines indicate long trajectories, blue lines are
short trajectories. The black curve shows the electric field F (t) = F0 cos(ω0 t) (right
scale). Only trajectories due to ionization in the first half-cycle of the electric field are
shown. The pattern repeats itself with half the period of the laser field. (b) Kinetic
energies of the returning electrons in dependence of their ionization time (left scale,
solid lines) and their transit times (right scale, dashed lines). (c) Kinetic energy of
the recolliding electron as a function of its transit time. See main text for further
discussion.
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Nuclear Dynamics during HHG

While the ionized electron is accelerated in the laser ﬁeld, the parent molecule is
not in its nuclear eigenstate, leading to a nuclear motion. The nuclear wave packet
started at the time of ionization χ0i ( R, 0) loses overlap with the time-evolved wave
packet χi+ ( R, τ ) at the time of recombination, resulting in a general suppression
of high-harmonic emission for longer transit times. The overlap between the two
states can be described in the vibrational basis of the cation as a correlation function
'
.
/
'
,
' +
C (τ ) = χ0i ( R, 0) 'χi+ ( R, τ ) = ∑ cn χ0i ( R) 'χi,n
(4.11)
( R) e−iEn τ/h̄ ,
n

where n numbers the cationic vibrational eigenstates with eigenenergy En and cn
are the occupation numbers of the cationic nuclear eigenstates due to the strongﬁeld ionization of the neutral molecule. The inﬂuence of the nuclear dynamics
in molecular high-harmonic generation was ﬁrst predicted in [122] and experimentally shown in [123]. The direct calculation of the occupation numbers and
eigenenergies can be challenging, however. Thus, a simple model to extract the
autocorrelation function from experimental photoelectron spectra was introduced
in [124]. Photoelectron spectra contain the necessary information of the vibrational overlap between the neutral and the cationic states, but they do not include
the eﬀect of the strong ﬁeld ionization. This dependence is factored in by weighting the photoionization amplitude by the strong ﬁeld ionization rate W00 according to equation 4.4, leading to a direct identiﬁcation of
'
.
/
6
' +
0
C ( En ) = cn ( En ) χi ( R) 'χi,n ( R) = k σi W00 ,
(4.12)
where σi is the photoelectron cross-section to the state i and k is the normalization
constant of the cn . Thus, due to the shape of equation 4.11, C (τ ) can be determined as the inverse Fourier transform of C ( En ). Due to the normalization, the
correlation function starts at 1. With the dependence of the emi ed photon energy on the recombination time (cf. section 4.3), the dependence on the emi ed
photon energy C (Ω) can be determined, such that
'
%
&'
' −1 6
'
C (Ω) = C (τ (Ω)) = A 'F
σi W00 '.
(4.13)

The parameter A is most easily found by normalizing the function at τ = 0. Note
that the vibrational substructure of the experimental photoelectron bands does
not have to be resolved, as the propagation time of the electron is short. The shape
of the correlation function is mainly determined by the total width of the band.
Figure 4.8 illustrates the C (Ω) for the four energetically highest lying occupied orbitals of 1,3-cyclohexadiene, assuming a HHG-beam at 1420 nm with an intensity
of 1014 W/cm2 . When the photoelectron bands to diﬀerent states overlap (as can
be seen in panel (a)) the σi are diﬃcult to determine. In this example, the spectrum
was ﬁ ed with a number of gaussian peaks, which were then each associated to
an electronic state of the ion.
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Figure 4.8: Effect of nuclear dynamics on the high-harmonic intensity. (a) Normalized
photoelectron spectrum of 1,3-cyclohexadiene (black line) from literature [125] measured with photons at 21.22 eV (Helium I line). Shown is a fit of the photoelectron
spectrum to determine the state-specific absorption (different colors). The sum of
the contributions is illustrated with the dashed grey line. (b) Decay of the vibrational
wave function overlap after the tunnel ionization with a laser of 1014 W/cm2 intensity to the different electronic states of the cation. (c) Influence on the high-harmonic
spectrum generated with a pulse centered at 1420 nm.

72

60

Electron Recombination

4.5

4.5

Electron Recombination

The electron recombination can be best understood as the time-reversed process
of photoionization [126, 127], where one photon ionizes the molecule, leading to
the emission of an electron with a speciﬁc kinetic energy. Because the process can
be measured in the laboratory (see section 3.4.3 for an example), there are multiple
approaches to calculate the photoionization matrix element. The simple method
used in chapter 3 is suﬃcient to describe the total cross-section, the strong angle
dependence and coherence of the high-harmonic generation process needs a more
detailed description of the process.
A sophisticated way is implemented in the program ePolyScat [128, 129]. It works
on the basis of a preceding quantum chemistry calculation to determine the orbital
structure of the molecule and its initial state ψi . Within the dipole approximation
and assuming linearly polarized light with polarization direction n, the photoionization matrix element can be expressed in atomic units as
'
' ,
aion = ψ f ,k 'r · n 'ψi ,
(4.14)

where ψ f ,k describes the ﬁnal molecular state as an ionized molecule with a continuum electron with momentum k and r is the dipole operator. The ﬁnal wave
function of the system is determined as the solution of the Schrödinger equation
of the liberated electron in the potential of the remaining nuclei and electrons (in
their corresponding orbitals) and is expressed as a product of sums of spherical
harmonics and radial wave functions. The overlap can be subsequently calculated
in terms of the angles between the laser polarization, the molecular axes and the
outgoing electron moment. In the case of high-harmonic spectroscopy driven by
a linearly polarized laser ﬁeld, the electrons are accelerated along the polarization
direction of the laser. Thus, one can assume that the momentum of the electron
and the polarization direction are parallel, allowing the reduction to only two Euler angles describing the polarization direction with respect to the molecular axes.
An example of the recombination to the highest occupied molecular orbital
(HOMO) amplitude and phase is shown for increasing photoemission energies
in the ﬁgures 4.9 to 4.13. While the recombination is determined by the shape
of the orbital, the amplitudes and phases are strongly dependent on the kinetic
energy of the recombining electron. Especially for slow electrons the shape of
the recombination dipole can vary a lot (cf. ﬁgures 4.9, 4.10 and 4.11), while high
kinetic energies lead to lower variations (cf. ﬁgures 4.11, 4.12 and 4.13).
The structures in the recombination dipole are known from angle-dependent photoelectron spectroscopy and can have signiﬁcant impact on the high-harmonic
spectrum. They are due to resonances in the transition from the continuum wave
function to the orbital (e.g. shape resonances [130]). Because of this, the recombination term cannot be easily predicted and has to be calculated. Especially for
very low kinetic energies, the recombination dipole shows often li le similarities
with the orbital (cf. 4.9). Because of the Ip -dependence of the photoemission energy, the recombination to diﬀerent orbitals leading to the same photon energy
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can occur with signiﬁcantly varying kinetic energy. The recombination of the four
diﬀerent channels leading to an emission at 16.27 eV is shown in the ﬁgures 4.11,
4.14, 4.15 and 4.16.
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Ekin = 0.27 eV
Ehv = 8.52 eV
Ip = 8.25 eV

Figure 4.9: Electron recombination to the highest occupied molecular orbital of 1,3cyclohexadiene with a kinetic energy of 0.27 eV. The associated high-harmonic emission lies at 8.52 eV. The orbital structure was calculated with the cc-pvqz basis-set
[53] with the Gaussian quantum-chemistry suite. The angle-dependent photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of
the molecular orbital. The colors mark the different phases of the electron. (b) 3Drepresentation of the recombination dipole. The amplitude is shown with the distance from the origin. The color marks the phase of the dipole. Its scale is shown in
the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of the
recombination dipole.
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arec

Ip = 8.25 eV

Ekin = 8.02 eV
Ehv = 16.27 eV

Figure 4.10: Electron recombination to the highest occupied molecular orbital of 1,3cyclohexadiene with a kinetic energy of 8.02 eV. The associated high-harmonic emission lies at 16.27 eV. The orbital structure was calculated with the cc-pvqz basis-set
[53] with the Gaussian quantum-chemistry suite. The angle-dependent photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of
the molecular orbital. The colors mark the different phases of the electron. (b) 3Drepresentation of the recombination dipole. The amplitude is shown with the distance from the origin. The color marks the phase of the dipole. Its scale is shown in
the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of the
recombination dipole.
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Ip = 8.25 eV

Ekin = 15.77 eV
Ehv = 24.02 eV

Figure 4.11: Electron recombination to the highest occupied molecular orbital of 1,3cyclohexadiene with a kinetic energy of 15.77 eV. The associated high-harmonic emission lies at 24.02 eV. The orbital structure was calculated with the cc-pvqz basis-set
[53] with the Gaussian quantum-chemistry suite. The angle-dependent photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of
the molecular orbital. The colors mark the different phases of the electron. (b) 3Drepresentation of the recombination dipole. The amplitude is shown with the distance from the origin. The color marks the phase of the dipole. Its scale is shown in
the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of the
recombination dipole.
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arec

Ip = 8.25 eV

Ekin = 23.52 eV
Ehv = 31.77 eV

Figure 4.12: Electron recombination to the highest occupied molecular orbital of 1,3cyclohexadiene with a kinetic energy of 23.52 eV. The associated high-harmonic emission lies at 31.77 eV. The orbital structure was calculated with the cc-pvqz basis-set
[53] with the Gaussian quantum-chemistry suite. The angle-dependent photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of
the molecular orbital. The colors mark the different phases of the electron. (b) 3Drepresentation of the recombination dipole. The amplitude is shown with the distance from the origin. The color marks the phase of the dipole. Its scale is shown in
the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of the
recombination dipole.
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Ip = 8.25 eV

Ekin = 31.27 eV
Ehv = 39.52 eV

Figure 4.13: Electron recombination to the highest occupied molecular orbital of 1,3cyclohexadiene with a kinetic energy of 31.27 eV. The associated high-harmonic emission lies at 39.52 eV. The orbital structure was calculated with the cc-pvqz basis-set
[53] with the Gaussian quantum-chemistry suite. The angle-dependent photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of
the molecular orbital. The colors mark the different phases of the electron. (b) 3Drepresentation of the recombination dipole. The amplitude is shown with the distance from the origin. The color marks the phase of the dipole. Its scale is shown in
the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of the
recombination dipole.
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arec

Ip = 10.7 eV

Ekin = 13.32 eV
Ehv = 24.02 eV

Figure 4.14: Electron recombination to the second highest occupied molecular orbital
(HOMO-1) of 1,3-cyclohexadiene with a kinetic energy of 13.32 eV. The associated highharmonic emission lies at 24.02 eV. The orbital structure was calculated with the ccpvqz basis-set [53] with the Gaussian quantum-chemistry suite. The angle-dependent
photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of the molecular orbital. The colors mark the different phases of the electron.
(b) 3D-representation of the recombination dipole. The amplitude is shown with the
distance from the origin. The color marks the phase of the dipole. Its scale is shown
in the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of
the recombination dipole.
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Ekin = 12.72 eV
Ehv = 24.02 eV

Figure 4.15: Electron recombination to the third highest occupied molecular orbital
(HOMO-2) of 1,3-cyclohexadiene with a kinetic energy of 12.72 eV. The associated highharmonic emission lies at 24.02 eV. The orbital structure was calculated with the ccpvqz basis-set [53] with the Gaussian quantum-chemistry suite. The angle-dependent
photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of the molecular orbital. The colors mark the different phases of the electron.
(b) 3D-representation of the recombination dipole. The amplitude is shown with the
distance from the origin. The color marks the phase of the dipole. Its scale is shown
in the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of
the recombination dipole.
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Ip = 11.8 eV

Ekin = 12.22 eV
Ehv = 24.02 eV

Figure 4.16: Electron recombination to the fourth highest occupied molecular orbital
(HOMO-3) of 1,3-cyclohexadiene with a kinetic energy of 12.22 eV. The associated highharmonic emission lies at 24.02 eV. The orbital structure was calculated with the ccpvqz basis-set [53] with the Gaussian quantum-chemistry suite. The angle-dependent
photoelectron emission was subsequently calculated with ePolyScat [129]. (a) Isosurfaces of the molecular orbital. The colors mark the different phases of the electron.
(b) 3D-representation of the recombination dipole. The amplitude is shown with the
distance from the origin. The color marks the phase of the dipole. Its scale is shown
in the colorbar of panel d. (c) Amplitude of the recombination dipole. (d) Phase of
the recombination dipole.
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Since the introduction of the ﬁrst fundamental model of the high-harmonic generation process [90, 91], there have been many reﬁnements in the description, enabling the explanation of the structures seen in static high-harmonic spectra as
well as time-resolved high-harmonic experiments. The model presented here has
been proven to explain the behavior of high-harmonic spectra when one impulsively aligns [131, 132] or orients [133] molecules. Accordingly, variations of the
high-harmonic spectrum are usually interpreted as energy-dependent changes
of the photoelectron recombination matrix elements or varying interference between diﬀerent ionization channels due to the Ip τ phase of the electron propagation term. The application to time-dependent high-harmonic spectroscopy of
photochemical reactions was introduced in [15] for Br2 and [21] for NO2 , however
a (robust) extension to larger molecules with more than two atoms has not been
achieved yet.
A main goal of the work presented in this thesis was to give a foundation for
the development of such a model to describe the time-dependent spectra. A full
formulation of the time-resolved high-harmonic signal has to include the wave
packet motion of the excited molecule, leading to an additional integration over
the nuclear coordinates R in equation 4.2, similar to the photoelectron spectra
discussed in section 3.2.3. Assuming the Born-Oppenheimer approximation, the
total signal is the coherent superposition of the individual contributions, such that
d(Ω, ∆t) = ∑
i,j

* '
R

'*
'χ j (R)'2

2π
0

* π
0

A(θ, φ) ai,j,ion (θ, φ) Ci,j (Ω)

× ai,j,acc (Ω) ai,j,rec (Ω, θ, φ) sin(θ ) dθdφdR,

(4.15)

where we introduced a second index j to number the neutral electronic states the
system can occupy.
Individual quantities to simulate the complete emission dipole during a chemical
reaction within this model can be calculated, as can be seen in 3 with the potential
surfaces of NO2 and the channel dependent photoelectron spectra which can be
used to determine the correlation function. Some are feasible, such as the calculation of the recombination term with ePolyScat. But the angle-dependent tunnel
ionization rate seems still out of reach. Additionally, photochemical reactions are
especially diﬃcult to model, as their dynamics are often controlled by the presence of conical intersections or avoided crossings (cf. chapter 3), which occur in
the presence of at least two electronic states with similar binding energies. The
correct description of the multi-channel spectra, i.e. spectra due to ionization to
diﬀerent electronic states of the cation, is therefore critical for a successful prediction of the time-resolved high-harmonic spectra.
While the model could be reﬁned by introducing more of the quantum-mechanical eﬀects, such as mixing of ionic states due to the presence of the HHG laser ﬁeld,
it would not be feasible for the interpretation of TRHHS of photochemical reac-

83

Ch. 4

MODELING OF HIGH-HARMONIC SPECTRA

tions anymore. Chapter 5 focuses on the application of the model to experiments
with impulsively aligned organic molecules (1,3-cyclohexadiene and benzene),
which show only small energy-separations of the cationic states. The following
chapters 6 to 8 present experimental observations of photochemical reactions and
their interpretation.
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5.2

This chapter presents experimental observations of the time-depentent highharmonic spectra of impulsively aligned 1,3-cyclohexadiene and benzene. It
proves our ability to align 1,3-cyclohexadiene. A direct comparison between the
experimental results and the model presented in chapter 4 is given.

5.1

Introduction

A standard experiment of high-harmonic spectroscopy, which is sensitive to the
molecular structure, is the alignment or orientation of the sample with subsequent
high-harmonic generation. It shows the inherent sensitivity of the high-harmonic
spectrum to the orbital structure of the sample molecule and allows the reconstruction of parts of its electronic structure under certain circumstances [134]. Impulsive alignment [135, 136] due to the interaction with a strong and relatively
short (∼100 fs) laser pulse has been proven to work very well for high-harmonic
spectroscopy [137, 138], which is dependent on high gas densities in the interaction region, and thus cannot make use of weak-ﬁeld alignment procedures. In
impulsive alignment, the laser pulse generates a rotational wave packet, leading
to revivals of the anisotropy at ﬁxed intervals after the interaction with the laser
[139]. This allows one to probe the sample without the presence of the aligning
laser ﬁeld and, because the alignment is dynamic, one can probe diﬀerent axis
distributions depending on the delay between the pump and probe.
When impulsively aligning symmetric tops, two distinct timings can be identiﬁed
in the axis distribution around the full revival. The delay with maximal alignment
of the rotationally extraordinary axis of the molecule with the pump laser beam
polarization is called time of alignment. At the delay, where the extraordinary axis
is predominantly perpendicular to the polarization direction of the pump pulse,
the sample is called anti-aligned.
Impulsive alignment has become a standard tool in high-harmonic spectroscopy
and has been expanded to impulsive orientation in recent years [133, 140]. However, for large molecules such as 1,3-cyclohexadiene (CHD) or benzene, it can be
challenging to model the system suﬃciently well to reproduce the observables in
an alignment experiment, and serves as an excellent test of the simple theoretical model presented in 4. The molecule CHD was chosen because it undergoes a
fast ring-opening reaction when excited in the deep UV, which we wanted to investigate with TRHHS while the molecule is aligned (cf. chapter 8). Benzene was
chosen as a direct comparison to CHD, because its rotational structure is very
similar to CHD and its electronic structure is comparable.

5.2

Experimental details

We used a commercial Ti:Sa laser system with an output around 8 mJ at 1 kHz with
27 fs long pulses. The laser beam was distributed using beamspli ers, with one
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Molecule

dpump / mm

Epump / µJ

λprobe / nm

dprobe /mm

Eprobe / µJ

CHD
CHD
benzene

9
8
7

820
510
590

1420
800
800

101
6
42

890
390
420

Table 5.1: Beam diameters and pulse energies of the pump and the probe beam for
the measurements shown in this chapter. If not otherwise indicated, the beams were
reduced in diameter to the noted size with an iris. 1 : this is the visible diameter of the
full beam (iris open). 2 : the iris was positioned off-center with an opening of 8 mm.
The noted diameter is the estimated visible diameter of the beam.

part being sent to a delay stage and another part either coupled into a commercial
optical parametric ampliﬁer to transform the probe to 1400 nm or directly sent to
the experimental chamber when probing with 800 nm. The pump beam, which
was used to induce the rotational wave packet was sent over a system of λ/2 wave
plate and two consecutive polarizers at a Brewster’s angle to allow free tuning of
the laser intensity without changing its other properties. The pump beam was
stretched using 2.4 cm of UV fused silica to prolong the interaction time with the
sample and to reduce direct ionization.
The molecular samples were introduced into the experimental chamber by the
use of a bubbler. Due to the low vapor pressure of CHD, the bubbler was heated
to 60◦ C and the pipe system to the valve to around 85◦ C. The vapor pressure of
benzene was high enough that it did not have to be heated. To allow good conditions for rotational cooling of the molecules, the system was held at a constant
pressure of 4 bar with helium, which is possible because the ionization potential
of helium is too high to generate harmonic emission at the intensities employed
in the experiment.
The pump and probe beams were focused into the gas jet non-collinearly with an
oﬀset of about 2 cm by the same f = 50 cm silver focusing mirror. They both had
the same polarization direction and their diameters were individually adjusted
with irises to get an optimal alignment signal. See sections 2.2 and 2.3 for more
details on the experimental setup. Optimal overlap between pump and probe was
found by ﬁrst aligning N2 , because it has a strongly alignment-dependent highharmonic emission. If the alignment of N2 was judged to be good enough, the
sample was switched to one of the organic molecules and reoptimized for maximal alignment. Other than the direction of the beams, optimization parameters
were the pump and probe beam diameters and intensities, as well as the distance
of the interaction region from the pulsed valve and its opening time and delay.
An increased rotational cooling allows in principle higher degrees of alignment
to be achieved. However, at too low target densities the signal strength decreases
too drastically. The beam diameters and average pulse energies used for the measurement of the presented data are listed in table 5.1.
The high-harmonic spectra were analyzed by spatially averaging the intensity
over the individual high-harmonic emissions (cf. section 1.2) on the detector and
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subsequently normalizing them with respect to the high-harmonic intensity emitted at isotropic distributions of the molecule.

5.3

Theoretical Model

As the general model is presented in chapter 4, a brief overview is presented here.
The high-harmonic intensity is calculated as the absolute squared of the induced
dipole d. It can be expressed as the coherent sum of emissions due to the ionization
to diﬀerent ionic states i. The high-harmonic emission of the diﬀerent channels
is separated in the frequency domain into the coeﬃcients originating from the
three-step model. Thus,
d(Ω, ∆t) =

∑
i

* 2π * π
0

0

A(θ, φ, ∆t) ai,ion (θ, φ)

(5.1)

×Ci (Ω) ai,acc (Ω) ai,rec (Ω, θ, φ) sin(θ ) dθdφ,
where the only quantity, which is sensitive to the pump-probe delay, is the axis
distribution A. Note that this assumption breaks down when the laser induces
mixing of ionic states during the HHG process, as has been shown in [109], which
is not included in our model.
As CHD has two nearly identical rotational constants (Arot = 0.16925 cm−1 , Brot =
0.16886 cm−1 and Crot = 0.9012 cm−1 [141]), we treat both molecules as oblate
symmetric tops for the purpose of this model. The axis distribution A is deﬁned
in the laboratory frame, with θ the polar angle between the polarization direction
of the laser beams and the main axis of the alignment distribution given by the direction associated with the extraordinary moment of inertia. In this case the distribution is isotropic in φ and the axis distribution of aligned molecules can then be
parametrized similarly as in the case of linear molecules with the parametrization
[142],
%
&
6
2
2
2
Aalig (θ, φ) = Nalig 1 + α/ cos θ + ϵ sin θ ,
(5.2)
with the parameters α and ϵ. They are ﬁxed by the degree of alignment which is
usually given as the expectation value of cos2 θ at the time of alignment and Nalig
is the normalization such that;
* *
φ

θ

Aalig (θ, φ) sinθdθdφ = 1.

The anti-aligned distribution Aanti is deﬁned similarly as,
!
"
+
2
Aanti (θ, φ) = Nanti 1 + α/ cos2 (θ + π/2) + ϵ2 sin (θ + π/2) .

(5.3)

(5.4)

,
Isotropic distributions have an expectation value of cos2 θ = 1/3, anti-alignment expresses itself with a lower value, alignment with a higher value. The
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Figure 5.1: Semi-logarithmic illustration of the high-harmonic spectra of benzene
probed at 800 nm and CHD probed at 800 nm and 1420 nm.

other quantities in 5.1 are also expressed in this coordinate system. The geometry factors G00 of the tunnel-ionization term were supplied by our collaborators
Lars Madsen, Frank Jensen, Oleg Tolstikhin, and Toru Morishita using WFAT.
The propagation term was approximated by the classical solutions for the electron
trajectories. The inﬂuence of the nuclear motion was approximated with the photoelectron spectrum method. The photoelectron spectra were taken from [125].
The electron recombination was calculated on the basis of cc-pvqz hartree-fock orbitals using ePolyScat. All of these methods are further described and illustrated
in chapter 4. For CHD, the calculations were performed for the four highest-lying
molecular orbitals with respective ionization potentials Ip of 8.25, 10.7, 11.3, and
11.8 eV. Benzene has multiple degenerate orbitals. We calculated the properties of
the ﬁrst seven highest lying molecular orbitals with Ip of 2 x 9.25, 2 x 11.53, 12.38
and 2 x 13.98 eV. The given ionization potentials are determined by photoelectron
spectroscopy and taken from [125].

5.4

Results and Discussion

Figure 5.1 illustrates the measured high-harmonic spectra of CHD probed with
800 nm and 1400 nm as well as the high-harmonic spectrum of benzene probed at
800 nm at delay times ∆t with isotropic angular distributions.
The spectra of the two molecules are remarkably similar and show only small
modulations on top of the general decrease in intensity. Figure 5.2 shows the
normalized high-harmonic intensity around the full rotational revival for selected
energies for the diﬀerent molecules. Preferred orientations of the molecules are
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Figure 5.2: High harmonic emission of CHD and benzene around the first full revival
after impulsive alignment. The shaded areas mark one standard deviation from the
measured value of 5 (CHD, 1420 nm), 6 (CHD, 800 nm), and 7 (benzene, 800 nm) consecutive scans.

indicated in the ﬁgure. The modulation of high-harmonic emission is signiﬁcant,
typically showing enhanced emission when the molecule is aligned and decreased
emission when the molecule is anti-aligned. However, when CHD is probed with
800 nm, the behavior is diﬀerent, changing the intensity modulation from 28 to
38 eV. The position in energy of this inversion could shift by 1.5 eV (1 Harmonic)
for diﬀerent measurements with no clear indication to the cause.
Figure 5.3 illustrates this for all observed harmonics with the ratio r between the
high-harmonic intensity I when the molecules are aligned and the intensity of
anti-aligned molecules deﬁned as
#
$
I ∆talign , Ω
$.
r= #
(5.5)
I ∆tanti−align , Ω
The delay of maximal alignment at the ﬁrst full revivial is 98.2 ps and 99 ps for
CHD and benzene, respectively. The delay of maximal anti-alignment is 99 ps
and 89 ps.
In previous experiments, the cause of the “ﬂip” of the intensity modulation
around rotational revivals has been assigned to either an energy-dependent
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Figure 5.3: Intensity ratio (aligned over anti-aligned) around the first full revivial of
the high-harmonic emission of benzene probed with 800 nm (blue), CHD probed with
800 nm (red) and CHD probed with 1420 nm (black). The error bars indicate one standard deviation.
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Figure 5.4: Calculated induced high-harmonic dipole strengths for CHD at a probe
intensity of 5 · 1014 ,W/cm2-, a probe wavelength of 1420 nm, and an assumed aligned
distribution giving cos2 θ = 0.41. Panels a to d are calculated high-harmonic emission
intensities due to ionization of the different orbitals. Panel e is the predicted highhamonic spectrum according to equation 5.1.

change in the photorecombination cross-section (i.e. a minimum due to the electronic structure) or because of the interference of high-harmonic emission from
multiple ionization channels [108]. The former explanation can be excluded in this
case, because the location in the spectrum is not always at the same energy and
the eﬀect vanishes when CHD is probed with longer wavelengths. This would
not be the case for a structural minimum, as the kinetic energy of the recombining
electron determines the emi ed photon energy. The la er is dependent on the
probing intensity and wavelength which both inﬂuence the transit time and therefore the eiIp τ phase contribution as well as the tunnel-ionization probability for
the diﬀerent channels. Figure 5.4 shows the calculated high-harmonic intensity of
CHD when probed with
nm, an intensity of 5 · 1014 W/cm2 and a moderate
, 1420
degree of alignment of cos2 θ = 0.41 (α = −2, ϵ = 1.4) for the four diﬀerent ionization channels individually (5.4a-d) and their coherent sum (5.4e). It visualizes
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Figure 5.5: Calculated induced high-harmonic dipole strengths for CHD at a probe
intensity of 8 · 1013 ,W/cm2-, a probe wavelength of 1420 nm, and an assumed aligned
distribution giving cos2 θ = 0.41. Panels a to d are calculated high-harmonic emission
intensities due to ionization of the different orbitals. Panel e is the predicted highhamonic spectrum according to equation 5.1. The calculated dipole strengths in panels
b, c and d are multiplied by 50, 10, and 100, respectively, to plot them in the same scale.

the general structure of each channel. While the HOMO-channel alone predicts
more emission for aligned than for anti-aligned sample distributions, the other
channels emit more when anti-aligned. The coherent sum shows sharp variations
which are not present in the experiment.
The overall signal of the observed high-harmonic emission (blue spectrum in ﬁgure 5.1) is very similar to the structure predicted from HOMO alone (black line in
ﬁgure 5.4). The relative contributions of diﬀerent ionization channels are mainly
inﬂuenced by the probe intensity (cf. equation 4.4), which is experimentally diﬃcult to determine when generating high harmonics with multi-cycle pulses. For
species with low ionization potentials (such as CHD and benzene), the molecules
can ionize before the peak of the intensity envelope reaches the sample, i.e. the effective probe intensity is lower than the peak intensity of the pulse. The observed
high-harmonic spectrum at 1420 nm shows the characteristics of the HOMO channel, which can be reproduced with an intensity of 8 · 1013 W/cm2 , as is shown in
ﬁgure 5.5.
The degree of alignment
achieved
is not very high. A calculation with a higher
, we
2
degree of alignment ( cos θ = 0.5, α = −2.37, ϵ = 1.93) indicates increasing
ratios between the intensities of anti-aligned and aligned samples (ﬁgure 5.6).
The inversion of the revival structure between 28 to 38 eV can only be partially
reproduced within this model. A generation intensity of 1 · 1014 W/cm2 leads to
a high-harmonic cutoﬀ of 27.2 eV for the HOMO channel, leading to an inversion
of the behavior around the full revivial, as can be seen in ﬁgure 5.7. Above cutoﬀ harmonics [99] are not treated in the model, such that the behavior beyond
the cutoﬀ is not possible to calculate. The revival structure of the higher lying
harmonics might be due to ionization of even lower lying orbitals or the coherent superposition of harmonics generated from electrons returning with kinetic
energies higher than the classically allowed limit.
The modeling of the benzene spectrum fails due to the overestimation of the
contributions of lower lying channels. Figure 5.8 shows the calculated emission
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Figure 5.6: Calculated induced high-harmonic dipole strengths for CHD at a probe
intensity of 8 · 1013 ,W/cm2-, a probe wavelength of 1420 nm, and an assumed aligned
distribution giving cos2 θ = 0.5. Panels a to d are calculated high-harmonic emission
intensities due to ionization of the different orbitals. Panel e is the predicted highhamonic spectrum according to equation 5.1. The calculated dipole strengths in panels
b, c and d are multiplied by 50, 10, and 100, respectively, to plot them in the same scale.
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Figure 5.7: Calculated induced high-harmonic dipole strengths for CHD at a probe
intensity of 1 · 1014 ,W/cm2-, a probe wavelength of 800 nm, and an assumed aligned
distribution giving cos2 θ = 0.41. Panels a to d are calculated high-harmonic emission
intensities due to ionization of the different orbitals. Panel e is the predicted highhamonic spectrum according to equation 5.1. The calculated dipole strengths in panels
b, c and d are multiplied by 50, 10, and 50, respectively, to plot them in the same scale.
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Figure 5.8: Calculated induced high-harmonic dipole strengths for benzene at a probe
intensity of 1 · 1014 ,W/cm2-, a probe wavelength of 800 nm, and an assumed aligned
distribution giving cos2 θ = 0.41. Panels a, b and d show the absolute square of the
sum of the induced dipoles due to the ionization of two degenerate orbitals. Panel
c is the induced dipole strength due to the ionization of the non-degenerate orbital
HOMO-3. Panel e is the predicted high-hamonic spectrum according to equation 5.1.
The calculated dipole strengths in panels a, b, and c are multiplied by 10, 10, and 50,
respectively to plot them in the same scale.

strength of the diﬀerent ionization channels. As the induced dipole from the
degenerate orbitals is identical in phase and amplitude, the calculated absolute
square of the sum of both is shown. The total emission is dominated by contributions of the HOMO-1 and HOMO-3 orbitals, leading to a complex and strongly
varying harmonic spectrum, even at probe energies which minimize their contribution. As this is not observed in the experiment, but rather a spectrum and
revival shapes predicted from the HOMO orbitals alone, contributions of the
lower lying orbitals are rather minor and it is clear that the model failed in this
case.

5.5

Conclusion and Outlook

We succeeded in aligning CHD and benzene, opening the possibility to perform
TRHHS on aligned CHD.
The reasonable agreement of the model with the experiment in the case of CHD
probed at long wavelengths shows that the signal from individual ionization
channels can be predicted. This allows us to determine the origin of characteristic features in the spectra, such as shape-resonances. The inversion of the
modulation around the full revival in the spectrum of CHD is clearly due to contributions of lower lying orbitals to the high-harmonic spectrum. Its appearance
was tentatively assigned to the cutoﬀ in the otherwise dominant HOMO-channel.
The calculation of the high-harmonic spectrum of benzene failed. The HOMO-3
ionization dominates the high-harmonic spectrum, which does not agree with
the experiment. Further work is needed to determine the cause of the strong
contributions of the HOMO-3 and HOMO-1 channels.
As a consequence of the diﬃculties to calculate the relative dipole strength, it
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is advantageous to perform TRHHS with long wavelengths and low intensity,
to suppress contributions of channels with high ionization potential as much as
possible, making the modeling of the high-harmonic spectra more feasible.

96

D

6

CH3I
CF3I

97

Introduction

6.1

This chapter discusses time-resolved high-harmonic spectroscopy (TRHHS) of the
dissociation of CH3 I and CF3 I. Its content was previously published in Tehlar, A.
and Wörner, H. J. Time-resolved high-harmonic spectroscopy of the photodissociation of CH3 I and CF3 I Molecular Physics, 111, 2057-2067, (2013) [41] and is only
slightly modiﬁed here.

6.1

Introduction

In this chapter, we study the photodissociation of CH3 I following its excitation
to the A-band and compare the results with those of other methods. In addition, we study CF3 I which is known to have similar dissociative electronic states
but for which no time scale for the A-band photodissociation dynamics of CF3 I
has been reported. The knowledge about the photochemical dynamics of these
molecules dates back to the discovery of the ﬁrst laser relying on photodissociation by Kasper and Pimentel in 1964 [143]. Lasing was observed at 1.3 µm as a consequence of population inversion in the ﬁne-structure levels of the atomic iodine
photofragment. A detailed study using velocity-map imaging of the fragments
showed that photoexcitation at 267 nm prepares almost exclusively the 3 Q0+ state
with the transition dipole moment parallel to the main axis of the molecule. This
state correlates with the CH3 + I(2 P1/2 ) channel and has an intersection with the
1 Q state that is weakly populated through a non-adiabatic transition, yielding a
1
small population in the CH3 + I(2 P3/2 ) channel [144]. See ﬁgure 6.4 for an illustration of the potential surfaces along the dissociation coordinate.
The ﬁrst time-resolved measurements on methyl iodide were performed by
Zhong and Zewail in 1998 using the kinetic-energy time-of-ﬂight (KETOF) method.
They obtained a dissociation time of 125 fs, deﬁned as the appearance time of the
methyl fragment which was detected through resonance-enhanced multiphoton
ionisation (REMPI) [145]. Recently, Bañares and co-workers studied the photodissociation of methyl iodide by combining REMPI with velocity-map-imaging
detection of the fragments, allowing them to resolve the dissociation times of the
methyl fragments associated with each of the two dissociation channels. They
obtained appearance times of 80±20 fs for the CH3 + I(2 P1/2 ) channel and 40±20
fs for the CH3 + I(2 P3/2 ) channel [146]. In a complementary experiment, the same
group used multiphoton ionisation to probe the dissociation dynamics. Since
this detection method is non-resonant, it gives access to the temporal evolution
of the transient photoexcited species. Using non-resonant strong-ﬁeld ionisation,
delayed maxima in the fragment ion yields and exponential decay times of 50±20
fs for the CH3+ signal and 40±20 fs for the I+ signal were obtained [147]. Timeresolved studies of the intramolecular vibrational dynamics of CH3 I have been
reported by Quack et al. both in the gas phase and in solution showing that ultrafast vibrational energy redistribution is governed by three diﬀerent time scales
[148, 149].
In the case of CF3 I, the time scale of dissociation following excitation to the A
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band has not been reported but a time span of 150-350 fs has been estimated from
the anisotropy factor of the photofragments [150]. In addition, several simultaneously occurring multiphoton processes related to the A-band photodissociation
have been observed [151]. Time-resolved studies have also been performed on
the dynamics of Rydberg states accessed through multiphoton excitation [152].
The photodissociation of CF3 I induced by multiphoton absorption at 10 µm has
also been studied and the populations of ﬁne- and hyperﬁne levels of the iodine
photofragment have been measured by high-resolution diode laser spectroscopy
(see [153] and references therein).

6.2

Method

6.2.1

Experimental details

The experimental setup consisted of an ampliﬁed Ti:sapphire laser system, generating 25 fs laser pulses centred at 800 nm with a repetition rate of 1 kHz and
a vacuum chamber for the generation and characterisation of extreme-ultraviolet
(XUV) high-harmonic radiation (see chapter 2). The output of the laser system
was separated into a pump and a probe beam using a beam spli er. The pump
pulses were generated by frequency tripling the 800 nm laser pulses. This was
achieved by frequency-doubling the 800 nm laser beam in a beta-barium borate
(BBO) crystal, compensating the group delay of the emerging 400 nm pulses with
respect to the 800 nm pulses by means of a calcite plate, rotating the polarisations
of the 800 and 400 nm pulses into the same plane using a zero-order λ/2-waveplate
at 800 nm (i.e. λ at 400 nm), and performing the sum-frequency mixing (800+400
nm) in a second BBO crystal. The 267 nm pulses were reﬂected on two lowpass
dichroic mirrors to separate the remaining 400 nm and 800 nm radiation.
Subsequently, the beam was sent into the transient grating setup as discussed
in section 2.4.2 of this thesis. The three resulting beams were focused into the
experimental chamber using a single f = 45 cm spherical aluminum mirror. The
angle of ∼1.5◦ between the pump beams created a vertically-modulated transient
grating in the focus with a spatial periodicity Λ of about 10 µm. Typical energies
of the pump pulses were around 10 µJ, the high-harmonic-generating probe pulse
had energies around 0.9 mJ.
A General Valve operating at a repetition rate of 100 Hz with a backing pressure
of 4 bar was used to generate a cold supersonic gas expansion of the investigated
molecules into vacuum. Helium was bubbled through liquid CH3 I held at room
temperature where the gaseous CF3 I was prepared in a mixture with He in a ratio
of 1:5. Higher dilution of the samples led to a signiﬁcant deterioration of the signal
because of the quadratic dependence of the high-harmonic generation signal on
the target density. The synchronisation between laser and gas pulses was chosen
such that the early part of the supersonic expansion was probed to minimize the
presence of clusters. The rotational cooling was optimised and the cluster forma-
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tion was further suppressed by adjusting the experimental conditions such as to
optimise the contrast of the rotational revivals following impulsive alignment of
CH3 I [154]. See section 1.2 for a general discussion of the transient-grating setup.

6.2.2

Data Analysis

Typical spectrally resolved far-ﬁeld harmonic proﬁles are displayed in ﬁgure 6.1.
At negative delays, i.e. when the probe pulse precedes the pump pulses, the regular odd harmonics H9–H21 are observed (panel 6.1a). As in previous publications,
this undiﬀracted radiation is designated as m = 0, the zeroth order of the transient
grating. At zero delay, i.e. when the pump and probe pulses temporally overlap,
four additional vertically displaced sidebands appear, two above and two below
each harmonic order (panel 6.1b). The two peaks closest to m = 0 originate from
wave mixing between the 267 nm pump pulses and the 800 nm probe pulse. We
therefore designate them as wm = ±1. Conservation of the linear photon momenta, energies and total parity dictates the position where this emission appears
on the detector.
Following Ref. [20], these emissions can be labeled by (n1 , n2 ) according to the
net numbers n1 of 800 nm photons and n2 of 267 nm photons that are involved in
their generation. The emissions highlighted by the boxes in ﬁgure 6.1b correspond
to (10,1) and (16,-1), where each process contributes to both spots depending on
which of the two pump pulses is involved in the generation process. The two
weaker spots located outside the boxes have contributions from both wave mixing (7,2) and (19,-2), as well as diﬀraction resulting from the molecular excitation
grating. At positive pump-probe delays (ﬁgure 6.1c), diﬀraction from the transient grating (m = ±1) is the only contributor to this emission that is highlighted
by boxes in ﬁgure 6.1c.
In the present experiments, as in previous ones [10, 18–20], we have found that
wave mixing is strongly suppressed for perpendicular polarizations of pump and
probe pulses, however depending on the molecule, might still occur. For suﬃciently low intensities of the excitation pulses, the contribution of wave mixing to
the diﬀracted radiation can therefore be neglected. This is not the case in parallel polarizations, where wave mixing is always observed as a strong contribution.
The signal intensity as a function of the pump-probe delay traces was obtained
by selecting the areas corresponding to these diﬀerent optical processes in the acquired far-ﬁeld high-harmonic spectra.
Since no transient grating is present for negative time delays, the intensity in the
m = ±1 regions is expected to be zero before the arrival of the pump pulses.
Thus, the average of the integrated intensity in these areas was treated as constant background and subtracted from the signal. The integrated intensities of
all ﬁve emission maxima in each harmonic order (m = 0, ±1; wm = ±1) were
normalized with respect to the signal measured in m = 0 at negative time delays. The wave-mixing signal provides the cross-correlation signal and zero delay
time. Since the wm = ±1 spots partially overlap with the m = 0 emission and the
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wave-mixing signal is mainly a cross-correlation signal with vanishing intensities
at both large negative and large positive ∆t, the signal in m = 0 was appropriately
subtracted from that in wm = ±1. The ﬁt parameters presented in table 6.1 are
weighted means over several experimental scans using the inverse of their absolute error intervals as weight. The error intervals given in table 6.1 correspond to
the weighted standard deviation of the measurements.
a) ∆ t << 0
5

m=0

H11

H13

H15

H17

H19

H21

4
3.5

b) ∆ t = 0
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3
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4.5
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c) ∆ t >> 0
m = +1

1

m = −1

0.5
0

Wavelength
Figure 6.1: Typical far-field high-harmonic profiles obtained at different time delays.
The color coding of the intensity is shown on the right. a) At negative time delays
(probe before pump pulses), only undiffracted high-harmonic emission is observed.
The analysis area of m = 0 for H13 is shown. b) Around ∆t = 0, the interaction of the
probe with each of the pump pulses leads to additional emission in the wm = ±1 and
m = ±1 spots. The wm = ±1 areas are shown in red for H13. c) At large positive time
delays, the m = ±1 emission (highlighted areas for H13) results from the presence of
a transient grating in the sample. This Figure was previously published in [41].

6.3

Results

Figure 6.2 shows the experimental results obtained on the photodissociation of
CH3 I. The molecules were excited using ∼50-70 fs pulses centered at 267 nm and
high-harmonic generation was performed by a delayed 30 fs pulse centered at 800
nm. The black curves show the intensity of the undiﬀracted radiation (m = 0) at
harmonics 9 to 15 as a function of the pump-probe delay. The red curves show
the intensity in the ﬁrst-order diﬀraction sideband m = ±1, and the blue curve
shows the signal resulting from wave mixing between the 800 and 267 nm pulses
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during their temporal overlap [20]. All signals have been normalized to the intensity at negative delays in m = 0 of the same harmonic order, which corresponds
to high-harmonic emission from molecules in the electronic ground state only.
also normalized to the emission of the unexcited molecules. As discussed in the
previous section, the wave-mixing signal is spatially separated from both the undiﬀracted and the diﬀracted radiation and can thus be measured separately. This
feature provides an in-situ calibration of the zero pump-probe delay and a measurement of the cross-correlation time of the experiment.
The temporal evolution of the signal is qualitatively similar across the observed
harmonic orders. The undiﬀracted signal (m = 0) is found to decrease following photoexcitation in all harmonic orders. This behavior has been observed also
in all previous experiments using TRHHS and has been shown to originate from
partially destructive interference of high-harmonic emissions from excited and
unexcited molecules [15]. The undiﬀracted signal partially recovers after the initial decrease. The depth of the signal modulation increases with harmonic order.
The signal in the diﬀraction sidebands (m = ±1) increases during the photoexcitation process and subsequently decays. The maximal value reached by the normalized signals also increases with high-harmonic order. We note that ﬁgure 6.2
only shows the early part of the dissociation dynamics but our measurements include several data sets extending to delay times of 1.5 ps which were important
in determining reliable exponential time constants in our model. This is also the
case for the CF3 I measurements.
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Figure 6.2: High-harmonic transient grating results on the photodissociation of CH3 I
following excitation at 267 nm. High-harmonic generation was performed by an 800
nm laser pulse polarised perpendicularly to the excitation pulses. The four panels
show the measured signals in several harmonic orders of m = 0 (left scale) and the
averaged signals of m = ±1 and wm = ±1 (right scale), normalized to the signal in
m = 0 at negative delays. Fitted curves according to Eqs. (6.1) and (6.2) for the m = 0
and m = ±1 traces are shown as thin grey lines. This Figure was previously published
in [41].

Figure 6.3 shows the experimental results obtained on the photodissociation of
CF3 I using identical conditions as for the studies of CH3 I. To our knowledge, these
results are the ﬁrst time-resolved measurements of the photodissociation of CF3 I
from the A band. The temporal variation of the signals is qualitatively similar to
the observations in CH3 I although the modulations are slower in the case of CF3 I.
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This observation is consistent with the expected slower dissociation dynamics of
a heavier molecule when potential energy surfaces of similar shape are involved.
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Figure 6.3: Same as figure 6.2 but for CF3 I. This Figure was previously published in [41].

The variation of all observed m = 0 signals appears to be well described by
a fast drop followed by a slow recovery. All m = ±1 signals display a fast
buildup followed by a slow decay. We therefore choose the simplest possible
model to describe the data and extract time constants. The temporal evolution of
the diﬀracted electric ﬁeld is represented by a function that exponentially decays
to an asymptotic value, convoluted with a Gaussian function, which is squared to
get the signal
'
#
$'2
Im=±1 = '[θ (t − te ) · ( a + b · exp (−(t − te )/τ ))] ∗ exp −t2 /(2σ2 ) ' ,
(6.1)

where θ is the heaviside step function, a and b represent signal amplitudes, τ is the
time constant of the exponential decay, te is the temporal origin of the exponential
function and σ is the width parameter of the Gaussian function. The normalized
electric ﬁeld in m = 0 is represented by a similar function subtracted from one,
thus:
'(
#
$ #
#
$$)
#
$'2
Im=0 = ' 1 − θ t − te′ · a′ + b′ · exp −(t − te′ )/τ ′
∗ exp −t2 /(2σ′2 ) ' .
(6.2)
These functions represent a phenomenological model that is used in the present
work to extract apparent time constants from the measurements. They can only
be compared in parts with those of the actual physical model, outlined in the
following section, that relates the time-dependent properties of the molecule to
the emi ed high-harmonic radiation. We have however veriﬁed that the functions given by Eqs. (6.1) and (6.2) provide an excellent ﬁt of the theoretical results
described in the following section. Fi ing Eqs. (6.1) and (6.2) to the theoretical
results showed that the time constants τ (′ ) and σ(′ ) depend on both m and the
harmonic order. The time constants τ and σ as well as the amplitude factors were
therefore all optimised independently. A empts of reproducing the experimental data with a smaller number of free parameters, e.g. te = t′e = 0 or te = t′e or
order-independent time constants were not successful. The same holds true for
the theoretical results discussed below. This aspect is further discussed in section
6.5.
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The curves corresponding to the results of a non-linear least-squares ﬁ ing procedure of the model functions given by Eqs. (6.1) and (6.2) to the experimental
data are shown in the Figs. 6.2 and 6.3. The agreement of the ﬁ ed curves with
the experimental data shows that the results are well characterised by our model
functions. Table 6.1 lists the average time constants obtained from 4–5 independent measurements.
The exponential time constants τ obtained for m = 0 and m = ±1 of a given
harmonic order are found to agree within one standard deviation, although the
time constants for m = ±1 appear to be slightly larger than those for m = 0.
The time constants for both m = 0 and m = ±1 are found to increase with increasing harmonic order. All τ’s obtained from ﬁts to m = 0 lie within the error
margin of any of the other harmonic orders. In m = 1 however, the error bars are
smaller, indicating a systematic increase of exponential time constants with harmonic order. Similar trends in τ are also observed for the CF3 I results, where the
time constants τ are found to increase with increasing harmonic order but they
all overlap within one standard deviation. The temporal oﬀset te of the exponential functions for both CH3 I and CF3 I are all negative but small and lie within the
width of the cross-correlation function. The widths of the Gaussian function σ are
found to be practically constant over the harmonic orders, in both diﬀracted and
undiﬀracted radiation and for both molecules.
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Harmonic No.
9
11
13
15
9
11
13
15
9
11
13
15

CH3 I

CF3 I

τm=0 / fs

τm=±1 / fs

τm=0 / fs

τm=±1 / fs

86±39
101±50
109±56
111±53

104±21
125±32
163±35
154±35

157±29
178±29
184±38
195±61∗

168±24
174±33
239±109
240±183∗

te,m=0 / fs

te,m=±1 / fs

te,m=0 / fs

te,m=±1 / fs

-15±8
-17±9
-18±12
-24±12

-34±9
-37±9
-33±13
-32±12

-10±19
-1±17
-8±20
-12±26∗

-25±16
-26±18
-23±20
-20±24∗

σm=0 / fs

σm=±1 / fs

σm=0 / fs

σm=±1 / fs

40±3
39±2
38±2
40±2

48±8
40±7
33±4
32±9

44±7
44±6
43±4
43±4∗

38±5
45±5
45±5
45±5∗

Table 6.1: Fit parameters extracted from the experimental data on CH3 I and CF3 I for
undiffracted (m = 0) and diffracted (m = ±1) high-harmonic signals using Eqs. (6.1)
and (6.2). The error intervals indicate the standard deviation of four (CH3 I and those
marked with ∗ ) respectively five (remaining CF3 I data) measurements. The origin of
time is defined by the maximum wave mixing signal (wm = ±1) at harmonic 11.
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Figure 6.4: Relevant potential energy surfaces of CH3 I and CH3 I+ as a function of
the C-I distance (the main dissociation coordinate). The neutral states were taken
from quantum chemical ab initio calculations reported in [158] and [159]. The cationic
states were constructed using a Morse potential for a pseudo-diatomic molecule.
7 + states were modeled with the equilibrium distance Req = 2.126 Å [160], the
The X
ground state vibrational wavenumber ν̃0 = 478.0 cm−1 [161], the dissociation energy De = 2.731 eV [162], the adiabatic ionisation energy Ip = 9.538 eV [163] to
7 + 2 E3/2 state and the spin-orbit splitting of 5050 cm−1 [164]. The parameters
the X
ν̃0 = 296.3 cm−1 , De = 0.925 eV, the zero point energy Te = 11.944 eV (all from [164])
7 + state. The curve crossings of the ionic
and Req = 2.503 Å [160] were used for the A
potential energy surfaces shown in Ref. [165] were not taken into account because
7 + ground state of the
our present model is limited to strong-field ionisation to the X
cation. This Figure was previously published in [41].

6.4

Theoretical model

The A band in the photoabsorption spectrum of CH3 I arises from three overlapping electronic transitions that connect the ground state to the 3 Q1 , 3 Q0+ and 1 Q1
states [155, 156]. The largest contribution comes from a parallel transition to the
3 Q + state that dominates absorption at 267 nm. The perpendicular transitions to
0
the 3 Q1 and 1 Q1 states represent less than 1 % of the absorption strength [157].
Photoexcitation thus mainly accesses the 3 Q0+ state that correlates with atomic
iodine in the 2 P1/2 state. Following excitation at 267 nm, about 10% of the excited
population undergoes a non-adiabatic transition to the 1 Q1 state, forming iodine
atoms in the 2 P3/2 state [146].
The total wave function of a photoexcited molecule can be wri en in terms of a
sum of products of electronic wave functions φ and nuclear wave functions χ of
the electronic ground state (g) and a set of electronically excited states (i)
Ψ(r, R, t) = c g (t)φg (r; R)χ g (R) + ∑ ci (t)φi (r; R)χi (R, t),

(6.3)

i
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where r and R represent the electronic and nuclear coordinates, respectively, and
t is the time elapsed since photoexcitation. The excited state fraction r is given by
the coeﬃcients of the superposition state r = 1 − |c g |2 = ∑i |ci |2 and |ci |2 = ri .
Atomic units are used in this section unless otherwise indicated. The electric ﬁeld
describing high-harmonic emission from this superposition state, that is assumed
to evolve on a time scale t much slower than the period of the laser-ﬁeld oscillation, is given by a coherent sum of the XUV radiation emi ed from the diﬀerent
electronic states [19]
EXUV (Ω, t) = (1 − r (t))d˜g (Ω) + ∑ ri (t)d˜i (Ω, t),

(6.4)

i

where d˜i (Ω, t) is the time-dependent complex spectral representation of highharmonic emission at photon energy Ω for the neutral molecular wave packet
in the electronic state i. The d˜i (Ω, t) can be calculated for each wave packet in a
diabatic electronic basis as [19]
*
+
if
2
˜
(6.5)
di (Ω, t) = dR|χi (R, t)| ∑ I i f (R)dr (R, Ω)e−iφtot (R,Ω) ,
f

where the sum runs over the accessible states f of the cation. I i f is the rate of
if
strong-ﬁeld ionisation from the neutral state i to the cation state f , I p the correif

sponding ionisation potential and dr the corresponding complex photorecombiif
nation matrix element. Since both I i f and dr depend on the molecular orientation
with respect to the polarisation of the generating laser pulse, we use here the prod6
if
uct I i f (R)dr (R, Ω) which we assume to have been averaged over the relevant
molecular axis distribution.
The term e−iφtot (R,Ω) arises from the propagation of the electronic wave packet in
the laser ﬁeld [9, 121]. The phase φtot (R, Ω) accumulated during high-harmonic
generation from an electronically excited state relative to the ground state can be
if
g
approximated by ( I p (R) − I p )τ (Ω) when Ω ≫ I p [121]. Since low harmonic
orders are measured in the present work, we rather use the complete expression
for the high-harmonic phase for each state [9]. On this basis, assuming a δ-like
probe pulse, the intensities of high-harmonic emission in m = 0 and m = ±1 can
be calculated as follows
'
'2
'
'
'
'
˜
˜
Im=0 (Ω, t) = '(1 − r (t))d g (Ω) + ∑ ri (t)di (Ω, t)'
(6.6)
'
'
i
'
'2
'
1'
'
'
˜
˜
Im=±1 (Ω, t) =
(6.7)
'∑ ri (t)(di (Ω, t) − d g (Ω))' .
'
4 'i
A complete theoretical description of TRHHS experiments of the photodissociation of CH3 I according to the above equations would require 9-dimensional potential energy surfaces of the 3 Q0+ , 1 Q1 and 3 Q1 states of the neutral molecule
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7+, A
7 + and B
7 + states of the cation and 9-dimensional non-adiabatic wave
and the X
packet calculations. Dyson orbitals, strong-ﬁeld ionisation rates and photorecombination matrix elements [18, 166, 167] would then be needed for the molecular
geometries relevant to the dissociation pathway to ﬁnally provide the expected
high-harmonic signals. Although 9-dimensional wave-packet calculations have
recently been reported [168], the calculation of the other required quantities is
currently an active area of research [107, 114, 169–171].
We therefore turn to a much simpler theoretical model that only takes into account the variation of the high-harmonic phase along the dissociation pathway
[10]. High-harmonic transient grating spectroscopy has indeed been shown to be
much more sensitive to phase than to amplitude modulations [172]. A quantitative derivation of the diﬀraction eﬃciencies of high-harmonic phase and amplitude gratings has been given in Ref. [173]. We further simplify the excitedstate dynamics to wave packet propagation on the 3 Q0+ electronically excited state
only, given that it accounts for up to 90% of the excited-state population [144, 146].
In the case of CF3 I, between 88 and 100 % of the atomic iodine fragments are produced in the 2 P1/2 state [174, 175].
Equations (6.6) and (6.7) are therefore simpliﬁed by replacing the sum over i with
a single electronically excited state (the 3 Q0+ state) designated with the subscript
e and we use the same normalization as in the experimental results, i.e. we factorize out the emission intensity of the unexcited molecules and deﬁne d˜e (Ω, t) =
d˜i (Ω, t)/d˜g (Ω). In our calculations we thus use the expressions

where

'
'2 '
#
$'2
Im=0 (Ω, t) = '˜
d g (Ω)' '1 − r (t) · d˜e (Ω, t) − 1 '
'
'2 1 '
#
$'2
Im=±1 (Ω, t) = '˜
d g (Ω)' 'r (t) · d˜e (Ω, t) − 1 ' ,
4
d˜e (Ω, t) =

*

dR|χe (R, t)|2 e−i(φtot,e (R,Ω)−φtot,g (Ω)) .

(6.8)
(6.9)

(6.10)

Note that (6.8) and (6.9) are structurally similar to the ﬁ ing expressions (6.2) and
(6.1). The theoretical signals are evaluated using nuclear wave packets χe (R, t)
obtained by solving the one-dimensional time-dependent Schrödinger equation
using the split-operator technique [176] along the dissociation pathway on the
3 Q + surface. We include the explicit interaction with a 50-fs resonant photoex0
citation pulse, but neglect the temporal broadening imparted by the probe pulse.
Our wave packet calculations use a temporal step of 50 as and a grid with a spatial
step of 0.007 Å. The potential energy curve of the 3 Q0+ state as a function of the
C-I bond length with all other internal coordinates relaxed was taken from Ref.
[158]. The time-dependent wave packet and the potential energy curves shown
in ﬁgure 6.4 serve as input to calculate the high-harmonic intensities according to
Eqs. (6.8-6.10).
The results of these calculations, shown in ﬁgure 6.5, reproduce the qualitative
temporal evolution of all measured signals and reﬂect all observed trends. The
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signal in m = 0 is observed to decrease during excitation and to subsequently recover to an asymptotic level that decreases with increasing high-harmonic order.
The diﬀracted signal (m = ±1) is found to increase during excitation to reach a
maximum that increases with harmonic order and is delayed with respect to zero
time delay. The diﬀracted signal subsequently decays to an asymptotic value that
also increases with harmonic order. These observations are all in good agreement
with the experimental data shown in ﬁgure 6.2. Moreover, the relative intensity
of the diﬀracted radiation in the range of 2–10×10−3 is in quantitative agreement
with the experiment. We thus conclude that the variation of the high-harmonic
phase along the dissociation pathway is one of the dominant eﬀects probed by the
experiment. The most signiﬁcant discrepancy between experiment and theory is
the time scale of the signal variations which is slower in the experiment than in
the theoretical results. A ﬁ ing procedure of Eqs. (6.1) and (6.2) to the theoretical
results shown in ﬁgure 6.5 provides an excellent reproduction of the calculated
curves with exponential time constants that are however much shorter than those
observed in the experiment. A similar result has been previously obtained in studies of the photodissociation of Br2 [15]. We discuss and interpret this result in the
following section.
The theoretical model presented here is extremely simpliﬁed because it considers
only one dimension of the wave-packet motion, it includes only the 3 Q0+ state of
7 + 2 E3/2 state of the cation and ﬁnally, it ignores also
the neutral molecule and the X
the variation of both the ionization rate and the photorecombination matrix elements with the molecular geometry. Nevertheless, this simple model reproduces
the main features of the experiment, both the qualitative variation of the measured
intensities and the trends in the observed signal levels. Our time-dependent wave
packet in the 3 Q0+ state is in good agreement with the results of a 4-dimensional
calculation reported in Ref. [146]. In the future, our model can be improved by
performing wave packet calculations in higher, ideally full dimensionality (9D) as
recently reported [168], calculating strong-ﬁeld ionisation rates and photorecombination matrix elements for the relevant geometries and extending the model
to include the lowest-lying electronic states of the cation. According to detailed
calculations of the potential energy surfaces of the cation, excited electronic states
will almost certainly play a role in the region of C-I internuclear separations above
7+, A
7 + and B
7 + states intersect and lie within 2 eV of the X
7 + elec4 Å where the X
tronic ground state of the cation [165].

6.5

Discussion

The time constants obtained from the present experiments on the photodissociation of CH3 I overlap with the 125 fs measured by Zewail and co-workers using
time-resolved KETOF spectroscopy [145]. That technique measures the appearance of a fragment as a step function, the centre of which is deﬁned as the appearance time. In contrast, TRHHS measures the variation of the high-harmonic signal
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Figure 6.5: normalized calculated high-harmonic intensities in m = 0 and m = ±1 for
CH3 I according to the theoretical model described in the text using a pump pulse
of 50-fs duration centered at 267 nm and a peak intensity of the probe pulse of
1.5×1014 W/cm2 . The nuclear wave packet is taken from a one-dimensional propaga7 2 E3/2 surface of the cation
tion on the 3 Q0+ surface and strong-field ionisation to the X
is included in the calculation. This Figure was previously published in [41].

of a transient species until it reaches the asymptotic signal level. The KETOF technique relies on resonant few-photon ionisation of the fragments. It therefore measures the time scale on which the nascent fragment develops the electronic absorption spectrum of the isolated fragment. Along the same reasoning, TRHHS can
be described as measuring the time scale on which the transient species develop
the high-harmonic emission spectrum of the isolated fragments. In the case of
CH3 I, our results thus suggest that the time scale for the development of the highharmonic emission spectra of the isolated fragments is consistent overall with the
development of the absorption spectra of isolated fragments. This result is intuitive considering that high-harmonic generation is an electronic process which is
therefore particularly sensitive to the electronic structure of the molecules. The
similar time scales extracted from KETOF and TRHH spectroscopies can thus be
rationalised as the time scales for the development of the electronic structure of
the free fragments.
The comparison of our experimental and theoretical results shows that the effect of the coordinate-dependent ionisation potential on the phase of the highharmonic emission is very pronounced and qualitatively explains the main observations. However, the time scales for the development of the isolated fragment emission are slower in the experiment than in the calculations. Moreover,
although the time constants determined for diﬀerent harmonic orders overlap
within 1 standard deviation, a systematic trend of increasing time constants is
observed with increasing order. A similar result has previously been obtained
in Br2 , but the time constants were not determined [10]. The present observations suggest a variation of the photorecombination matrix elements that extends
to large dissociation coordinates. The weak order dependence of the time constants could originate from a higher sensitivity of the photorecombination matrix
element to the nuclear conﬁguration, as might be expected from the shorter deBroglie wavelength of the recombining electron.
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In addition, the slower time scale of the experiment and the weak order dependence could also be related to the presence of photofragments within the extension
of the continuum electron trajectories that range from 1.6 Å for H9 to 4.5 Å for H15
under the conditions of the present experiment. These eﬀects should however be
small in the experiments reported here because the electron trajectories mainly
unfold perpendicular to the C-I axis.

6.6

Conclusions and Outlook

We have applied time-resolved high-harmonic spectroscopy to the photodissociation of CH3 I and CF3 I following excitation to their respective A bands. Time
constants for the development of the high-harmonic spectra of the free fragments
have been determined. In the case of CH3 I, the time constants are consistent
with the time scale of appearance of the methyl fragment determined by the
KETOF method [145]. The global temporal variation of the observed signals has
been explained in terms of the variation of the vertical ionisation potential along
the reaction pathway. This simple model however underestimates the observed
time scales. A weak dependence of the time constants on the harmonic order
was observed and tentatively a ributed to an order-dependent sensitivity of the
photorecombination matrix elements to the nuclear conﬁguration. In the case
of CF3 I, we have reported the ﬁrst time-resolved measurement of the A-band
photodissociation. The time constants measured by high-harmonic spectroscopy
are within the 150-350 fs interval for the photodissociation time inferred from
fragment anisotropies in Ref. [150]. In the near future, the temporal resolution
of the experiment will be improved using temporally compressed 267 nm pulses
to study the dynamics at the conical intersection that is expected to be reached
∼20 fs after photoexcitation. The measurements can also be extended to oriented
CH3 I molecules [140], which should reveal the time scale on which the molecular asymmetry is lost along the dissociation pathway leading to planar CH3 and
atomic iodine.
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7.2

This chapter presents the results on the time-resolved high-harmonic spectroscopy of NO2 and compares them with the new wave-packet calculations
presented in chapter 3 of this thesis.

7.1

Introduction

The dynamics of NO2 following one-photon excitation around 400 nm has already been investigated with the use of several diﬀerent techniques. However, the
molecular dynamics after this excitation are still under discussion, as the ﬁndings
of the diﬀerent studies appear to disagree with each other. The present TRHHS
measurements at 1420 nm were meant to complement the earlier measurements
carried out with 800 nm and give more observables to interpret due to the more
extended spectrum. The previous measurements [18, 21, 40], suggested highharmonic spectroscopy to be sensitive to the diabatic state population in NO2 ,
when the molecular motion crosses the conical intersection. For a discussion of
the molecular excited-state dynamics see chapter 3.

7.2

Methods

7.2.1

Experimental details

The output of a commercial Ti:Sa laser ( 8mJ, 1 kHz, 27 fs intensity FWHM) was
split into two with one part being sent to the optical parametric ampliﬁer (OPA)
system where the central wavelength was upconverted to 1420 nm. The other
part was routed over a delay line with an automated stage to set the pump probe
delay. Susequently we used a 100 µm thick BBO crystal for sum-frequency generation resulting in the desired 400 nm (3.1 eV) beam to excite the NO2 . By detuning the incidence angle of the BBO crystal, the output spectrum could be shifted
by 2̃ nm. This allowed to either excite a signiﬁcant part of the molecules above
the dissociation threshold at 397.95 nm (3.1155 eV) allowing us to investigate the
picosecond dissociation of the molecule or to nearly completely prevent this excitation by shifting the spectrum towards longer wavelengths. The 800 nm beam
was separated from the second harmonic by reﬂections on two longpass dichroic
mirrors.
The transient-grating setup was used in the conﬁguration presented in section
2.4.2, although the system was less optimized to keep the pulse as short as possible. We used broadband high reﬂective mirrors covering the range from 240
to 410 nm to reﬂect the beam in the transient-grating setup. The beamspli er in
the setup was 2 mm thick. The dirchroic mirror to recombine the two pump and
the IR probe beam was uncoated on the backside. The alignment procedure of
the transient grating was performed as described in 2.4.2. A bo le of NO2 was
directly connected to the pulsed valve, which had an opening of 500 µm. The
pipe system was heated to prevent formation of N2 O4 . The beam diameters were
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reduced by irises in front of the transient-grating setup (400 nm beam) and the
dichroic recombination mirror (1420 nm beam).
Typical pulse energies before entering the high-harmonic source chamber while
measuring were around 10 µJ for each UV beam with around 7 mm diameter. The
HHG-beam was used with beam diameters of ∼10 mm and 600 µJ. They were
focused together on the gas jet with a focusing length of 45 cm. The combination
of UV pump and mid-IR probe led to a focus size mismatch, where the pump
interaction volume is smaller than the probe volume. We tried to overcome this
problem by using a telescope to increase the HHG-beam to 1.5 times its original
diameter. However, with this se ing we were not able to ﬁnd signal from the
transient grating (diﬀraction) anymore.

7.2.2

Data analysis

Data analysis is performed in the same way as explained in section 6.2.2. Figure
7.1 shows an exemplary intensity distribution on the detector at ∆t = 0.
Normalized Intensity

10

-2

10 -1

1

Divergence / pixel

10

-3

Wavelength / arb. units

Figure 7.1: Image of the detector at ∆t = 0. The identification of the individual spots
is part of the data analysis. Leakage of intensity from one spot to the next introduces
systematic errors.

The individual spots are assigned to their origin (i.e. wave-mixing wm = ±1, ...,
diﬀraction m = ±1, ..., normal harmonic q, m = 0, and higher order wave-mixing
spots). The average intensity of the spot sites is saved as raw data as a function of
the time delay. A major advantage when probing with a mid-IR pulse generated
in an OPA is the free selection of the center wavelength. The wavelength of 1420
nm was chosen for maximal separation of both, the ﬁrst order wave-mixing spots
from the main harmonic emission and the second order wave-mixing spots from
the m = ±1 diﬀraction spots, which can be seen when comparing ﬁgure 7.1 with
ﬁgure 6.1. Still, the overlap between spots has to be handled by appropriately
subtracting underlying intensity modulations from leakage of other spots, if it is
possible.
For NO2 , the separation of diﬀerent contributions at high energies is not possible
anymore, as m = 0 and m = ±1 spots get too close together. The data of the
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scans is normalized for each scan separately and the standard deviation is calculated from the normalized signal. As the data points in the scans were measured
sequentially, the standard deviation increases for longer time delays due to slow
drifts in the beam intensities and the alignment of the setup. The zero delay is set
as the maximum of a ﬁt to the wave-mixing peak.
Reconstruction of the relative phase and amplitude of the excited state emission
could not be successfully implemented. The intensity measured in the diﬀracted
peaks is too low compared to the drop of intensity in the undiﬀracted peaks for
the interference model presented in section 1 to work.

7.3

Results and Discussion

7.3.1

Static Spectrum

A typical high harmonic spectrum of NO2 when probed with 1420 nm shows a rich
structure in itself, as can be seen in ﬁgure 7.2. This spectrum resembles the measured photoionization cross-section to the ﬁrst state of the cation [37], but calculations using an advanced ab-initio model (R-matrix method) [177] and ePolyScat
fail to reproduce it. The theoretical reproduction of the high-harmonic spectrum
is an unresolved problem at the moment.
250
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Figure 7.2: High-harmonic spectrum of NO2 when probed with 1420 nm. The spectrum
shows minima around 20 and 28 eV.

7.3.2

Femtosecond Dynamics

As has been seen in previous experiments (see 1.3), when using crossed polarizations of pump and probe and an excitation wavelength centered at 402 nm,
the intensity of the m = 0 and m = ±1 peaks strongly modulate. This behavior
could be reproduced when probing with long wavelengths. The intensity traces
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associated with the harmonics 19 to 26 are shown in ﬁgure 7.3 together with a
measured wave-mixing peak to calibrate zero delay. The shape of the modulations vary strongly depending on the high-harmonic number, but show the same
position of maxima and minima.

Figure 7.3: TRHHS signal after excitation at 402 nm. The panels show the signal from
different high harmonics. Shown is the normalized undiffracted (m = 0) signal in
black and the normalized diffracted (m = 1) signal in red. The dots mark the average
of 4 consecutive measurements. The shaded areas indicate one standard deviation.

However, surprisingly, while the maxima in the diﬀracted signal of the experiment performed with 800 nm were located at time delays of 35 and 130 fs with
minima at 70 fs [18] (see ﬁgure 1.5), the maxima detected with 1420 nm lie at 0
and 100 fs with the minimum at 40 fs, i.e. the modulation is shifted by 30 fs.
The diabatic and adiabatic populations as well as the partial density in β and r, the
bond angle and interatomic distance of NO2 , respectively, for the diﬀerent states
are shown in ﬁgure 7.4. The partial densities are a be er measure of the dynamics
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in NO2 compared to the expectation values shown in ﬁgure 1.5, because the wave
packet splits into multiple parts.
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Figure 7.4: Calculated wave-packet dynamics in NO2 after excitation with a pulse of
40 fs duration (intensity-FWHM) centered at 400 nm. (a) Partial density in r of the
excited wave packet, where the upper panel represents density in the energetically
higher-lying adiabatic state and the lower panel the density in the lower adiabatic
state. (b) Partial density in β. (c) diabatic and adiabatic populations . The decay of the
total population is due to a too low dissociation threshold in the potential surfaces. As
the direct dissociation channel is closed for the upper states, the dissociated population can be added to the lower state, such that the local maximum of the energetically
higher-lying diabatic state at 130 fs remains. See equations 3.13 for a definition of the
illustrated partial densities. This figure will be published in [29].

While all the quantities in ﬁgure 1.5 show modulations, no direct correspondence
with the measured oscillations at 1420 nm is visible. The population of the diabatic 2 A′ state did not change the timings of its local maxima with the extended
potential surface calculation, and thus is still synchronous with the 800 nm measurements. However there are no further clear population modulations in the
new calculations.
The ﬁgures 7.5 and 7.6 show the calculated time-dependent photoelectron spectra
in terms of binding energy of the two coupled adiabatic states to the (1)1 A′ state.
As these are initially the transitions with the lowest Ip , the contribution to tunnel
ionization is expected to be the largest.
While the plots do not show the binding-energy dependent density (as they are
weighted with the Dyson norm), it shows a large spread of the density towards
small binding energies at the maxima of the diﬀracted signal. As wave-packet
components with small binding energies are very easily tunnel-ionized, the signal could be heavily inﬂuenced by these modulations, leading to the observed
variation in the signal. On the other hand, the opposite might ocurr. Because
even a small shift in the Ip causes a large change in the phase of the propagation
term e−iIp τ , the extension of the wave packet over broad regions with very diﬀerent ionization potentials could cause most of the signal to destructively interfere,
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which would also lead to maxima in the diﬀraction, as the diﬀraction is the absolute square of the diﬀerence between the emissions from unexcited and excited
molecules. A ﬁnal interpretation of the observed modulations therefore requires
more detailed calculations. This could be realized within the approximations used
for the calculation of the XUV-time-resolved photoelectron spectroscopy signal 3.
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Figure 7.5: Simulated time dependent photoelectron spectrum of NO2 due to ionization from the adiabatic (1)2 A′ state to the (1)1 A′ state of the cation. The plot gives
an impression of which ionization potentials are covered by the excited wave packet.
The calculation method is explained in 3.
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Figure 7.6: Simulated time dependent photoelectron spectrum of NO2 due to ionization from the adiabatic (2)2 A′ state to the (1)1 A′ state of the cation. The plot gives
an impression of which ionization potentials are covered by the excited wave packet.
The calculation method is explained in 3.

7.3.3

Picosecond Dynamics

If the sample is excited with a spectrum extending above the dissociation threshold, the molecules can dissociate. Figure 7.7 illustrates the eﬀect on the TRHHS
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signal.

Figure 7.7: TRHHS signal after excitation above the dissociation threshold. The red
curves indicate diffracted m = 1 intensities, the black curves undiffracted intensities.
The panels show the signal associated with different harmonics. The shaded areas
indicate one standard deviation of 3 successive scans.

The structure of the data is intriguing. While usually the intensity of diﬀracted
and undiﬀracted spots evolve out of phase, this is not the case here. While all
diﬀraction intensities show a saturation curve, some undiﬀracted peaks, i.e. the
harmonics between 19 and 28 eV, are out of phase, while the others also increase
in intensity. This behavior has already been seen in [18]. The cause of this is
more clear now, however: A comparison with the position of the intensity minima in the static high-harmonic spectrum of NO2 suggests that it is a phase change
in the emission of the unexcited NO2 molecule that causes the observation. If
one normalizes all diﬀracted intensity traces with respect to the intensity measured around 10 ps, as is done in ﬁgure 7.8, one observes that they all have the
same rise time. This indicates that the signal is not inﬂuenced by some changing interference in time. The extracted unimolecular decay time of kuni is 0.28 ±
0.02 ps−1 . Which is rather low for a dissociation of NO2 which was excited with a
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femtosecond-laser pulse, as the broadband excitation centered at 397 nm we used
in this experiment suggests a dissociation rate of ∼1 ps−1 (cf. 3.10).
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Figure 7.8: Renormalized intensity of the diffracted peaks of a TRHHS NO2 dissociation
experiment with respect to the average of the last four data points at 10 ps (red) and
their average (black). A fit to the function aθ (∆t) (1 − exp(−kuni ∆t)) gives a rise time
of kuni = 0.28 ± 0.02 ps−1 .

The change of the interference in the undiﬀracted signal alone might be due to
emission of uniformly not-excited molecules around the modulated emission, i.e.
high-harmonic emission of unexcited NO2 interfering with the undiﬀracted beam
leading to additional constructive or destructive interference.

7.4

Conclusion

While the high-harmonic spectrum of NO2 after excitation around 400 nm showed
similar characteristics as observed before, there were subtile diﬀerences whose
cause remains unclear and which suggest that the relation between the molecular dynamics and the observed signal modulations is more complex than previously assumed. Although we have an extensive model at hand to simulate the
dynamics of NO2 , it is diﬃcult to extract the quantity which causes the observed
behavior. Nevertheless NO2 remains an interesting system allowing us to test different methods for ﬁnding the best way to predict time-dependent high-harmonic
spectra.
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8.1

This chapter focuses on TRHHS measurements of the ring-opening dynamics of
1,3-cyclohexadiene after excitation at 266 nm. It starts with a short explanation
of the electronic structure and presents recent insights into the dynamics. Section 8.2.1 explains the experimental challenges we had to overcome to be able to
measure the dynamics. Finally the data is presented and phenomenologically interpreted.
This project led to a collaboration with Nicolas Thiré and François Légaré from
the Institut national de la recherche scientiﬁque in Quebec. Nicolas contributed a
lot through his time spent in our laboratory and had experience with the method
to compress the required deep UV laser pulses.

8.1

Introduction

The reaction of 1,3-cyclohexadiene (CHD) to 1,3,5-hexatriene (HT) has become one
of the main foci of investigation in femtosecond chemistry in recent years. The reaction is one of the more accessible photo-induced large amplitude dynamics in
an organic molecule and serves as a model for many photochemical electrocyclic
reactions, probably the most relevant of which is the formation of previtamin D
[178]. However, also applications for photoinduced molecular switches and motors have been investigated.
Figure 8.1 is a sketch of the current understanding of the reaction. CHD has C2
symmetry, i.e. one 180◦ rotation axis leaving the molecule unchanged. This symmetry group has two irreducible representations, A and B, which can be used as
electronic symmetry labels for the potential surfaces. The molecule is excited form
its (1)1 A ground state to the (1)1 B state by promotion of an electron from the 2π
HOMO to the 1π∗ lowest unoccupied molecular orbital (LUMO) by UV light. The
wave packet subsequently moves to the (2)1 A state, where the second electron of
the 2π orbital is transferred to the 1π ∗ orbital, and continues on to a conical intersection with the (1)1 A ground state, where the molecule either relaxes back to
(hot) CHD or the ring opens completely to HT.
The reaction is a ractive to investigate, because of the involvement of two fast
consecutive changes of the electronic state due to the movement of the excited
wave packet through two conical intersections. The reaction is called “ballistic”
because the movement of the wave packet seems to be very directed towards the
conical intersections, with only a minor part of the population remaining trapped
in the excited states. This path causes a very fast reaction with a conﬁned wave
packet, which leads to a challenge for an adequate time resolution to observe the
fast changes experimentally, but promises clear changes in the observables due to
the sudden variation of the electronic structure.
The reaction has been intensely investigated with a number of diﬀerent techniques. A review of the mechanism and the earlier measurements can be found in
[180]. Experiments reported a rise time of 55 fs for the signal associated with the
(2)1 A state and a subsequent decay time to the (1)1 A state of around 80 fs [181–
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(2)1A

266 nm

(1)1B

(1)1A

HT

CHD

C2 conserving

Symmetry breaking

Figure 8.1: Sketch of the reaction path of the ring-opening reaction of 1,3cyclohexadiene (black arrows). A detailed description is in the main text. This figure
is adabted from Nenov et al. [179].
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183]. The reaction is completed within 200 fs.
Due to the advancement of a osecond science, recently multiple time-resolved
studies have been published. The most recent time-resolved measurements are
two photoelectron studies [184, 185] and an XUV transient absorption investigation [186]. The ﬁrst photoelectron measurement with a time resolution of 80 fs reported conversion times of 70 ± 10 fs for the (1)1 B to (2)1 A transition and 60 ± 20 fs
for the (2)1 A to (1)1 A transition [184].
The XUV absorption measurement determined 60 ± 20 fs as the time for the appearance of the (2)1 A state and a subsequent decay with 110 ± 60 fs to the (1)1 A
state. They observe a rise of HT signal after 180 ± 20 fs. Their instrument response
was gaussian with a width of 120 fs. The second photoelectron spectroscopy measurement [185] reports that the (2)1 A state is not actually taking part in the reaction and supports this with calculations. They report a relaxation of the excited
state (1)1 B to the (1)1 A ground state with a decay time of 60 fs. The molecule also
prompted a host of theoretical investigations [179, 185, 187–199].

8.2

Methods

8.2.1

Experimental

We used the laser output of a commercial Ti:Sa laser system (1 kHz, 10 mJ, 27 fs
FWHM, 800 nm) to produce the laser beams needed in this experiment. The laser
was split up in two parts before its pulses were temporally compressed. One part,
with 7 µJ pulse energy was used to pump the commercial optical parametric ampliﬁer to generate laser output at 1420 nm (40 fs FWHM, 1.2 µJ). The beam was
telescoped to reach a beam diameter of 20 mm and subsequently sent into the
transient-grating (TG) setup as the high-harmonic-generating beam (cf. 2.4.2).
The other part of the beam with 3 µJ pulse energy was sent over a delay line and
into the non-collinear third harmonic generation setup described in 2.4.1. The
output was aligned through the TG setup. The 266 nm pulses were characterized with the high-order cross-correlation wave-mixing peaks in argon and had a
FWHM of 30 fs (cf.2.4.1) and a maximal pulse energy of 15 µJ per arm.
CHD was brought to the pulsed valve in the setup by heating up a bubbler to
between 60◦ C to 80◦ C, and applying a helium pressure of 4 bar. The pipe system
to the valve was constantly heated to above 90◦ C to prevent condensation on the
walls. Nevertheless, the supply of CHD in the interaction region was not constant,
but experienced pressure jumps, probably due to droplet formation at the oriﬁce.
Scans with jumps in the pressure were removed in the data analysis.
Exciting a one photon process with very short pulses is not easy, as the scaling is
unfavorable. The excitation-fraction is proportional to the integral of the pulse,
whereas multi-photon processes are sensitive to the peak intensity. Thus, if the
energy in a pulse is kept the same while compressing it in time, multi-photon
excitations become much more likely. Because of this, we had to reduce the pump
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meas.

polarization

dpump
mm

Epump
µJ

dprobe
mm

Eprobe
µJ

dalign
mm

Ealign
µJ

A
B

parallel
parallel

2.0
1.9

4.5, 4.5
1, 1

5.4
5.3

310
220

5.6

280

Table 8.1: Beam diameters and pulse energies of the laser beams for the measurements shown in this chapter. The power of the beams was measured in front of the
entrance widow of the vacuum system by inserting an additional aluminium mirror.
The given beam radii are measured iris diameters. The polarization is the relative
polarization between the pump and the probe beam.

intensity signiﬁcantly, leading to a lower excitation fraction and weaker signal.
The intensity of the pump pulses were reduced by clipping with an iris to be as
weak as possible to still allow optimization of the transient-grating signal, which
reduced their pulse energy to be around 4 µJ per beam and clipped them to around
2 mm in diameter. The HHG probe beam was clipped for optimal high-harmonic
generation. The measurement conditions of the two datasets presented in this
chapter are listed in table 8.1.
In order to measure the ring-opening in aligned CHD (see chapter 6), the left over
800 nm output beam of the OPA was routed over a second delay stage. Its polarization was cleaned with two reﬂective polarizers at Brewster’s angle and sent
through the recombining dichroic of the TG setup non-collinearly. The beam was
additionally stretched by inserting 12 mm of fused silica in the path. The polarization of the alignment beam was made circular, in order to obtain a sample with
the extraordinary rotation axis parallel to the beam propagation direction at the
time of anti-alignment [200]. The sample was pumped with the two transient grating beams close to the time of maximal anti-alignment and probed at the time of
maximal anti-alignment. The pump pulses preferentially excited molecules with
the transition dipole moment parallel to their polarization. Because the transition dipole moment of the transition from the (1)1 A to the (1)1 B state lies along to
the conjugated electron system [181], molecules with this orientation in the antialigned sample were preferentially excited. In principle the reaction could have
been measured with experimentally set ionization and recombination angles by
turning the polarization of the probe pulse. In practice, the experiment worked
only on one day, which resulted in two usable datasets.

8.2.2

Data Analysis

The data analysis was performed identically as explained in section 7.2.2.

8.2.3

Results

Figure 8.2 shows an overview of the experimental traces of diﬀerent harmonic
orders for an isotropic sample of CHD, the experimental parameters are listed as
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A in table 8.1. The data shows only small variations in dependence of harmonic
energy. Figure 8.3 shows a detailed view of the signal around ∆t = 0. The signal
in m = 1 shows a fast rise to a sharp peak. The initial drop of the signal is only
slightly slower than the rise. The subsequent decay is very slow and the signal
close to constant from 200 fs onward. The m = 0 signal shows a sharp drop,
which peaks at the same delay as the m = 1 signal. A fast initial recovery of the
signal is followed by a slower decay-like recovery to a constant value around 400
fs. The wave-mixing peak is symmetric and has a FWHM of 45 ±1 fs (determined
by a gaussian ﬁt to the peaks at the harmonics 19, 21 and 23). While all harmonics
have a similar behavior, it is noticeable that the initial dip in the m = 0 signal is
weaker for harmonics where the diﬀraction was lower in intensity. In H17, the
recovery of the signal looks purely monoexponential.
Data for TRHHS on aligned molecules is shown in 8.4. It shows no signiﬁcant
change in its dynamics compared to the aligned sample.
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Figure 8.2: TRHHS of the ring-opening reaction in 1,3-cyclohexadiene. The normalized intensity of the non-diffracted peaks (m = 0) is
shown in black with the scale on the left side, the normalized intensity of the diffracted signal is plotted in red with the scale on the
right side. Blue is wm = 1 wave-mixing signal. The wave-mixing signal is normalized with respect to the peak intensity of the m = 1
data. Dots indicate the average of 5 consecutive scans, the shaded areas mark the standard deviation of the 5 measurements. A detailed
discussion of the data can be found in the main text.
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200

Figure 8.3: Detailed view of the time dependent signal around zero delay at harmonic
17. The normalized intensity of the non-diffracted peaks (m = 0) is shown in black with
the scale on the left side, the normalized intensity of the diffracted signal is plotted
in red with the scale on the right side. Blue is wm = 1 wave-mixing signal. The wavemixing signal is normalized with respect to the peak intensity of the m = 1 data.
Dots indicate the average of 5 consecutive scans, the shaded areas mark the standard
deviation of the 5 measurements.
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Figure 8.4: TRHHS of the ring-opening reaction in anti-aligned 1,3-cyclohexadiene. The normalized intensity of the non-diffracted peaks
(m = 0) is shown in black with the scale on the left side, the normalized intensity of the diffracted signal is plotted in red with the scale
on the right side. Blue is wm = 1 wave-mixing signal. The wave-mixing signal is normalized with respect to the peak intensity of the
m = 1 data. Dots indicate the average of 3 consecutive scans, the shaded areas mark the standard deviation of the 3 measurements.
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8.4

Discussion

Our experimental results show similar time constants as the previous experiments, i.e. the reaction is very fast and the signal constant after 400 fs, indicating
no signiﬁcant change in electronic structure anymore. Our measurements have
a higher time resolution than the previously reported ones, which reveals interesting structures in the signal. Most striking is the signiﬁcant retardation of the
peak in diﬀraction compared to zero delay.
A simple model to try to extract information on the dynamics of a system is to
make a kinetic model of statistical decays between diﬀerent states j and assigning
each state a static high-harmonic emission with amplitude d j and phase ϕ j . Using
the formulae given in section 1.2, the model is
Im=0
Im=±1

'
'2
'
'
'
iϕ g
iϕ j '
= 'Pg (∆t) d g e + ∑ Pj (∆t) d j e '
'
'
j
'
'2
'
'
1 '
iϕ j
iϕ g '
=
' Pj (∆t) d j e − Pg (∆t) d g e ' ,
'
16 '∑
j

(8.1)

(8.2)

where P stand for the populations in the states, and g stands for the ground state.
The populations are determined by the solution of the diﬀerential equations describing the kinetic system and are subsequently convolved with a Gaussian response function determined by the time resolution of the experiment. A direct
ﬁt of the signal with these expressions usually fails, as the diﬀracted (m = ±1)
intensity is generally too low. This is probably due to additional inﬂuences on
the undiﬀracted signal, such as interference with other emission sources (as proposed in the explanation of the signal of dissociating NO2 in section 7.3.3). In the
case of CHD, a ﬁt of Im=0 with equation 8.1 shows that the dynamics cannot be
described by the involvement of only 3 states, but that three subsequent decays
are needed to describe the dynamics. A model containing four states, while able
to describe the intensity, has too many free parameters to allow for a robust extraction of kinetic constants. A more sophisticated model is needed to include the
non-statistical movement of the initial wave-packet to the conical intersections in
order to describe the signal.

8.4

Conclusion

We successfully obtained TRHHS data of the ring-opening of CHD. Prealignment
of the molecule did not show a signiﬁcant change in the observed signal. The
interpretation of the signal is however very diﬃcult, as the molecule covers a large
range of structures during the reaction. The observed time scales are consistent
with the theoretically predicted time scales on which the conical intersections are
crossed.
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The goal of this thesis was to explain the possibilities and diﬃculties of timeresolved high-harmonic spectroscopy to resolve photochemical reactions in time.
The thesis started with the promises of TRHHS: a very sensitive tool to look into
chemical reactions with a clear model to understand the signal. Chapter 2 showed
the experimental challenges of TRHHS. In chapter 3, complete three-dimensional
wave-packet calculations of the non-adiabatic excited-state dynamics of NO2 on
new potential surfaces were presented. Finally, we came to high-harmonic generation itself and had to recognize: TRHHS is not a straight-forward technique
to understand the dynamics during a reaction. The chapter on alignment of organic molecules showed that even high-harmonic spectra of unexcited molecules
are a challenge to model. In the last three chapters we focused on the potential
again. We presented the observations of TRHHS experiments on the photodissociation of CH3 I and CF3 I, the conical intersection dynamics and the dissociation
dynamics in NO2 and the ring-opening reaction in 1,3-cyclohexadiene. Even if the
observed signals are diﬃcult to model, we have shown that they are very sensitive
to the dynamics in the molecule. TRHHS therefore appears to have considerable
potential for measuring the dynamics of reacting molecules that other techniques
cannot access.
An important next step for the understanding of TRHHS will be the complete
simulation of the signal during a photo-reaction, to which I hope this thesis contributed by enabling the simulation of the conical intersection dynamics of NO2
and providing the necessary potential surfaces for this task.
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