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Zusammenfassung Diese Arbeit konzentriert sich auf die chirale Erken-
nung in der Gasphase unter Verwendung der resonant verstärkten Multi-
Photonen-Ionisation. Gasphasentechniken bieten die Möglichkeit, die Chir-
alität von Molekülen innerhalb einer nahezu interaktionsfreien Umgebung
zu untersuchen. Photoionisation von chiralen Molekülen mit zirkular po-
larisiertem Licht führt zu einer Asymmetrie in der Photoelektronenemission
bezüglich der Ausbreitungsrichtung des ionisierenden Lichts. Diese Asym-
metrie ist bekannt als Photoelektronenzirkulardichroismus (engl. PECD).
PECD wurde sowohl in der Einzelphotonen- als auch in der Multiphotonen-
Ionisation untersucht. Basierend auf den bisherigen Ergebnissen, zielt diese
Arbeit darauf ab, das Wissen über die Empfindlichkeit von PECD in Bezug
auf unterschiedliche Parameter zu erweitern. Die Gasphasen-PECD-Technik
ist in der Lage, eine Genauigkeit von unter einem Prozent im Enantiomer-
enüberschuss zu liefern. Zuvor berichtete Ergebnisse werden hierin erweitert,
um weitere Erkenntnisse über das Verhalten der PECD-Technik bei der Un-
tersuchung racemischer Gemische zu liefern.

Um die Auswirkung des elektronischen Charakters von Zwischenzuständen
sowie der Photoelektronenenergie auf PECD zu untersuchen, wurde ein kontinu-
ierlicher Wellenlängenscan am Fenchon-Prototyp durchgeführt. Der elektron-
ische Charakter des Zwischenzustands zeigt im Falle von Fenchon einen
starken Einfluss auf den PECD. Die Erhöhung der Photoelektronenenergie
führt zu einer Reduktion des PECD für den 3s Zustand.

Um das Wissen über den PECD für verschiedene chemische Strukturen zu
erweitern, wurde ein systematischer Scan über verschiedene chirale Moleküle
durchgeführt. Es wurde herausgefunden, dass in den meisten Fällen mehr
als ein Beitrag im Photoelektronenspektrum (PES) auftritt. Der beobachtete
PECD zeigt ausgeprägte Unterschiede für die unterschiedlichen Beiträge.

Die Schwingungsstruktur der Rydberg-Zustände wurde mit Hilfe von schmal-
bandigen Lasern und rovibrationskalten Fenchonmolekülen untersucht. Als
Nächstes wurde der PECD bei der Verwendung eines Nanosekundenlasers
untersucht. Zunächst wurde ein kommerzieller Nd:YAG wird bei 355 nm
eingesetzt, was zu ausgeprägten PECD-Signalen führte. Diese Ergebnisse
ebnen den Weg zur Untersuchung der Abhängigkeit des PECD vom Schwin-
gungszustand. Im gesamten Scanbereich ist keine starke Abhängigkeit des
PECD vom Schwingungsniveau zu beobachten.

Darüber hinaus wurden Experimente auf Basis eines bichromatischen
Felds (400/800 nm) durchgeführt. Ziel ist es, die Elektronendynamik in Edel-
gasen sowie in chiralen Systemen zu kontrollieren. Bichromatische Felder



in gekreuzter Polarisationsgeometrie (z.B. ) verallgemeinern die Idee der
chiralen Erkennung auf Lichtfelder mit maßgeschneidereter Polarisation.



Abstract This work is focused on chiral recognition in the gas phase em-
ploying resonantly enhanced multi-photon ionization. Gas phase techniques
provide the possibility to investigate the chirality of molecules within a nearly
interaction-free environment. Photoionizing chiral molecules with circularly
polarized light results in an asymmetry in the photoelectron emission with
respect to the propagation direction of the ionizing light. This asymmetry is
known as photoelectron circular dichroism (PECD). PECD has been invest-
igated in single-photon as well as multi-photon ionization. Based on previous
findings, this thesis aims at extending the knowledge about the sensitivity of
PECD with respect to different parameters. The gas phase PECD technique
is capable of delivering sub-one percent accuracy in e.e.. Previously reported
results are extended herein to yield further insight on the behavior of the
PECD technique when investigating racemic mixtures.

To study the impact of the electronic character of intermediate states as
well as photoelectron energy on PECD, a continuous wavelength scan was
performed on the fenchone prototype. The electronic character of the inter-
mediate state is found to have a strong influence on the PECD observed in
the case of fenchone. Increasing the photoelectron energy results in a de-
crease in PECD magnitude for the 3s state.

To extend the knowledge on PECD for different chemical structures, a
systematic scan of different chiral molecules was performed. It was found
that in most cases more than one contribution is observed in the photoelec-
tron spectra (PES). The observed PECD shows pronounced differences for
the different contributions.

The vibrational structure of Rydberg states was investigated using narrow-
bandwidth lasers and rovibrationally cold fenchone molecules. Next, PECD
when using a nanosecond laser has been investigated. First, a commercial
Nd:YAG is used at 355 nm resulting in pronounced PECD signals. These
results pave the way to investigate dependence of PECD on vibrational state.
Throughout the scanning range, no strong dependence of PECD on vibra-
tional level is observed.

In addition, experiments based on bichromatic fields (400/800 nm) are
shown. The aim is to control electron dynamics in noble gases as well as in
chiral systems. Bichromatic fields in crossed polarization geometry (e.g. )
generalize the idea of chiral recognition to polarization tailored light fields.
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Part I

Photoelectron Circular Dichroism
investigated in the gas phase
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Chapter 1

Introduction

1.1 Chiral Recognition

"I call any geometrical figure, or group of points, chiral, and say that it has
chirality, if its image in a plane mirror, ideally realized, cannot be brought

to coincide with itself."
Lord Kelvin, Baltimore Lectures, 1884

In 1848, Louis Pasteur realized that the tartaric acid (see figure 1.1) crys-
tals showed up in two different three-dimensional configurations and sep-
arated them from each other.[1] In the beginning, chemistry was aware of
molecules to contain atoms that are bound to each other, but not of the
three-dimensional distribution of the atoms, Pasteur’s discovery paved the
way to a deeper understanding of chirality. Chirality is the greek word for
handedness and describes the principle that the three-dimensional structure
of isomers can be such that there are two possible configurations that are
mirror images of each other, the so-called enantiomers.

O

OH

OH

OH

O

OH

L-tartaric acid
O

OH

OH

OH

O

OH

L-tartaric acid

Figure 1.1: Chemical structures of tartaric acid.
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1.1. CHIRAL RECOGNITION

The enzyme reactions within the human body follow the key-lock (or
equivalently hand-glove) principle. This expresses the basic principle that the
chirality of the molecules should match each other so that a desired reaction
works. To determine the chirality of an object, in general a chiral probe
needs to be applied. For instance, chiral chromatography employs a capillary-
column which has different retaining times for different enantiomers.[2, 3, 4, 5, 6]

On earth, homochirality[7] is observed, which means that predominantly the
L-form of the amino acids (see figure 1.2) and the D-form of the sugars
shows up. The reason for homochirality is still under debate, where the
formation of an e.e. in the interstellar medium is a prominent explanation
for homochirality.[8]

NH2

O

OH

L-Alanine

OH
H3C

NH2

O

D-Alanine

CH3

Figure 1.2: Chemical structures of the smallest chiral amino acid alanine.

First chiral investigations were based on the principle of optical activity,
which means that the plane of a linearly polarized light beam is rotated by the
interaction with an optically active medium. This effect is known as optical
rotation and is similar to circular dichroism, which describes the difference
in absorption for left- or right circularly polarized light. A general overview
of chiroptical measurement techniques [7, 9] as well as optical activity [10] can
be found in the literature.

In the last few years, many new techniques aiming at investigating chir-
ality in the gas phase with the help of electromagnetic radiation have been
developed. The techniques range from broadband rotational spectroscopy
over Coulomb explosion imaging to photoionization of chiral molecules and
investigating the chiral signature transferred to the photoions or photoelec-
trons. A short overview over the different techniques is given in the following.

Microwave Spectroscopy Using broadband rotational spectroscopy, three
orthogonal rotational electric dipole moments in a chiral molecule can be
addressed,[11] where Patterson et al. were able to detect the chirality of gas
phase 1,2-propanediol samples.[12, 13] The triple product of the dipole mo-
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1.1. CHIRAL RECOGNITION

ments for the transitions used changes sign under exchange of enantiomer.
In recent years this technique developed to being capable of measuring more
complex molecules showing conformation like carvone.[14] Furthermore the
enantiomer-selective population enrichment using tailored microwave pulses
has been demonstrated to yield an enrichment of 0.5%[15] or about 6% using
a different scheme.[16] A short review of different gas phase techniques used
for chiral recognition can be found in the literature.[17] A more recent review
focuses on microwave spectroscopy based chiral recognition.[18]

Coulomb explosion imaging One of the big achievements in chiral re-
cognition is the determination of absolute configuration, i.e. measuring the
three-dimensional distribution of the atoms in a chiral molecule. One way
this can be achieved is using Coulomb explosion imaging. The first step is
to multiply ionize a molecule and let the fragments evolve on the repulsive
potential surface induced by Coulomb repulsion. The second step is to detect
the ion fragments in a coincident and spatially resolved way to reconstruct
the original momentum vectors at the beginning. One important point to
mention is that Coulomb explosion does not require the use of circularly po-
larized light or chiral interaction with the molecules. One possibility to detect
the absolute configuration is to either induce the Coulomb explosion via a
strong laser pulse or a pulse derived from a synchrotron and detect the ion
fragments using the Cold Target Recoil Ion Momentum Spectroscopy (COL-
TRIMS) technique,[19] which is also known as Reaction Microscope.[20] This
technique was used to measure absolute configuration on CHBrClF,[21, 22] or
halothane (CHBrClCF3).[23] Another possibility that has been reported is to
use a thin foil to strip off the electrons of a molecule inducing Coulomb ex-
plosion and image the fragments on position-sensitive detectors.[24] A recent
tutorial[25] and review[26] as well as the Phd thesis of M. Pitzer[27] give in-
sight, how Coulomb explosion imaging can be used to determine the absolute
configuration of chiral molecules in space.

Circular Dichroism The differential absorption of left and right circularly
polarized light is known as circular dichroism (CD) in electronic transitions.
This phenomenon is usually studied in the liquid phase and description of
the different techniques can be found in literature.[7]

In addition, the CD effect has been studied in the gas phase making
use of mass spectrometry in combination with resonance enhanced multi-
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1.1. CHIRAL RECOGNITION

photon ionization (REMPI) using a narrow-bandwidth nanosecond laser on
methylcyclopentanone.[28, 29] The differential absorption of left and right cir-
cularly polarized light is transferred into ion yield and can be measured using
a TOF spectrometer. Improvements of the technique were realized by adding
an achiral reference substance[30] or using the twin-peak method, where two
foci are generated in the optical setup and thereby a self-referencing meas-
urement can be realized.[31, 32, 33] The CD in ion yield has also been observed
when using a femtosecond laser,[34, 35] where it has been observed that an
increase of the laser pulse duration is accompanied by an increase in the ob-
served CD value.[36] The observed CD effect can be changed when the excita-
tion pathway includes a single or several intermediate states, where a cumu-
lative CD is observed.[37] Investigating the CD effect of different vibrational
modes within an electronic state showed sign changes for phenylethanol.[38]

A review of gas phase CD measurements can be found in literature.[39]

Prediction of PECD Photoionization of optically active molecules with
circularly polarized light was predicted to result in an asymmetry in forward-
backward direction with respect to the light propagation direction.[40] This
effect survives the orientation averaging inherent in photoionization of ran-
domly oriented molecules in the gas phase. Similar predictions concerning
spin polarization of photoelectrons emitted by optically active molecules ex-
posed to circularly polarized light were made few years later.[41, 42] In contrast
to CD ion yield measurements determining the total cross section of pho-
toionization, the detection of the predicted asymmetry by Ritchie[40] requires
the detection of angular information. The effect arises in the differential
photoionization cross section dσ

dΩ
. Depending on the ionization scheme used

(single- or multi-photon ionization) the angular distribution contains differ-
ent orders of Legendre polynomials (see section 2.3).

The measurement of the differential cross section of a photoionization can
be realized using the velocity-map imaging (VMI) technique.[43, 44, 45] VMI
employs imaging of the three-dimensional photoelectron momentum distri-
bution onto a two-dimensional imaging detector capable of measuring the
angular distribution of photoelectrons.

Single-photon PECD (2001-present) A sketch of the excitation scheme
for single- (left hand side) and multi-photon (right hand side) ionization is
shown in figure 1.3. In the middle, PECD is depicted in an artists’ point of
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1.1. CHIRAL RECOGNITION

view. Chiral molecules are ionized with circularly polarized light, where the
sense of rotation (i.e. spin angular momentum of the photon) is transferred
to the emission direction of the photoelectrons. The emission direction is
mirrored when mirroring the enantiomer or exchanging the sense of rotation
of the light field.
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Figure 1.3: Excitation and ionization scheme for PECD experiments shown
on the left hand side for single-photon and on the right hand side for multi-
photon (three photon) ionization. In single-photon ionization, different elec-
tronic states in the cation can be reached. The different electronic states
are often referred to as different continua. In the multi-photon case, inter-
mediate states can be populated. In the middle panel, PECD in an artists’
point of view is shown. The sense of rotation of the light is transferred to the
emission direction of the photoelectrons by the chiral target. The preference
in emission direction is mirrored when mirroring the sense of rotation of the
light or the enantiomer.

The predicted asymmetry has been observed using single-photon ion-
ization via synchrotron radiation.[46] This circular dichroism in the angu-
lar distribution (CDAD)[47] is also termed photoelectron circular dichroism
(PECD).[48]

The magnitude of PECD of up to recently reported 37%[49] typically
surpasses that of other chiroptical effects as it arises in the electric dipole
approximation. Theoretical modeling of PECD for ionization starting in
the valence shell and experiments predicted a decrease of asymmetry with
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1.1. CHIRAL RECOGNITION

increasing photoelectron energy.[50] PECD is sensitive to the photoelectron
energy including sign changes throughout the 0–10 eV kinetic energy range
for single-photon ionization out of the highest occupied molecular orbital
(HOMO) of fenchone.[51] PECD was also observed when using a core-shell
initial orbital as e.g. the C 1s from the C=O group in camphor[52] and
fenchone.[53] Therefore PECD has been interpreted as being governed by the
influence of the final state.[52, 54] In many cases the binding energy of the core
levels is slightly shifted depending on the chemical structure of the molecule
and thereby site-selective excitation of the C 1s orbital situated at the stereo-
center of fenchone was realized.[55] The origin of PECD lies in the quantum
interference of outgoing partial waves.[56]

The sensitivity of the technique with respect to enantiomeric excess has
been demonstrated recently.[51, 57] Gas phase PECD is well suited to study
conformation of molecules, which has been demonstrated theoretically[58] as
well as experimentally.[59] The gas phase PECD technique has been used to
investigate vibrational levels of the cation[56, 60, 61, 62, 63] as well as dimeriz-
ation of chiral camphor molecules.[64] PECD was observed for a variety of
molecules like terpenes and amino acids,[65] where the latter are especially
interesting for formation of an e.e. in the interstellar medium.[8]

Recently, the generation of circularly polarized high harmonics of a laser
has been referenced by photoionization of chiral molecules.[66] Using the Cold
Target Recoil Ion Momentum Spectroscopy (COLTRIMS),[19] also molecu-
lar frame PECD can be investigated, which has been demonstrated using
methyloxirane.[67] Recently, bichromatic fields have been used under an angle
to generate nearly background-free and e.e.-sensitive chiral signals in the
HHG spectra.[68] Reviews of single-photon PECD measurements can be found
in the literature.[63, 64, 65]

Multi-photon PECD (2012-present) Making use of laser systems provid-
ing high intensity opens up the possibility to drive multi-photon ionization
in molecules. Thereby intermediate states can be involved in the excitation
pathway. Due to the higher order of the process compared to single-photon
ionization, more angular momentum can be transferred.

Observation of PECD has been demonstrated using 2+1 resonance en-
hanced multi-photon ionization (REMPI) of bicyclic ketones either using
VMI[69] or a coincident detection scheme.[70, 71] Technical details about the
coincidence technique can be found in the PhD thesis of A. Vredenborg[72] or

8



1.1. CHIRAL RECOGNITION

in a review article.[73]

Hints to use the gas phase PECD technique as highly sensitive analytic
tool have been given before.[51, 69, 71, 74, 75] and a detailed description of the dif-
ferent approaches can be found in the corresponding Phd thesis of C. Lux[75]

and C.-S. Lehmann.[76] The gas phase PECD technique has been acknow-
ledged by the analytical community recently.[39, 77] A detailed description of
observations made on the bicyclic ketones including different quantification
metrics used for multi-photon PECD can be found in [74]. A perspect-
ives article reviewed the findings of multi-photon PECD using coincident
detection.[78] Multi-photon PECD has been observed as well for smaller mo-
lecules as methyloxirane.[79] The sensitivity of the technique with respect to
enantiomeric excess has been demonstrated recently.[51, 57, 80] Utilizing the
coincident detection of photoion and photoelectron opens up the possibility
to investigate mixtures of different chiral molecules which has been shown
on a mixture of camphor and limonene.[81] Investigation of both molecules
separately has been done previously.[71, 82]

The comparably high laser intensity gives rise to higher order processes,
like the absorption of additional photons of an already freed photoelectron,
which is known as above-threshold ionization (ATI),[83, 84, 85] where PECD
has been observed as well.[86, 87] Using longer wavelengths of the driving
laser shifts the dominant ionization pathway from multi-photon to tunneling,
where PECD has been observed as well.[87, 88]

Time-resolved experiments have been performed to study the effect of
dynamics occurring in the 3s intermediate state of fenchone.[89, 90] Depend-
ing on wavelength, different intermediate states can be accessed. In a smaller
wavelength region, the dependence of multi-photon PECD on wavelength has
been investigated before.[71, 89, 91] The influence of electronic character of in-
termediate state in the case of limonene has been determined to be of minor
importance.[89, 91] Two different contributions in the photoelectron spectrum
of camphor have been assigned to excitation of different intermediate Ry-
dberg states.[71] Using the TOPAS (traveling-wave optical parametric amp-
lifier, LightConversion) frequency conversion unit, it was possible to extend
previous studies on wavelength dependence of PECD.[92] This wavelength
scan covers several excited states allowing the study of dependence of PECD
on electronic character of intermediate state and photoelectron kinetic en-
ergy.

Experiments are carried out in close collaboration with theory, where the
wavelength scan data can serve as benchmark for theoretical descriptions of

9



1.1. CHIRAL RECOGNITION

multi-photon PECD.[54, 71, 93, 94, 95]

It has been demonstrated that dividing the forward and the backward
hemisphere of the photoelectron momentum distribution can be used to
measure PECD.[96] In this case, the information on angular distribution or
contributions of multiple intermediate states cannot be inferred from the
measurement data.

Another interesting field arising in recent years uses two-color fields to
investigate the role of bound-bound or bound-continuum transitions with
respect to chiral effects. As predicted by theory,[93] using for instance a cir-
cularly polarized color to excite the molecules to the intermediate state or
ionize them, provides the possibility to investigate the role of intermediate
states further. This has been recently demonstrated on limonene.[97]

Another interesting perspective is the observation of ring currents in chiral
systems, where a first experiment has been carried out on fenchone.[98] In-
terference of electron wavepackets emitted by ionization with a bichromatic
field has been used to derive photoionization time delay,[99] which is often
referred to as Wigner time delay.[100]

In addition, CD in high-harmonic spectroscopy using bichromatic fields
was demonstrated recently.[101] When overlapping light fields of carrier fre-
quencies of ω and 2ω in linearly polarized in mutually orthogonal direc-
tions, Lissajous-type electric fields are generated, which can be used to
evoke a chiral response.[102, 103, 104] Theoretical descriptions unravel that these
Lissajous-type fields are capable to investigate chirality of molecules, where
the chiral response originates from the rotational sense of the electric field
vector.[102, 103] This effect has been observed recently in experiments on cam-
phor and fenchone.[104] The effect is different from the PECD phenomenon,
where the spin angular momentum of the photon is transferred to the emis-
sion direction of the photoelectron by a chiral molecule. Thereby, the chiral
response is generalized by using rotationally tailored bichromatic fields.

Structure of thesis This thesis is structured as follows. In chapter 2,
the general theory of short light pulses and descriptions of nonlinear optics
effects are explained. This is followed by chapter 3 describing the experi-
mental setup used for the PECD experiments, where the results are shown
in chapter 4. Several topics are addressed herein. First, additional inform-
ation on previously reported[57, 75] e.e. sensitivity of the gas phase PECD
technique is provided in section 4.1. To extend the knowledge about de-
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pendency of PECD on intermediate state and photoelectron kinetic energy,
a systematic wavelength scan was performed (see section 4.2). To extend the
knowledge about PECD on chemical structure, several molecules have been
investigated. At 390 nm, typically more than one contribution in the PES
was observed for most molecules. The results are shown in section 4.3.

Section 4.4 addresses the question if PECD survives when longer laser
pulse durations like nanoseconds are used. In this region the lifetime of the
intermediate states is several orders of magnitude shorter than the laser pulse
duration. Additional dynamics like vibrational energy redistribution or rota-
tion of the molecules can occur. The experiments showed that PECD can still
be observed on this timescale, which paved the way to investigate PECD with
narrow-bandwidth lasers. Ionizing rovibrationally cold chiral molecules in a
seeded molecular beam with a tuneable nanosecond laser gives the possibility
to investigate dependence of PECD on vibrational level of the intermediate
and cationic state. This is presented in section 4.5.

The chapter 5 describes theory, experimental setup and results obtained
in the bichromatic field experiments. The goal is to investigate to what
extent electron dynamics in chiral systems as well as noble gases can be con-
trolled by bichromatic fields. This approach generalizes the idea of PECD to
the field or rotationally tailored fields, where not necessarily circularly po-
larized light needs to be used for chiral recognition. The approach is based
on a common path setup, where the delay between both colors is continu-
ously scanned. This changes the field geometry on a sub-cycle timescale and
the recorded data can be evaluated in different ways. A pixel-wise Fourier
analysis on the VMI PADs like reported for the ’phase-of-the-phase’ spectro-
scopy method[105] proved to be very powerful to that end. The evaluation is
capable of showing the presence of different frequency components and the
relative phase between different regions in the camera images.

Further details for the different experiments carried out are shown in the
appendix II.
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Chapter 2

Theory

2.1 Description of ultrashort light pulses

2.1.1 Spatial properties - Gaussian beams

The spatial properties of a laser beam can be described as a Gaussian beam.
For a given wavelength λ, the spatial intensity profile is given as

I(r, z) = I0

(
w0

w(z)

)2

exp

(
− 2r2

w(z)2

)
, (2.1)

where I0 is the peak intensity, w0 is the waist radius, r the radial coordinate
and w(z) is given as[106]

w(z) = w0

√√√√(1 +

(
z

zR

)2
)
, (2.2)

where zR is the so-called Rayleigh range which is given as

zR =
πw2

0

λ
. (2.3)

The confocal parameter b = 2zR describes the region around the focal point,
where the beam area increases by a factor of 2. The simulated spatial profile
of a laser beam at 800 nm is depicted in figure 2.1. The beam propagates
along the horizontal axis through the focal spot with a beam waist diameter
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Figure 2.1: Spatial intensity distribution (bottom panel) and Gouy phase
(top panel).

of 10 µm. The white lines mark the boundary of the beam according to
equation 2.2. The focal peak intensity can be derived from the experimental
parameters pulse energy (Ep), beam waist radius w0 (defined by 1/e2) and
FWHM pulse duration of the laser pulse ∆τ :[106, 107]

I0 =

√
4 ln(2)

π

2Ep
πw2

0∆τ
(2.4)

For a Gaussian beam, an additional phase is acquired when passing
through focus, which is known as Gouy phase and is given as

φG(z) = arctan
z

zR
. (2.5)

In most applications the effect of the Gouy phase cannot be observed, whereas
for the combination of different wavelength components like bichromatic
fields (see part 5), this parameter might be of interest.
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2.1. DESCRIPTION OF ULTRASHORT LIGHT PULSES

2.1.2 Temporal description

An ultrashort light pulse is formed by the temporal overlap of optical waves
with different frequencies. To describe a short light pulse in the time domain,
a couple of equations will be given and explained in the following. The wave
equation for an electric light field ~E in vacuum is given as[108]

∇2 ~E =
1

c2

∂2 ~E

∂t2
1

c2
= µ0ε0, (2.6)

where ∇ is the Nabla-operator, c denotes the speed of light and µ0 and ε0 are
the magnetic and electric permittivity, respectively. The simplest solutions
of equation 2.6 are plane waves

~E = ~E0e
i(ωt−~k·~r), (2.7)

where ω is the laser angular frequency, |~k| = 2π
λ

= ω
c
is the wave vector and

~r denotes the spatial coordinate. Following the dipole approximation, the
term ~k ·~r can be neglected in most cases, as it is much smaller than the first
term in the exponential ωt. In the following, the description is restricted to
the dipole approximation. The spectral Ẽ(ω) and temporal representation
E(t) of the electric field are coupled via the Fourier transformation[106]

E(t) =
1

2π

∫ ∞
−∞

Ẽ(ω)eiωtdω Ẽ(ω) =

∫ ∞
−∞

E(t)e−iωtdt. (2.8)

As the temporal field can be obtained by Fourier transforming the spectral
electric field, the full width at half-maximum (FWHM) spectral width ∆ω
influences the FWHM temporal width ∆t. This is often referred to as the
time-bandwidth product given as[108]

∆ω∆t = 2πK, (2.9)

where K is a factor depending on the shape of the pulse. For a Gaussian
pulse, K = 0.441. The spectral electric field can be expressed as[109]

Ẽ(ω) =
√
S(ω)e−iϕ(ω), (2.10)

where S(ω) is the spectrum of the pulse and ϕ(ω) is the spectral phase. The
spectrum of the laser S(ω) = |Ẽ(ω)|2 can be typically determined easily by
using e.g. an optical spectrometer.

The spectral phase acquired during propagation is given as[109]
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ϕ(ω) =
n(ω)ω

c
L, (2.11)

where n(ω) is the refractive index for the frequency ω and L is the propaga-
tion length inside the medium. It is sometimes helpful to express the spectral
phase by a Taylor series around the center frequency ω0:[106, 107]

ϕ(ω) =
∞∑
n=0

(ω − ω0)n

n!

(
∂nϕ(ω)

∂ωn

)
ω=ω0

=
∞∑
n=0

(ω − ω0)n

n!
Dn, (2.12)

where Dn is the n-th order dispersion coefficient that can be derived by tak-
ing the n-th derivative of the phase function ϕ(ω) and evaluating it at the
center frequency ω0.

An overview of the n-th order dispersion coefficients is given in the fol-
lowing.
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Figure 2.2: (a) Laser spectra used for simulation of temporal profiles of a
laser pulse and (b) corresponding electric fields in time domain for a broad
(upper panel) and narrower laser spectrum (lower panel). For each laser
spectrum the effect of the carrier-envelope phase is shown for values of 0
(green) and π/2 (red). The blue line indicates the temporal pulse envelope.

• D0 is the so-called carrier envelope phase (CEP) and is more important
for few-cycle light pulses compared to multi-cycle pulses (see figure 2.2).
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D0 is sometimes also called carrier envelope offset (CEO) as it describes
the offset the oscillation has with respect to the envelope of the pulse.

• D1 is called the group delay (GD) and describes pulse propagation. It
describes a temporal shift of the whole pulse.

• D2 is called group delay dispersion (GDD) and describes temporal pulse
broadening. As the instantaneous frequency ωinst(t) = ∂φ/∂t, where φ
is the temporal phase, is linearly changing in time, GDD leads to a
chirp of the pulse. Depending on sign, an up-chirp or down-chirp is
observed. The effect of GDD on the temporal shape of a light pulse is
shown in figure 2.3(a)

• D3 is the so-called third-order dispersion (TOD) and describes the gen-
eration of pre- or post-pulses in the time domain depending on the sign
of the TOD coefficient. The effect of TOD on the temporal shape of a
light pulse is shown in figure 2.3(b)

(a) (b)

Figure 2.3: (a) Simulated temporal pulse shape for a GDD of + (upper
panel) and − (lower panel) 700 fs2. (b) Simulated temporal pulse for a
TOD of + (upper panel) and − (lower panel) 7000 fs3. The instantaneous
frequency ωinst is plotted on the right y-axis. For both calculations the
narrower spectrum shown in blue in figure 2.2(a) was used. The initial pulse
duration is about 15 fs.

The higher orders of dispersion are typically of minor importance for the
bandwidth of a typical Ti:Sa amplifier as the influence on the spectral phase

17
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is decreasing with n! (see equation 2.12). When approaching the few-cycle
region, the compensation of the higher dispersion orders becomes more im-
portant. To model the effect of different dispersion orders on the temporal
shape of a light pulse, a Gaussian spectral distribution similar to the exper-
imental spectrum of the amplifier depicted in figure 3.5 as well as a broad
spectrum supporting few-cycle pulses are used (the spectra are depicted in
figure 2.2(a)). The influence of carrier-envelope phase becomes more import-
ant for the few-cycle pulse as can be seen in figure 2.2(b). In general, the
different dispersion orders need to be compensated to have a short pulse in
the interaction region of the experiment. The predominant contribution to
pulse broadening comes from the GDD, which is depicted in figure 2.3(a). As
can be seen by the instantaneous frequency ωinst, a positive (upper panel) or
negative (lower panel) GDD results in an increase or a decrease of frequency
with time, respectively. In the case of TOD the instantaneous frequency is
constant, whereas post- (upper panel) or pre-pulses (lower panel) are gen-
erated for positive or negative TOD values, respectively (as shown in figure
2.3(b)).

The calculation of refractive index: The Sellmeier equation The
spectral phase ϕ(ω) acquired during propagation through an optical setup
can be determined if the lengths and the refractive indices n(ω) for the cor-
responding materials are known. In this context, the so-called Sellmeier[110]

equation is helpful to compute the refractive index for a given wavelength
region. The Sellmeier equation is given as

n(λ) =

√√√√1 +
3∑
i=1

Aiλ2

λ2 − λ2
i

, (2.13)

where Ai and λi are material parameters and can be found in the literature,
where the online database https://refractiveindex.info provides a collection of
most optical materials used in a typical laser laboratory. The wavelength in
the Sellmeier equation is defined in units of µm. Most materials show normal
dispersion, i.e. n(ω) is increasing with frequency. Negative dispersion in a
material is mostly present in the anomalous regime, where absorption occurs.

18

https://refractiveindex.info


2.2. NONLINEAR OPTICS

2.2 Nonlinear Optics

An electric field E(t) induces a polarization P̃ (t) in a medium, which can be
described as[111]

P̃ (t) = ε0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...], (2.14)

where the χ(n) are known as susceptibilities of n-th order. In the case of
low laser intensities the higher contributions can be neglected as the mag-
nitude of χ(n) when n is bigger than 1 decreases drastically. For condensed
matter, χ(1) is of the order of unity and χ(2) is of the order of 10−12 m/V and
χ(3) of the order of 10−24 m2/V2.[111] So the nonlinear polarization will play
a role when the light intensity is high enough. When considering the wave
equation in a polarizable medium, the wave equation as shown in equation
2.6 acquires a response factor[111]

∇2 ~E − n2

c2

∂2 ~E

∂t2
=

1

ε0c2

∂P̃NL

∂t2
, (2.15)

where the additional term ∂P̃NL

∂t2
originates from the charges accelerated by

the driving laser field.
There are different second order processes when using an electric field of

the form E(t) = Ee−iωt + c.c., where c.c. denotes the complex conjugated.
The second order nonlinear polarization P̃ (2)(t) is given as

P̃ (2)(t) = ε0χ
(2)[2EE∗ + E2e−i2ωt + E∗2ei2ωt]. (2.16)

Taking into account the nonlinear wave equation 2.15, the first term EE∗

describes an optical rectification, as it is constant in time and its second de-
rivative vanishes. The other terms describe the emission of light at twice the
input frequency. In the general case for a χ(2) process, where the input field
can be composed of two different frequency components, the sum and the
difference frequency of both fields can be generated. The different processes
based on χ(2) are shown in figure 2.4. This is used in the case of optical
parametric amplification (OPA) or an X-FROG technique, where a pulse is
characterized by generating the sum frequency between a well-known refer-
ence pulse and the pulse that should be measured.

The third order processes typically come into play for even higher in-
tensities reachable with a typical femtosecond laser amplifier. The nonlinear
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Figure 2.4: Wave mixing schemes using a χ(2) medium. Depending on the
input frequencies, sum frequency generation (SFG), difference frequency gen-
eration (DFG) and second harmonic generation (SHG), which is essentially
SFG at the degeneracy point, where both input frequencies ω1,2 are equal,
can be realized. The process is shown as scheme (left hand side) and in
energy level diagram representation (right hand side).

polarization of the third order is given as[111]

P̃ (3)(t) = ε0χ
(3)E3(t). (2.17)

Processes occurring due to the third order nonlinear polarization are for
instance third harmonic generation (THG) and nonlinear propagation effects.
Examples for nonlinear propagation are in the spatial description the self-
focusing of an intense light pulse inside a medium in analogy to the temporal
effect of nonlinear propagation, known as self-phase modulation. Some ex-
amples of χ(3) processes are depicted in figure 2.5. The refractive index in a
high-intensity light field can be expressed as[111]

n(I) = n0 + n2I, (2.18)

where n0 is the normal refractive index observed for low light intensities,
n2 is the nonlinear refractive index and I is the light intensity.
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Figure 2.5: Examples of χ(3) processes: top: third harmonic generation.
Bottom left: Nonlinear phase propagation of an intense laser pulse leads
to self-focusing inside a medium. Bottom right: Temporal manifestation of
nonlinear phase propagation is known as self-phase modulation leading to a
frequency shift δω over the intensity profile of the pulse. New frequencies
can be generated in this case.

If an intense laser pulse propagates inside a medium, self-focusing may
occur which originates from the fact that the refractive index in lateral direc-
tion is changing and the wavefront of the pulse is bent. Thereby, self-focusing
occurs until the intensity is sufficiently high to support ionization leading
to diffraction. In the temporal domain, the nonlinear refractive index (see
equation 2.11) gives an additional term in the optical phase leading to an
intensity-dependent phase shift[108]

ϕ(ω) =
n(ω, I)ω

c
L =

(n0(ω) + n2I)ω

c
L. (2.19)

As the instantaneous frequency is the derivative of the temporal phase,[108]

additional frequencies are generated during propagation with high intensity.
Via interaction with a noble gas in a hollow-core fiber, spectral broadening
can be driven leading to broader spectra. These pulses can be compressed
to very short light pulses reaching down to the few-cycle regime.
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Single-photon 
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Multi-photon 
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Tunneling 
ionization

Over-the-barrier 
ionization

Figure 2.6: Schematic overview over different photoionization mechanisms.
A detailed description is given in the text.

2.3 Photoionization

Photoionization is defined as removing an electron from an atom, molecule or
cluster via irradiating it with a beam of photons. In general photoionization
occurs, when the absorbed energy of the system surpasses the ionization
potential of the neutral system. For high photon energies, a single photon can
be used to free an electron, whereas for longer wavelengths other processes
dominate. The different ionization mechanisms are sketched in figure 2.6.

For a Ti:Sa femtosecond laser (∼ 800 nm) the photon energy (1.55 eV)
is typically too low to drive single-photon ionization. Using the comparably
high intensity, multi-photon ionization can be driven. When increasing the
laser intensity even more, the field strength can become comparable to the
electric forces binding the electrons to the nucleus. In this case the binding
potential is bent by the laser field. To discriminate between different ion-
ization processes using a highly intense laser source, the so-called Keldysh
parameter γ is often used, which is given as[112]

γ =
√
Ip/2Up, (2.20)

where Ip denotes the ionization potential and Up is the ponderomotive
potential, which gives the cycle-averaged quiver energy of an electron in the
laser field[113] and is given for a monochromatic laser field as[114]

22



2.3. PHOTOIONIZATION

Up =
e2E2

4meω2
, (2.21)

where e is the elementary charge, E denotes the electric field of the laser,
me is the electrons’ mass and ω the laser frequency. The ionization potential
of most atoms or molecules lies within a region between few up to a few 10 eV,
so that the main influence on the value of the Keldysh parameter is given by
the laser intensity ∼ E2 and the laser frequency ω. The Keldysh parameter
basically compares the amount of quiver energy the electron acquires in an
oscillating field with the energy needed for multi-photon ionization. For
values γ � 1 the dominant ionization mechanism is of multi-photon nature
and for γ � 1, tunneling ionization is dominant.[115] Another interpretation
of the Keldysh parameter is that it is given by γ = ωτ , where ω is the laser
frequency and τ is the tunneling time. Then, the Keldysh parameter basically
expresses how much the barrier moves during the time it takes the electron
to tunnel out. A detailed description can be found in the literature.[112, 115]

For even higher laser intensities, the so-called over-the-barrier ionization may
occur, which is characterized by depletion of the ground state electrons within
a single laser cycle.

In the experiments described within this thesis, mainly multi-photon and
tunneling ionization are observed.
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Chapter 3

Experimental setup

3.1 Femtosecond laser system

The main part of the optical setup is based on a titanium:sapphire (Ti:Sa)
laser system produced by Femtolasers (now part of SpectraPhysics Newport).
In the following, a description of the system is given. The description how
to switch on and off the system (see section 7.7) and an alignment guide are
presented in the appendix (see section 7.8).

The system consists of an oscillator (Femtosource Synergy; λ0 = 780 nm,
frep ∼ 83.4 MHz, P ∼ 500 mW, ∆λFWHM ∼ 104 nm) generating the broad-
band laser pulses and a multi-pass amplifier (Femtopower HE 5 kHz ). The
oscillator is pumped by a continuous-wave (cw) laser (Millenia eV, Spec-
traPhysics, (λ = 532 nm, Pmax = 5 W) set to a power of 3.6 W. The
schematic layout of the oscillator is shown in figure 3.1. The Ti:Sa crys-
tal is placed between two concave mirrors and pumped by the focused cw
laser at a wavelength of 532 nm. The lens and the Ti:Sa crystal are both
placed on movable stages. The fluorescence emitted by the Ti:Sa crystal is
collected by the first two mirrors and the collimated beam is guided through
the resonator. After start-up of the pump laser, the oscillator runs in cw
mode on a wavelength defined by the stability range setting. The length of
the resonator can be influenced by the position of the end-mirror. The stabil-
ity range is adjusted by moving one of the focusing mirrors. If a fluctuation
is introduced into the stable cw operation, the oscillator jumps into mode-
locked mode, which is in this case realized by Kerr-lens mode-locking in the
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Figure 3.1: Schematic layout of the Femtosource Synergy oscillator.

Ti:Sa crystal. The fluctuation is introduced by a fast movement of the end-
mirror of the cavity. The resonator comprises chirped mirrors compensating
the round-trip dispersion. The pulses are coupled out using a wedged mirror
(OC). The wedge is used to prohibit back-reflection into the resonator. The
out-coupled pulses are transmitted through a compensation plate (CP) com-
pensating the lateral difference in material thickness the beam experiences
during transmission through the output coupler.

The amplifier is based on the chirped pulse amplification principle[116]

schematically shown in figure 3.2. The amplifier is pumped by a Photonics
Industries DM40-527 (λ = 527 nm, frep = 1, 3 or 5 kHz). The repetition
frequency of the pump laser is set by the trigger box connected to a fast
photodiode recording the output of the oscillator. The trigger box applies
a constant factor to adjust a reasonable repetition frequency on the pump
laser (currently the actual frequency is about 5.348 kHz).

The oscillator pulses enter the amplifier box (shown in figure 3.4) and
are transmitted through a Faraday isolator. The Faraday isolator is based
on the optical insulation principle using the magneto-optic effect prohibiting
back-reflection into the oscillator. Due to the magneto-optical principle, the
Faraday cell rotates the polarization of an input beam by 45◦ independent of
propagation direction. The schematic working principle (based on technical
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input pulse

temporal stretching

amplification temporal compressionpump

Chirped Pulse Amplification (CPA) principle

Figure 3.2: Schematic layout of the chirped pulse amplification (CPA)
principle.[116] To counteract damage of the amplification medium, the input
pulse is stretched in time by introducing dispersion thereby lowering the
peak power. The chirped pulse is then amplified using a strong pump pulse
and the amplified pulse is then compressed in time by compensation of the
acquired dispersion during pulse stretching and amplification. Using the CPA
principle, the achievable pulse peak power can be enhanced significantly.

notes on eot homepage) is shown in figure 3.3.
When a laser beam propagates in transmission direction (top panel) with

vertical input polarization (shown in red), it is transmitted through the first
polarizer and enters the Faraday rotator. The polarization is rotated clock-
wise by 45◦ and rotated to horizontal polarization by an additional rotator
(e.g. a λ/2 plate). The beam is then transmitted through a polarizer set
to transmit horizontal polarization. If a beam is propagating backwards
(bottom panel) with horizontal polarization (shown in purple) through the
system, the first polarizer transmits and the polarization is rotated counter-
clockwise to 45◦ by the rotator. The Faraday rotator rotates the polarization
by 45◦ in clockwise direction and therefore the back-propagating beam is
blocked by the second polarizer.

The amplification is based on the chirped pulse amplification principle.[116]

Before entering the amplification stage, the pulses are stretched in time by
∼ 20 cm SF14 glass and the polarization is rotated back to horizontal with
respect to the amplifier breadboard by a periscope. The pulses enter the
multi-pass amplifier. The beam is made convergent into a Ti:Sa crystal by
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3.1. FEMTOSECOND LASER SYSTEM

a concave mirror. The crystal is placed inside a vacuum chamber kept at
around 7 × 10−7 mBar by an ion getter pump and cooled by a cryocooler
(CryoSpectra model K130100W ) down to 110 K when the pump beam is on
(about 90 K when pump beam is off).

input 
beam

Faraday cellpolarizer rotator 

returning
beam

Faraday cellpolarizer rotator 

polarizer 

polarizer 

Figure 3.3: Schematic working principle of a Faraday isolator. The polariza-
tions and rotations are shown in the perspective of the emitter for simplicity.
A detailed description is given in the text.

The laser pulses are amplified in the first 4 passes and then coupled out
for temporal filtering. In the first four passes all the pulses underneath the
pump pulse envelope are amplified. The pulses are horizontally polarized and
a Pockels cell rotates the polarization of approximately every 16.000th laser
pulse using the electro-optic effect. Only the pulses rotated in polarization
are transmitted through the polarizer behind the Pockels cell and enter the
Dazzler (Fastlite HR25-800 ).

The Dazzler is an acousto-optic programmable dispersive filter (AOPDF)
which can be used to shape the pulses in the temporal domain. The laser
pulses experience acousto-optic interaction inside a birefringent crystal (in
this case TeO2) where different wavelengths can be scattered from the fast
into the slow axis of the crystal at a desired axial position in the crystal and
thereby dispersion can be introduced. The Dazzler is used to reach nearly
full pulse compression after amplification and to counteract gain-narrowing
in the multi-pass amplifier. The spectral efficiency of the Dazzler can be
tuned via shaping of the acoustic wave.

The laser beam shaped by the Dazzler is spatially separated from the
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3.1. FEMTOSECOND LASER SYSTEM

direct beam and picked up by a mirror guiding the beam to the next amp-
lification passes. The pulses enter the next 4 passes and are coupled out
afterwards for beam size adjustment which is necessary due to the increased
power level at this point. The pulses are again coupled out after the 9th

pass and enter the crystal chamber for final amplification. The last pass is
used to drive the amplification closer to saturation of the pump to reduce
pulse-to-pulse energy fluctuations. Currently the best pulse-to-pulse energy
fluctuation measured over 15000 shots (see figure 3.5(b)) of the amplifier are
about 0.8% rms1, which is basically limited by the energy fluctuations of the
pump laser (specified as <0.5% rms). After 10 passes an average power of
about 7 W is reached in front of the convex mirror at a pump power of about
42 W.

The beam is enlarged by a telescope comprising a convex mirror and a
concave lens. A periscope rotates the beam so that its polarization is ver-
tical with respect to the laser table. The pulses enter the transmission grating
compressor and are folded upwards and reflected back through the gratings
by two mirrors. Due to the high pulse peak power when compressed, the
final compression is done by two reflections on chirped mirrors.

The amplifier can be operated at 3 (∼ 1.6 mJ/pulse) or 5 (∼ 1 mJ/pulse)
kHz repetition rate. The pulse parameters except for the pulse energy are
similar for both operational modes. A typical pulse duration of about 25
fs and a pulse energy of about 1 mJ can be reached at the output of the
amplifier for 5 kHz.

The beam exits the amplifier box and is brought to a height of about
13.3 cm above the laser table by a periscope. Part of the beam is picked
up by a glass plate coated for low reflectivity (about 0.7%) and focused by
a lens onto a four-quadrant photodiode (QD-2). The input beam into the
amplifier as well as the output beam of the amplifier are stabilized by Piezo-
driven mirrors controlled via a feedback loop by a beam stabilization unit
(Femtolasers beam pointing stabilization unit (BPSU)). The laser beam is
split up by a 50:50 beam splitter to provide a beam for the TOPAS or the
hollow-core fiber (HCF) and a beam for the other experiments. The latter
is transmitted through a λ/2 waveplate (B.Halle) and a thin-film polarizer
coated for the broad spectral range of the amplified pulses. The polarizer
(Femtolasers) is hit under 72◦ angle of incidence transmitting horizontally

1root mean square, given as RMS =
√
V ar(S)/S0, where S0 denotes the mean value

of a fluctuating signal S and V ar denotes the variance of the signal
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Figure 3.5: (a) Typical laser spectra measured with an intensity-calibrated
spectrometer (Avantes AvaSpec 2048 ) for the Femtosource Synergy (green)
and the Femtopower HE 5 kHz (blue). (b) Laser pulse energy fluctuations
measured by the Femtolasers photodiode inside the amplifier box with an
oscilloscope (LeCroy Waverunner 640Zi).

(parallel to the optical table) polarized light. By rotating the λ/2 plate, the
transmitted laser power can be adjusted.

3.2 Temporal laser pulse characterization

The laser pulses delivered by the laser amplifier can be characterized in the
temporal domain by different techniques. According to the definition of the
laser electric field Ẽ(ω) =

√
S(ω)e−iϕ(ω) (equation 2.10), the determination

of the laser spectrum S(ω) and the spectral phase ϕ(ω) yields the electric
field in spectral domain. Both the spectrum and the spectral phase can be
obtained experimentally. The spectrum of the laser pulse is easily access-
ible by using an optical spectrometer. For the determination of the phase, a
couple of measurement techniques can be used. The following discussion will
be focused on the frequency resolved optical gating (FROG)[109] technique.

Further details on different temporal pulse characterization techniques[109, 117]

and on FROG [118] can be found in the literature. The measured quantity in
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a FROG measurement is the so-called spectrogram[118]

IFROG(ω, τ) =

∣∣∣∣∫ ∞
−∞

Esig(t, τ) exp(−iωt)dt
∣∣∣∣2 , (3.1)

where Esig(t, τ) is a quantity that contains the electric field to be de-
termined and the gate function. In the case of the FROG principle, the
gate function is typically a combination of the laser electric field E(t) or a
harmonic of it. In the case of cross-correlation FROG (X-FROG), the gate
function is a well-characterized reference laser field interacting with the elec-
tric field E(t) under investigation. In the case of second harmonic generation
(SHG) FROG, the gate function is simply a time-delayed version of E(t).
Two types of FROG exist in general: The scanning and the single-shot type.
In the case of a scanning device, the time delay between the gate pulse and
the pulse to be measured is scanned using e.g. a Piezo-driven linear stage.
The spectrum of the generated signal is recorded for each time delay using
a spectrometer. In the case of single-shot operation, the gate and the pulse
to be measured are typically crossed in a line focus and imaged by using
lenses or mirrors onto a camera. Inside the imaging system, a dispersive
element like a grating or prism sorts the wavelengths along one axis in the
image captured by the camera. The orthogonal axis is the time axis, which
can be calculated using the crossing angle. In the single-shot technique, the
wavelength axis needs to be calibrated by using e.g. color filters.

For the scanning technique, the time delay τ is typically scanned and
a spectrum for each time step is recorded. For the transient grating (TG)
FROG used herein, a third order (χ(3)) process is employed, where Esig(t, τ) =
|E(t)|2E(t−τ). This means experimentally that a temporally transient grat-
ing is formed by the laser pulse, which can interact with the signal E(t− τ)
to be measured. Due to easier experimental implementation, the TG-FROG
built up during supervision of the Bachelor thesis of S. Apazeller,[119] is of
the scanning type. The experimental setup of the TG-FROG is depicted in
figure 3.6.

The TG-FROG is mathematically equivalent to the polarization gating
(PG) FROG based on interaction inside a χ(3) medium. The TG-FROG is
based on the interaction between three pulses, which should have the same
spectral components. Experimentally, the input beam is transmitted through
a plate with three holes of the same size centered around the middle of the
beam. To adjust the available laser power for the FROG in a dispersion-free
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Figure 3.6: Schematic layout of the TG-FROG setup used in the experi-
ments. A detailed description is given in the text.

manner, a couple of these plates with different hole diameter are mounted on
a wheel. The area of the holes changes by a factor of about two from one to
another. The three spots of the beam profile are reflected by a mirror and
guided onto a concave mirror which is cut in the middle so that both parts of
the mirror can be moved independently. Two spots are reflected on one half
of the cut mirror and generate the transient grating, the third spot interacts
with. The half of the concave mirror reflecting the two spots kept at a fixed
axial position. As the spots are cut out of the same input beam, the concave
mirror focuses both spots generating the grating on the same position in the
distance of its focal length.

The other half of the mirror is mounted on a Piezo stage, which is used to
generate a temporal delay with respect to the transient grating. The mirror
for the third spot is placed in a mirror mount, which can be used to adjust
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spatial overlap with the grating spots. If spatio-temporal overlap is realized,
the three spots interact inside the χ(3) medium. The interaction generates
a fourth spot, which ends up in the missing spot of the square (see inset
in figure 3.6) behind the χ(3) medium due to momentum conservation.[118]

If all three spots contain the same spectral components and the pulse is
compressed, the fourth spot contains the same wavelength components as
the three input beams due to conservation of energy. The χ(3) medium in
the FROG used herein is a ZrO2 plate with about 250 µm thickness. In the
simplest case, a glass plate serves as χ(3) medium. From experience, the ZrO2

is more efficient for the TG-FROG compared to FS. The fourth spot is cut
out using an iris and guided onto a concave spherical mirror with f = 100
mm. A d-cut mirror is used to realize small angle of incidence on the concave
mirror. The concave mirror is placed at a distance of about 2f away from the
interaction point inside the ZrO2 plate. The beam is then 1:1 imaged onto
the entrance of a spectrometer fiber placed at a distance of about 2f behind
the concave mirror. To acquire a FROG trace, the Piezo stage is moved in
a given number of steps and the spectrum of the signal is measured for each
time step. The Piezo stage (Attocube ECS3030 ) uses a stick-slip movement of
a Piezo thereby moving a mechanical stage stepwise. This mode of operation
combines the sub-nm resolution in position provided by the Piezo with the
long travel range of the linear stage of about 20 mm. The Piezo stage has a
built-in position sensor based on a laser diode allowing for exact positioning.
The positions are read out by the controller and converted into delay taking
into account the factor of two, as the light needs to travel back and forth.
The data acquisition is computer-controlled (LabView) and evaluation of the
FROG traces is done using Trebino’s MATLAB algorithm.2 To that end the
FROG traces are loaded and cropped to the region of interest in delay and
wavelength. The FROG traces are binned to a regular 2n grid and evaluated
using the corresponding mathematical description of the spectrogram. The
FROG evaluation yields the reconstructed trace, the spectrum and the spec-
tral phase. Thereby the electric field in the spectral domain is determined.
Examples of FROG evaluations are shown in part 5.

2Code available at http://frog.gatech.edu/index.html or in the folder exp3_
all/Matlab/AKastner/FROG Tebino
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3.3 Velocity map imaging machine

The velocity map imaging (VMI) machine was developed and assembled in
the Diploma thesis of M. Krug[120] and developed further in the PhD thesis
of the same author[121] and also during the PhD thesis of C. Lux.[75]

Figure 3.7: Schematic layout of charged particle imaging based on the
conventional imaging setup[43] (left hand side) and the imaging lens setup as
presented by [44] (right hand side). The setup consists of either two or three
plates, where either one or two of them are set to high voltage. Depending
on polarity of the plates, photoelectrons or photoions can be imaged onto a
detector. The ionization point lies above the repeller plate and the lateral
(with respect to the spectrometer axis) momenta of electrons are projected
onto the radial coordinate on the detector.

The basic concept and working principle of velocity map imaging (VMI)
are explained in the following and a scheme is shown in figure 3.7. Imaging of
charged particles was demonstrated by Chandler and Houston[43] and optim-
ized in the work of Eppink and Parker[44] by using an additional lens. The
photoelectrons are accelerated in opposite direction of the electric field gen-
erated by an assembly of plates set to high voltage. Thereby the momentum
distribution of a photoionization process can be imaged onto a detector. The
final momentum px (the spectrometer axis herein is defined as x-axis, see
also coordinate system shown in figure 3.7) of the photoelectrons is dom-
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inated by the acceleration in the electrostatic field introduced by the VMI
plates. In general, the px component is contained in the flight time to the
detector and cannot be measured in an easy way by the VMI used herein.
The final momenta py,z are mapped onto the radial position on the detector.
When the generation of the photoelectrons features a cylindrical symmetry
either imposed by LIN light, where the polarization vector is oriented in
the detector plane or circularly polarized light, the three-dimensional pho-
toelectron momentum distribution can be obtained by Abel-inversion. A
more detailed description on the algorithms used to that end can be found
in the appendix (II). If the detector records two-dimensional information the
differential cross-section dσ/dΩ can be obtained by Abel-inversion. The po-
sition and voltages of the plates define the trajectories for the electrons or
ions. For non-relativistic particles the trajectories are independent of the
m/q (mass/charge) ratio.[122]

VMI is one key technique to realize angularly resolved photoelectron spec-
troscopy. The VMI technique was improved further using the thick-lens
design allowing for measuring photoelectrons with high kinetic energies up
to about 1 keV.[123] Typical VMIs reach very high energy resolution typically
expressed by the ∆E/E ratio lying in the few % region or even below.[124, 125]

VMI can also be used in single-shot mode to record for instance PADs for
different CE phases.[126] The VMI technique has also been used in a feed-
back loop using a pulseshaper to optimize photoionization. [127] The angular
distribution in a VMI can be magnified by placing an Einzel lens inside the
field-free drift region above the ground plate.[128, 129] Recently, a special is-
sue on VMI techniques was published in the Journal of Chemical Physics.[45]

Next, a few details about the VMI machine used herein are presented.

Experimental details The chamber is evacuated by a two-stage rotatory
vane pump (Edwards E2M18 ) reaching a pressure in the lower 10−2 mBar
region. The high vacuum is provided by using a turbo-molecular pump (Oer-
likon Leybold SL 650 ) reaching a pressure between 7 · 10−8 –1.5 · 10−7 mBar
inside the chamber. The machine was equipped with a gas inlet during the
PhD thesis of C. Lux, where the exit of the copper needle was placed few
millimeters in front of the interaction region. For the wavelength dependence
experiments described in section 4.2 the machine was used in the configura-
tion as during the measurements by C. Lux described in his PhD thesis.[75]

The configuration of the VMI machine was slightly changed according to
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the recommendations of Theofanis Kitsopoulos[130] concerning the magnetic
shielding and the gas needle. Measurements with a condensation trap filled
with liquid nitrogen were done to test the quality of the gas beam generated
by the gas needle. As the result was that the ionization signal originated
mainly from ionization of the cloud of molecules inside the chamber and not
a real gas beam, the gas needle was moved away from the spectrometer. No
pronounced influence on the signal strength or the quality of the imaging
properties of the VMI were observed after moving the gas needle away from
the VMI plates.

(a) (b)

Figure 3.8: Pictures of the optimized VMI plate assembly inside the vacuum
chamber. The difference to the previous VMI setup by M. Krug is the larger
size of the plates and the choice of non-magnetizable stainless steel. The
plates are mounted on PTFE holders connected to threaded rods fixed on a
welded ring inside the chamber. The cables for the high voltage are connected
from the left side in image (b). Photos taken by T. Ring.

The residual magnetic fields present in the laboratory are compensated
by coils surrounding the flight path between the interaction region and the
detector. The µ-metal shielding that surrounded the VMI plate assembly
should remove magnetic fields reaching from the outside into the electron
flight path. The coils on the contrary are used to introduce a magnetic field.
Therefore the magnetic shielding was removed. The VMI plates were ex-
changed for bigger ones in the course of this PhD thesis (pictures of the new
plate assembly are depicted in figure 3.8). The new plates are made out of
non-magnetizable stainless steel (1.4404, AISI 316 L, ThyssenKrupp) and are
much bigger in size (∼ 14 cm diameter compared to ∼ 7 cm for the previous
plates as implemented by M. Krug) to reduce the effect of stray fields reach-
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ing into the electron flight path.
Details on the reconstruction of the three-dimensional photoelectron mo-

mentum distribution by Abel back-projection are given in the appendix 7.2.
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Chapter 4

Extending the parameter space of
PECD

In this chapter, several experiments aiming at a deeper understanding of
the PECD phenomenon are presented. In section 4.1, a small repetition and
extension of enantiomeric excess studies employing the gas phase PECD tech-
nique are presented. The sensitivity of below one percent in e.e. for the femto-
second PECD technique was determined as reported in the literature.[57, 75]

4.1 Sensitivity with respect to enantiomeric ex-
cess

Parts of this section have been published[57] and have been explained in detail
in previous work.[75] A few details of the previously reported work were added
during the paper iteration process, which are described in the following.

Introduction

Different approaches can be used to determine the enantiomeric excess (e.e.)
of one enantiomer over the other in a mixture.

Techniques like chiral chromatography[2, 3, 4, 5, 6] using enantiomer-dependent
retention times or nuclear magnetic resonance (NMR) using chirality-dependent
chemical shifts in the NMR spectra can be employed to determine the e.e.
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value.[131] Few per cent e.e. detection accuracy is feasible using e.g. Four-
ier transform vibrational circular dichroism,[132] Fourier transform microwave
three-wave mixing in supersonic gas jets[18] or optical rotation utilizing femto-
second spectroscopy in the liquid phase.[133]

Laser mass spectrometry is a well-established technique to investigate
circular dichroism,[35, 134] which has been used as well to determine the e.e.
value of a mixture.[135] The advent of PECD[40] in single-[46] as well as multi-
photon ionization[69, 71] paved the way to determination of e.e. values. e.e.
detection has been demonstrated in the single photon[51] as well as multi-
photon experiments,[57] where especially the ability to assign the origin of
photoelectrons in a mixture of different chiral molecules via mass-tagging[81]

opens up interesting new avenues. The following discussion extends the find-
ings presented previously.[57, 75]

It was observed previously[74, 75] that the enantiopure specimen of fen-
chone showed differing PECD values. This stimulated the investigation of
dependence of PECD e.e. value. In the following section, the result of a
systematic scan of samples with varying amount of e.e. is shown. In the
experiment, a non-vanishing PECD for racemic mixtures is observed. There-
fore, a simulation to study the dependence of PECD on e.e. especially in
the region of racemic mixtures was developed and is explained in the section
after.

Results and Discussion

Six different mixtures of (R)-(−)- and (S)-(+)-fenchone were prepared. Three
specimen had an e.e. close to a racemate and the remaining three speci-
men were close to enantiopure (S)-(+)-fenchone. The enantiomers of fen-
chone were purchased from Sigma-Aldrich with a specified constitutional
purity of 99.2%. The e.e. value was determined using gas chromatography
(GC) performed by Chemische Laboratorien Dr. Soenke Petersen using a
γ-cyclodextrin capillary column.[3, 136] The description of experimental setup
and data processing can be found in the published work.[57, 74, 75] The meas-
urement yields four data points for each specimen, where raw data LPECD
as well as weighted average LPECD values using the pBasex can be used
to evaluate the sensitivity of the gas phase PECD technique with respect to
variation of the e.e. value.

The resulting data points are plotted in figure 4.1. The obtained weighted
average LPECD values using the pBasex evaluation are shown in blue, where
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(a) (b)

Figure 4.1: Dependency of LPECD on enantiomeric excess of (S)-(+)-
fenchone derived from a measurement of six different mixtures of (R)-(−)-
and (S)-(+)-fenchone. The resulting LPECD values (blue) are derived from
weighted averaging over the FWHM width of c0 coming out of the pBasex
evaluation. For each specimen the measurement was repeated four times
(the mean LPECD values are plotted as red circles). All six specimen were
characterized by gas chromatography (GC), which gives the uncertainty of
±0.1% on the x-axis (vertical green lines). A linear fit was applied to the
data resulting in the red line, where the error of the fit is indicated by the
red shaded area. Adapted from [57].

the mean values for each specimen are plotted as red circles. The GC ana-
lysis of the specimen has a typical error of ±0.1%, which gives the error bar
in x-direction indicated by the green vertical lines. A linear function is fitted
to the datapoints resulting in an expression for the dependency of LPECD
on e.e.:

LPECD (e.e.) [%] = t+m · e.e. (%) (4.1)
= (−0.39± 0.02)% + (−0.1379± 0.0006) · e.e. (%)

The fit function is plotted as red line in figure 4.1, where the red shaded
area indicates the error region. It can be noted that the linear fit yields an
offset of the LPECD curve, which should go through zero for a racemate.
A similar observation was made for the e.e. scan using the CD effect.[135]

Residual imperfections of the measurement are taken into account in the cal-
ibration curve. The sensitivity of the technique, i.e. how close in e.e. can
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two specimen be to be distinguishable from each other, can be derived us-
ing error propagation. The relation 4.1 is therefore inverted with respect to
e.e. and the largest standard deviation from the mean value of LPECD is
used as maximum uncertainty. The resulting minimum difference in e.e. is
δe.e. = 0.6% for the pBasex evaluation. The same estimation can be done for
LPECD derived from raw data which yields δraw

e.e. = 0.8%. Both values are
well below 1%.

The behavior of the non-vanishing LPECD for a racemate and the de-
pendency of the LPECD curve on e.e. should be discussed in more detail,
which is done in the following.

PECD simulation

In this section, a simple simulation of different effects that can influence the
PECD metrics is presented. In this example, the linear PECD (LPECD)
metric for quantification is considered. This simulation is written in MAT-
LAB and was used to investigate the effect of experimental imperfections on
observed LPECD values.

The calculation is based on raw data LPECD (see equation 4.3), where F,
B and T denote the forward, backward and total signal of a PECD measure-
ment, respectively. In the integral form F, B and T are simply numbers. The
PECD image is derived by subtracting the RCP from the LCP PAD image:
PECD=LCP-RCP. The formula describing the PECD image can thereby be
written as

PECD =

[
PECDB

PECDF

]
=

[
LCPB

LCPF

]
− (1 + n) ·

[
RCPB

RCPF

]
. (4.2)

The subscript F denotes the forward hemisphere of the PAD-image and
B denotes the backward hemisphere. The parameter n is used to model
the different signal level between LCP and RCP PAD-images. The physical
meaning of this parameter is twofold: It can be the anisotropy in absorption
(CD effect) or the difference in the laser field strengths of LCP and RCP set-
ting of the quarter wave plate. In the first case, n changes sign, for exchange
of enantiomer, i.e. when LPECD changes sign (different e.e. values are in-
cluded in the given LPECD value). For the second case, n is independent of a
sign change of LPECD. The origin of LPECD lies in the definition of LCPF,B

and RCPF,B, where LPECD is induced by shifting signal from the forward to
the backward hemisphere LCPF = LCPB(1+m) and RCPF = RCPB(1−m),
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Figure 4.2: Scheme to investigate the influence of CD on LPECD for a
racemate. The detailed discussion can be found in the text.

where m can be used to adjust the PECD magnitude.
The total signal is T=LCPF+LCPB+(1+n)(RCPF+RCPB) (sum over all

contributions) and LPECD therefore reads as

LPECD =
2(PECDF − PECDB)

T
. (4.3)

Using these formulas, the LPECD dependence on PECD strength and
CD effect or difference in laser power for both polarization settings can be
modeled.

Chiral effects for a racemate If a CD effect is present as it is quite prob-
able for a chiral specimen, the LPECD value can be changed. In the data
evaluation shown herein, the signal magnitude of LCP and RCP PAD images
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are equalized to correct for a presumably present CD effect (see appendix II
for further details on data processing). Another interesting point is the ori-
gin of the offset observed in the measurement. For a racemate, the PECD as
well as a CD effect should vanish due to the perfect anti-symmetric nature
of both effects. However, it should be noted that a racemate is a different
situation than an achiral specimen.

First, there is the question if the non-zero LPECD for a racemate could
arise due to a remaining CD effect. In figure 4.2 a scheme to investigate
the behavior of CD- and PECD effect for a racemate is depicted. In the
upper part of the figure, a perfect racemate is sketched so that the number
of R-enantiomers is the same as the number of S-enantiomers in the sample.
Below, the response of both enantiomers to circularly polarized light under
the assumption that there is a pronounced CD effect is visualized. The height
of the bars indicates the signal level. In a CD experiment the circularity is
switched from LCP to RCP and the difference of both signals normalized
by the sum of both signals is determined. When using LCP light, the total
signal is the sum of the unshaded bars. Switching to RCP light, one meas-
ures the sum of the shaded bars, which yields the same number, as perfect
mirroring of the CD when exchanging the enantiomer or switching the sense
of rotation of the light is assumed. The CD effect in such a case is zero.

In the case of PECD, the preferred emission direction of the photoelec-
trons coming from the R-enantiomers in the sample can be e.g. to the left
side in the PADs for LCP light. For the S-enantiomer the emission direction
is opposite for the same sense of rotation of the light. In absence of a CD
effect (and experimental imperfections) the resulting PECD effect is zero for
a racemate as the asymmetry is perfectly mirrored when switching between
LCP and RCP. If the molecules show a CD effect the resulting PAD for LCP
setting is formed by the sum of the two enantiomers’ contributions (shown on
the left hand side in the figure), where the R-enantiomers contribute slightly
more in signal indicated by the multiplication factor of 1.1 thereby gener-
ating slightly more signal in the left half of the image. The contribution of
the S-enantiomers is slightly weaker in total signal and in this case there
is more signal in the right half of the image. The measured PAD for the
LCP setting is the sum of both contributions having more signal in the left
half of the image. When switching the sense of rotation to RCP (shown on
the right hand side in the figure), now the S-enantiomers contribute slightly
more to the PAD than the R-enantiomers, but the emission direction of the
photoelectrons is in the same direction as for the R-enantiomer for LCP light
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(as mirroring is done twice). Thereby the resulting PAD for RCP looks the
same as the LCP PAD and a remaining CD effect cannot generate a PECD
effect even for a racemate.
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Figure 4.3: (a) Contour of the resulting LPECD value for different PECD
strengths (x-axis) and different signal levels of LCP and RCP PAD-images
given by the parameter n (y-axis). (b) Resulting curves for LPECD behavior
when a CD effect, or a difference in LCP/RCP laser power is present in
comparison to the case, where n equals zero. A detailed description is given
in the text.

Now the behavior of LPECD with respect to e.e. value is considered.
Assuming that LPECD is a linear function of e.e. value as observed in the
experiment, the contour of the resulting LPECD values can be modeled using
equation 4.2. The contour is depicted in figure 4.3(a). The PECD magnitude
is plotted on the x-axis and the value for n along the y-axis. First, the case
for n=0 (plotted in black in figure 4.3(b)) is considered. In this case the
PECD magnitude is directly transferred to LPECD (LPECD=PECD). This
refers to the horizontal axis along n=0 in figure 4.3(a). A peculiarity arises
for n=−1, as in this case the second term in equation 4.2 vanishes, LPECD
is defined solely by the forward and backward terms of LCP. In reality, this
case is rather unprobable.

A more realistic behavior is shown in the inset of figure 4.3(b). Here, a
CD effect of 5% and an LPECD in the region of about ±13% (like in the
experiment) is assumed and leads to a nonlinear behavior of the LPECD
curve with respect to e.e. (expressed by changing the values of PECD). As

45



4.1. SENSITIVITY WITH RESPECT TO ENANTIOMERIC EXCESS

the deviation from the LPECD curve without the CD effect is rather small,
the difference between both LPECD curves is plotted and multiplied by a
factor of 104. The CD effect changes sign when exchanging the enantiomer,
which is done by changing the sign of PECD. Fitting a polynomial to the
LPECD curve for a CD effect of 5% yields the following equation:

LPECD(PECD) =1.48× 10−4 × PECD3 + 0.0122× PECD2+ (4.4)
1× PECD− 6.210−12.

It can easily be seen that the quadratic as well as the cubic contribution
to LPECD are much smaller than the linear contribution.

Conclusion

In this section it was demonstrated that the laser-based femtosecond PECD
technique is sensitive to e.e. using randomly oriented fenchone molecules in
the gas phase.[57, 75]

For quantification, the LPECD metric was used and its behavior with
respect to e.e. value of a sample was investigated experimentally. The data
analysis revealed sub-one per cent e.e. sensitivity in nearly racemic as well
as nearly enantiopure samples which starts to be comparable to other estab-
lished methods. In combination with a reference, the assignment of absolute
e.e. values is possible.

The experimentally observed offset of the LPECD curve cannot be ex-
plained by a residual CD effect. Modeling of the dependency of LPECD on
e.e. led to a negligible offset. Based on a calculation by C. Lux,[75] a slight
shift of the whole PAD when switching between LCP and RCP could yield
the observed LPECD offset for a racemate. As the shift necessary to induce
the observed offset is below one pixel of the camera used, this systematic
error cannot be compensated in an easy way. A non-vanishing chiral effect
for a racemate was observed in an unpublished CD enantiomeric sensitivity
scan.[135] In conclusion, the gas phase PECD technique needs to be calibrated
with respect to known standards.
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4.2 Intermediate state and photoelectron en-
ergy dependence of PECD

The dependence of PECD on kinetic energy of the photoelectron has been
investigated in the single-photon ionization regime before.[47, 51, 63, 65] PECD
is observable when using a core-shell orbital or a higher lying molecular or-
bital as e.g. the HOMO. PECD was interpreted as being mainly a final state
effect. When applying multi-photon ionization, intermediate states can be
populated. Changing the excitation wavelength allows to populate different
intermediate resonances and to study the dependence of PECD on photo-
electron energy and intermediate state.[71, 91]

The absorption of fenchone[137] increases above about 6 eV, where several
electronic states can be found. This energy region is easily accessible via
two-photon transition in the UV spectral region. In previous experiments,[75]

the UV pulses were generated via frequency doubling or based on optical
parametric amplification.[71, 91] The experiment shown in the following aims
at extending previous findings on wavelength dependence of PECD over a
larger wavelength region. Parts of this section have been published.[92]

In the next section 4.2.1, the experimental set-up for the femtosecond
experiments is explained. To shed light on the vibrational structure of the
intermediate states, a high-resolution 2+1 REMPI spectrum was measured.
The experimental setup and the results obtained in the high-resolution meas-
urement are shown in section 4.2.2 and 4.2.3, respectively. The results of the
femtosecond experiment are shown in section 4.2.4. The section ends with a
conclusion and an outlook.

4.2.1 Experimental setup and data evaluation

The excitation and ionization scheme observed for fenchone is schematically
shown in figure 4.4(a)). A 2+1 REMPI comprises excitation of different
intermediate states. Depending on wavelength, the ionization is possible via
different intermediate states promoting the photoelectrons to different kinetic
energies in the continuum.
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(a) (b)

Figure 4.4: (a) Schematic excitation and ionization scheme for the 2+1 RE-
MPI and (b) schematic layout of the femtosecond photoelectron circular di-
chroism experiment. A detailed description is given in the text. Reused from
[92] with permission by AIP publishing.

4.2.2 High-resolution 2+1 REMPI experiment - Exper-
imental setup

The high-resolution scan was done in collaboration with Bastian C. Krüger,
G. Barratt Park and Tim Schäfer at the university of Göttingen. The nano-
second laser setup utilized for the high-resolution 2+1 REMPI experiment
is as follows. Ultra-violet (UV) pulses in the spectral region between 375
and 420 nm are provided by a frequency-doubled optical parametric oscil-
lator (OPO) system (Continuum Sunlite Ex FX-1 ) with 3 GHz bandwidth
yielding pulse energies of about 4 mJ at 400 nm. The pulses are focused into
the interaction region of a time-of-flight (TOF) spectrometer using an f =
200 mm lens. The wavelength of the OPO is recorded by a wavemeter (High
Finesse WS7 ) and the UV pulse energy is monitored by a pyroelectric de-
tector. To resolve vibrational structure in the 2+1 REMPI, the scan shown
in blue in figure 4.5 was acquired with a step size of 0.05 cm−1.

The TOF spectrometer used in the experiment has been described earlier
and is typically used for surface experiments.[138] A piece of paper was soaked
with fenchone and inserted into a reservoir behind the nozzle providing the
molecular beam in combination with a carrier gas. Fenchone is evaporated
by resistive heating inside the pulsed nozzle synchronized to the laser. The
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vapor is expanded through a 500 µm nozzle into the first chamber using a
backing pressure of 6 bar H2. No clustering was observed in the experiment.
The beam is doubly skimmed and enters the ultra-high vacuum chamber
(∼ 5 × 10−9 mBar with running beam) containing the TOF spectrometer.
The molecular beam is dumped into a turbomolecular pump. The photoions
are detected on a double-stack multi-channel plate (MCP) detector with a
conical anode collecting the amplified electron clouds. The integrated yield of
the parent ion TOF peak is recorded using an oscilloscope (LeCroy LT344 ) as
a function of excitation wavelength and—due to the experimentally determ-
ined quadratic power law— corrected with the square of the corresponding
laser power.

4.2.3 High-resolution 2+1 REMPI experiment - Results

Single-photon absorption measurements on bicyclic ketones at room temper-
ature have been carried out in earlier work,[137] providing an estimate of the
energies of Rydberg states in the 3.5–8.5 eV range. These measurements
can be compared to previous 2+1 REMPI studies on the same group of
molecules[139] in which the spectrum for fenchone was reported in the 5.9–6.2
eV range. As this energy range covers only the first intermediate resonance
sampled in the femtosecond wavelength scan (the 3s state), this experiment
was repeated using a broader wavelength range at the university of Göttin-
gen (see figure 4.5).

Due to the narrow-bandwidth excitation and ro-vibrationally cold mo-
lecular beam source, rather sharp features were found. If the synchrotron
absorption measurements in figure 4.5 (green) are compared with the high-
resolution 2+1 REMPI measurements (blue) it can be noticed that the multi-
photon excitation qualitatively follows the single-photon absorption but is
able to resolve the fine structures of intermediate resonances. Previous 2+1
REMPI measurements[139] covering the 5.9–6.2 eV range are reproduced by
the blue curve, while the scan range was extended to 5.9–6.6 eV (420–375
nm wavelength range used in the 2+1 REMPI) so that contributions from
the adjacent resonance (3p) can also be investigated. At 6.37 eV, a sharp
rise in intensity is observed, which is accompanied by an apparent increase
in linewidth. This suggests that the feature at 6.37 eV might reasonably be
assigned to the 0-0 transition of the C-band (3p← n). The peak at 6.37 eV is
reproduced in the absorption spectrum.[137] The measured difference between
the origin of the B-band (3s← n, 5.95 eV) and the C-band (3p← n, 6.37 eV)
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Figure 4.5: Comparison between absorption measurements at room
temperature[137] (green) and high-resolution 2+1 REMPI spectra of (S)-(+)-
fenchone from a cold molecular beam (blue). The absorption curve is shifted
upwards for better visibility and the black line beneath marks its baseline.
For comparison, a frequency-doubled pulse profile of the femtosecond laser
with a center wavelength of 393 nm is shown in red. This is the point at which
the second intermediate resonance appears in the femtosecond experiment.
Reused from [92] with permission by AIP publishing.

is 0.42 eV, which is in reasonable agreement with the difference between the
maxima of the B- and C-band envelopes (0.48 eV) obtained from absorption
studies (plotted in green in figure 4.5).[137]

Therefore the peaks starting at 5.95 eV are assigned to the 3s and the ones
starting at 6.37 eV mainly to the 3p state. The vibrational level structure
of the 3s state extends into the region, where the 3p state is situated. Due
to the symmetry of the molecule, no strict selection rules for the vibrational
transitions from ground to intermediate state are expected.[140] The 3s and
3p state can be populated simultaneously in the femtosecond experiment e.g.
by using the laser pulse centered at 393 nm, whose spectral profile is plotted
in figure 4.5 (red). Within each of the two states three prominent peaks are
seen in the 2+1 spectrum spaced by about 500 cm−1.
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Figure 4.6: Fit (red line) of a Lorentzian distribution (see equation 4.5) onto
the 00

0 peak observed in the high-resolution 2+1 REMPI scan (green line).
The curves are plotted with respect to the transition frequency ω.

The linewidth of the first pronounced peak associated with the 3s state
has been reported to be dominated by its rotational contour.[141] Fitting the
first pronounced peak will therefore yield only a lower boundary of the life-
time of the state. The fitting was done using a Lorentzian of the form[142]

f(ω) =
Γ2/4~2

(ω − ωba)2 + Γ2/4~2
, (4.5)

where ωba = (Eb − Ea)/~ is the transition frequency between the two levels
a and b and Γ = ~/τ is the natural width of the line, which is linked to the
lifetime τ . The fit to the data is shown in figure 4.6 and yields about 0.8 ps,
which is a the lower boundary of the lifetime of the state.

Another possibility to determine the lifetime of the intermediate states is
provided by time-resolved photoelectron spectroscopy delivering a decay time
of 3.3 ps for the 3s state,[90] which has been attributed to internal conversion
from the 3s state to the ground state. Additionally, a 400 fs time scale
was determined on the first odd Legendre coefficient and suggested to be an
indication for vibrational relaxation dynamics approaching the equilibrium
geometry of the 3s state. Within that context it is worth noting that in the
high-resolution data there is an unstructured background which is consistent
with femtosecond time scale energy redistribution dynamics.[143] Also note
the increase in width of the observed peaks in the 3p as compared to the 3s
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state, which might suggest about one order of magnitude shorter lifetime for
the 3p state.

4.2.4 Femtosecond PECD experiment

The schematic experimental setup of the femtosecond PECD experiment is
depicted in figure 4.4(b). A titanium:sapphire amplifier (Femtopower HE
5 kHz, see chapter 3) generating laser pulses with 5 kHz repetition rate, a
center wavelength of 785 nm, a duration of about 25 fs and 1 mJ pulse energy
is used to drive frequency conversion in a tunable collinear optical parametric
amplifier (TOPAS, Light Conversion).
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Figure 4.7: (a) Laser spectra as measured directly in front of the VMI
chamber with an intensity-calibrated spectrometer (Avantes AvaSpec 2048 ).
Corresponding FWHM bandwidths are shown above. (b) FWHM pulse dur-
ations measured by TG FROG for different excitation wavelengths. Reused
from [92] with permission by AIP publishing.

The laser wavelength can be tuned from the UV to the near-infrared
spectral region. Compensation for accumulated dispersion of the UV laser
pulses is achieved by a prism compressor providing short pulses in the in-
teraction region. The wavelength scan was performed in thirty-six steps in
the region between 359 and 431 nm, amounting to a mean step size of about
2 nm which is small compared to the bandwidth of the laser pulses (depicted
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at the top of figure 4.7(a)). One exception is the discontinuity between 394
and 400 nm originating from a change in optical setting inside the TOPAS.
The laser spectra as recorded directly in front of the VMI chamber using
an intensity-calibrated spectrometer (Avantes AvaSpec 2048 ) are depicted
in figure 4.7(a). Each row represents a single measurement normalized to
its maximum signal and the background below a signal level of 6% is set to
white in the histogram.

The usable wavelength region is limited by the laser power, which de-
creases significantly below 359 nm (see figure 4.8(a) and 4.8(b)). The highest
wavelength used in the scan (431 nm) lies near the threshold for three-photon
ionization out of the HOMO of fenchone.
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Figure 4.8: Laser pulse parameter characterization. (a) Laser pulse energy
(blue diamonds, shown with respect to left hand axis) and spot diameter (red
squares, shown with respect to right hand axis) as obtained from an average
of the Gaussian widths along both axes measured by a WinCamD. (b) Using
the recorded laser power, focused beam diameter, and the measured pulse
durations (see figure 4.7(b)), the peak intensity (shown on a logarithmic
scale) is estimated via equation 2.4 and plotted as a function of wavelength.
Reused from [92] with permission by AIP publishing.

The center wavelength of each spectrum is found by fitting a Gaussian
to the data and is taken as experimental wavelength for the respective data
in the further evaluation. Frequency-converted laser pulses of about 50 fs
duration and 6–9 nm FWHM bandwidth (see figure 4.7(b)) are obtained
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in the experiment. The pulse duration at each wavelength was measured
independently with a home-built transient grating frequency resolved op-
tical gating[118] (TG FROG) device and retrieved by Trebino’s MATLAB
algorithm. Two typical FROG traces for the lowest and the highest excita-
tion wavelengths are depicted in figure 4.9.
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Figure 4.9: FROG traces recorded by TG FROG for 359 nm (a) and 418
nm (b) used in the scan. The FROG trace is binned to a regular grid and
evaluated using Trebino’sMATLAB algorithm delivering the pulse durations,
which are depicted in figure 4.7(b). Corresponding temporal intensity profiles
and temporal phases are shown in figure 4.10.

The center wavelength assigned to each FROG measurement was determ-
ined by measuring the laser spectrum in front of the FROG with the same
intensity-calibrated spectrometer as in the VMI experiment and fitting a
Gaussian to the data. The beam path for the FROG measurements was sim-
ilar to the one used in the VMI experiment although the focusing lens was not
included and the vacuum chamber window (thickness 5 mm) was modeled by
combination of a 4 mm plate of the same material and the beam path in air
required for the FROG. The largest relative deviation in wavelength between
the FROG and the VMI experiment is about 0.4%, much less than the smal-
lest bandwidth of the laser. Three points of the FROG measurements in
the region between 390 and 400 nm showed a deviation in wavelength com-
parable to the laser bandwidth and are therefore not shown in figure 4.7(b)
and 4.8(b), although the pulse durations measured were similar to adjacent
points.
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Figure 4.10: Temporal intensity profiles (blue, shown on left hand axis) and
temporal phases (red, shown on right hand axis) for the FROG traces shown
in figure 4.9.

The prism compressor was optimized using the FROG trace for minimum
pulse duration for each wavelength setting to estimate minimum pulse dur-
ation reachable in the VMI experiment. During the VMI experiment, the
prism compressor was optimized using the total photoelectron yield. This
procedure was tested in independent measurements as well as in comparison
to ionization of noble gases and proved robust with respect to delivering the
shortest pulses in the interaction region.

The laser power was measured by an Ophir Nova II and the focused beam
diameter was measured by a WinCamD. The corresponding laser pulse en-
ergies and spot diameters are shown in figure 4.8(a). Two examples of the
laser beam profile in focus are depicted in figure 4.11.

The measured pulse duration, laser pulse energy, and focused beam dia-
meter were used to estimate the focal intensities (see figure 4.8(b)). Note
that intensities at 398 nm used in a previous scan spanning (2.0 × 1012

–1.1 × 1013) W
cm2 ,[75] showed only minor influence on PECD. The effect was

different but still observable in the tunneling regime.[89] The intensities used
in this wavelength scan are far below 1013 W

cm2 , so no strong influence of in-
tensity on PECD is expected.

Horizontal polarization in front of the VMI chamber was assured via po-
larization measurements. An achromatic quarter-wave plate (QWP, B.Halle)
was used to convert LIN to LCP or RCP light. The degree of polarization

55



4.2. INTERMEDIATE STATE AND PHOTOELECTRON ENERGY
DEPENDENCE OF PECD

X, (µm)

Y
, 
(µ

m
)

 

 

−50 0 50

−50

0

50
0.2

0.4

0.6

0.8

1

(a)

X, (µm)

Y
, 
(µ

m
)

 

 

−50 0 50

−50

0

50
0.2

0.4

0.6

0.8

1

(b)

Figure 4.11: Beam profiles in focus recorded by a WinCamD for 359 nm
(a) and 418 nm (b) used in the scan. The mean value of the Gaussian
widths along both axes provided by the DataRay program were used for the
estimation of the laser intensity in focus.

is determined using a Glan-Laser polarizer (ThorLabs GL10 ) and a power-
meter (Ophir Nova II ). The quality of circular polarization is quantified by
the Stokes |S3| parameter and is—with the exception of one measurement
point, where the laser power was unstable— well above 98% throughout the
scanning range (see figure 4.2.4). No correction of the data with respect to
|S3| is done.

The laser beam is focused into the interaction region of a VMI spec-
trometer by an f = 200 mm plano-convex UV-grade fused silica lens and
intersected with an effusive gas beam of fenchone. The three-dimensional
photoelectron momentum distribution is projected by a VMI setup consisting
of three stainless steel plates onto an imaging detector comprising an MCP
assembly in Chevron configuration and a phosphor screen (SI-Instruments
GmbH ). The projected PADs are recorded using a 1.4 million pixel CCD
camera (12 bit, Lumenera Lw165m). Alternatively, ion TOF mass spectra
can be recorded on an oscilloscope (LeCroy Waverunner 640Zi) via a capa-
citively coupled output.

For each wavelength setting of the TOPAS, an average over 2500 images
of the camera each for LIN, LCP, and RCP is acquired. During the RCP
and LCP measurements, the polarization was reversed every 500 images of
the camera to reduce the effects of slow experimental fluctuations. The total
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Figure 4.12: Characterization of the Stokes |S3| parameter. Reused from [92]
with permission by AIP publishing.

measurement time is about five minutes (∼ 1.5 million laser pulses). The
PECD image is calculated by subtracting the RCP PAD image from the
LCP PAD image.

Energy scaling and intermediate states

The enantiopure fenchone samples were purchased from Sigma-Aldrich with a
specified constitutional purity of 99.2% and used without further purification.
The enantiomeric excess (e.e.) as measured by gas chromatography was
99.9% for (S)-(+)-fenchone and 84% for (R)-(−)-fenchone.[57]

Due to the higher purity, the wavelength scan was performed on (S)-(+)-
fenchone. The mirroring of forward-backward asymmetry when switching to
(R)-(−)-fenchone was checked at four wavelength settings.

To determine the power law for the ionization of fenchone, intensity scans
were performed using the SHG at a center wavelength of 389 nm, as it
provides a broader range of laser powers compared to the TOPAS. The data
of the intensity scans performed on (R)-(−)-fenchone are shown in figure
4.15 and yield a power law between 2.5 (fenchone parent ion TOF peak)
and 3.1 (total photoelectron yield) supporting the assumption of a dominant
three-photon process.[75] The lower power law for the fenchone parent ion is
observed due to the increasing fragmentation of the molecules with higher
laser intensity. Furthermore, a ponderomotive shift of photoelectron energy
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376 nm 359 nm412 nm
VMI PADs LIN

Figure 4.13: VMI PAD raw images for LIN (upper half) and Abel-inverted
cuts (lower half of image) obtained at excitation wavelengths of 412, 376 and
359 nm. The blue arrow indicates the laser polarization axis. The different
contributions in the PES arise from excitation of the B-band (3s← n) at 412
nm, B- and C-band (3p ← n) at 376 nm and B-, C- and π∗ ← σ excitation
at 359 nm. The detailed discussion of the assignment of intermediates can
be found in the text. Reused from [92] with permission by AIP publishing.

with laser intensity was not observed indicating that the intermediate states
act as Freeman[85] resonances as described in previous work.[75] With increas-
ing laser intensity the parent ion yield decreased with respect to fragment ion
yield. However, the anti-symmetric part of the PECD did not change. This
indicates that ionization precedes fragmentation in agreement with previous
work.[75]

The VMI voltages in the measurements were set to image photoelectrons
having energies up to about 4.3 eV onto the detector. Synchrotron experi-
ments on fenchone in the valence region[144] provide the ionization energies of
the HOMO (8.6 eV) and the HOMO−1 (10.4 eV). Three-photon excitation
by 359 nm corresponds to an energy of 10.36 eV, which is slightly below the
threshold for ionization out of the HOMO−1. Furthermore, no photoelec-
trons or PECD corresponding to four-photon ionization out of the HOMO−1
are observed throughout the scanning range. The observed contributions in
the PES can thereby be explained by three-photon ionization out of the
HOMO. The intensities used in the wavelength scan seem to be insufficient
to give rise to four-photon ionization of fenchone. This is consistent with the
fact that the experiments used less intensity than recent experiments probing
four-photon HOMO−1 ionization or above-threshold ionization.[86, 87, 89] Syn-
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Figure 4.14: Ion TOF spectra for excitation wavelengths between 359 and
392 nm (a) and between 400 and 416 nm. Each spectrum is normalized to
its maximum. The parent ion (152 amu) is dominant in all of the spectra.

chrotron experiments on camphor[51] revealed an onset of ion fragmentation
at 9.7 eV. No additional channels in the PES on fenchone (see figure 4.13) are
observed and a reduction in parent ion yield as a function of wavelength (see
figure 4.14) is also not observed. Mass spectra at each excitation wavelength
were measured. Throughout the scanning range, the fenchone parent ion was
by far the predominant mass signal and no significant intensity changes of
the fragment ions were found. The mass spectra are plotted in figure 4.14.

This supports that in this case the photoelectrons are emitted from un-
dissociated molecules. The PAD images are therefore cropped for the Abel
inversion to an image size that covers energies up to about 2.1 eV.

Previous experiments have investigated ionization via the 3s Rydberg
state.[75, 87] In the current experiment, also contributions from intermediate
states lying higher in energy than the 3s are observed in the PES as shown for
excitation at 376 and 359 nm in figure 4.13. The photoelectrons are ionized
to different energies in the continuum.

To determine the dependence of photoelectron energy on excitation wave-
length, the PES are considered. The PES derived from Abel-inverted data
are shown in figure 4.16(b) and the ones derived from the PAD raw im-
ages for LIN in figure 4.16(a). Every row represents a single measurement.
Between 394 nm and 400 nm no photoelectron data was measured (com-
pare figure 4.7(a)). The white lines in the plots indicate the best fit to
the Abel-inverted PES showing an energy scaling with ~ω. Owing to the
Abel projection, the peaks for the PES derived from the PAD raw images in
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Figure 4.15: Intensity scan using two different approaches using either the
total photelectron yield (red diamonds) or the ion TOF parent peak of fen-
chone and fitting a power law to the data. Using the corresponding fits to
the data points, the power law factor n for both approaches is determined to
be 2.5 (fenchone parent ion TOF peak) and 3.1 (total photoelectron yield).
Both fit curves are shown as lines and both x- and y-axis are logarithmic.

figure 4.16(a) occur at lower energies. Additionally, the expected behavior
for a non-resonant three-photon energy scaling is indicated by the dotted
red line in figure 4.16(b), where the photoelectron kinetic energy is given as
3hc
λ
− IP Fen

v , where IP Fen
v = 8.6 eV denotes the vertical ionization potential

of fenchone.[48]

The PAD raw images and the cuts through the Abel-inverted PADs are
transformed to polar representation. Signal normalization by corresponding
area in the PES derived from the Abel-inverted cuts is applied and contribu-
tions below 80 meV were set to white in the histogram as the normalization
factor grows with decreasing radius. Energy calibration is applied as de-
scribed before[75] and in the appendix (see section 7.3) and the PADs are
corrected in signal for the transformation from momentum to energy repres-
entation. To improve dynamic range in both images, each row is normalized
to its maximum and weak signals below a level of 6% are set to white in
the histogram. For wavelengths below 422 nm in the Abel-inverted cuts the
energy region for finding the maximum is restricted to values above 80 meV.

In the spectral region between 431 and 422 nm—near the threshold for
three-photon ionization— the distribution in the PES is rather broad and
the overall signal is weak. Then, the noise accumulated on the detector dom-
inates over the ionization signal and therefore no clear peaks in the PES can
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be observed anymore. Between 422 and 393 nm, a single energy ring can be
seen which originates from ionization via the 3s state. Below 393 nm an ad-
ditional energy ring originating from ionization via the 3p state appears and
becomes more pronounced with decreasing wavelength. A third contribution
arises below 363 nm originating from ionization via the π∗ ← σ transition
(see also figure 4.13). The cuts through the three-dimensional photoelectron
distributions (depicted in figure 4.16(b)) using the pBasex algorithm provide
information on the dependence of photoelectron energy on wavelength. The
local maxima of the reconstructed PES for the three contributions are invest-
igated in the spectral region between 359 and 422 nm for the first, between
359 and 389 nm for the second and between 359 and 363 nm for the third
contribution.
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Figure 4.16: (a) Photoelectron spectra derived from the PAD raw images and
(b) from the cuts through the reconstructed three-dimensional photoelectron
distributions by the pBasex for LIN of (S)-(+)-fenchone.[144] The white lines
indicate a scaling of photoelectron energy with ~ω and the red dotted line
in (b) a scaling with 3~ω. A detailed description can be found in the text.
Reused from [92] with permission by AIP publishing.

The observed scaling of photoelectron energy with wavelength implies
that the third photon determines the photoelectron energy in agreement with
recent observations on fenchone[87] and similar on camphor[71] as well as on
limonene.[91] This corroborates the assumption that the two first contribu-
tions in the PES arise from excitation of different Rydberg states, where the
potential energy surfaces of intermediates and cation are quasi-parallel. The
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ionization step is thereby governed by ∆v = 0 transitions. Thus, the pho-
toelectron energy scales as ~ω, where ω is the angular laser frequency. The
high-resolution 2+1 REMPI experiment demonstrated that the transition
from electronic ground state to both Rydberg states exhibit long Franck-
Condon progressions.

Taking the linear scaling into account, the local maxima in the Abel in-
verted PES assigned to the i-th intermediate state (i = 1, 2, 3) are fitted by
an expression hc

λ
− (IP Fen

v − Eint,i), where λ denotes the laser wavelength,
IP Fen

v is the vertical ionization potential of fenchone and Eint,i denotes the
energy of the intermediate state i. The best fits for the 3s and 3p state are
depicted as white lines in figure 4.16. As the energy needed for vibrational
excitation is transferred to the cation it does not manifest in the PES so
that Eint,i for i = 1, 2 is the energy of the ground vibrational level of the
respective Rydberg state.

Using IP Fen
v = 8.6 eV[144] as a start and the standard deviation of the

data as error metric, the energies of intermediate resonances are found to be
(6.059 ± 0.017) eV, (6.493± 0.015) eV and (6.935 ± 0.019) eV for the first,
second and third resonance, respectively. The energy separation between the
first two resonances in the femtosecond excitation of about 0.43 eV matches
the difference found in high-resolution 2+1 REMPI of about 0.42 eV well.
As the energy separations from the ground state are in quite good agreement
with previous experimental values[137] of 6.10 and 6.58 eV, the conclusion is
that most probably the B- (3s ← n) and C-band (3p ← n) transitions are
excited during ionization. The determined values for the 3s and 3p states are
consistently more than 100 meV higher than those obtained for the 0-0 trans-
itions in the high-resolution scan (see section 4.2.3), which is an indication
that the use of the vertical ionization potential is not appropriate. Taking
the Rydberg character of the intermediates and the ∆v = 0 propensity rule
during ionization into account, the adiabatic ionization potential can be de-
termined if the ground vibrational level of a Rydberg state is populated. For
the 3s state this level is reached at an excitation wavelength of 416.6 nm
(see figure 4.5). Due to the ∆v = 0 propensity rule, the adiabatic ionization
potential is given as IP Fen

a = 3hc
λ0
− Ee,0, where λ0 denotes the wavelength

for driving the 0-0 transition from intermediate to cation and Ee,0 the cor-
responding photoelectron energy. λ0 = 416.6 nm from the high-resolution
2+1 REMPI and the corresponding photoelectron energy Ee,0 = 0.44 eV
provided by the VMI measurement at the closest wavelength of 416.2 nm
are used. Taking the FWHM width of the PES recorded by the VMI as
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error metric, the adiabatic ionization potential of fenchone is found to be
IP Fen

a = (8.49± 0.06) eV.
The third contribution is only observed for the lowest four wavelength

settings, but the energy of 6.94 eV coarsely matches the expected value from
DFT simulation[137] for the lowest π∗ ← σ excitation at 7.05 eV. Due to the
limited number of data points, the third resonance is not included in the
PECD evaluation presented in the next section.

Energy dependence of PECD

PECD is a sensitive probe of the molecular potential. The observed forward-
backward asymmetry depends on photoelectron energy as predicted by the-
ory for ionization out of the valence shell.[50] Qualitatively, forward-backward
asymmetry for fenchone increases for decreasing photoelectron energy when
approaching the ionization threshold for single-photon ionization out of the
HOMO.[51] The single-photon experiment[51] was able to measure slow elec-
tron PECD down to an energy of about 0.6 eV. Using the femtosecond PECD
technique it is possible to follow the PECD curve about 200 meV further down
to a photoelectron energy of about 0.4 eV and up to about 1.5 eV.

Raw and Abel inverted anti-symmetric parts of PECD images[75] obtained
at excitation wavelengths of 412 nm, 376 nm and 359 nm are depicted in the
upper row of figure 4.17. Corresponding c0 spectra and LPECD multiplied
by c0 are displayed in the bottom row of figure 4.17.

The different contributions to the PES arise from excitation of the B-
band (3s ← n) at 412 nm, B- and C-band (3p ← n) at 376 nm and B-, C-
and π∗ ← σ excitation at 359 nm. The inversion of forward-backward asym-
metry for the contributions from 3s and 3p2 is reflected in the sign change of
PECD (see figure 4.18(b)). The points used to derive the averaged LPECD
(see equation 7.2) values shown in figure 4.18(b) are highlighted in red (3s),
blue (first contribution of 3p denoted as 3p1) and green (second contribution
of 3p denoted as 3p2). The Legendre coefficients cl for the 3s contribution
are found by weighted averaging within the FWHM width of the c0 peak.
The LPECD curve underneath the c0 peak of the 3p state comprises two
contributions with opposite sign throughout the scanning range. The corres-
ponding plots, where this observation is based on are shown in the appendix
(see section 7.4). To evaluate the two contributions separately, two Gaus-
sians were fitted onto the c0 spectrum in the 3p region. The width of each
Gaussian was set to the value obtained at the 3s peak. The mean energy
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Figure 4.17: The anti-symmetric part of the PECD images (top row)
and corresponding profiles of PES (c0) and the weighted PECD metric
c0 × LPECD (bottom row) obtained at excitation wavelengths of 412, 376,
and 359 nm. The top half of each image shows the raw PECD and the
bottom half shows a cut through the corresponding inverse Abel transform.
Reused from [92] with permission by AIP publishing.

separation between the two contributions is about 120 meV. The averaging
window for the Legendre coefficients cl and the PECD for each contribution
of 3p was determined by using the FWHM width of each Gaussian. The two
contributions are denoted as 3p1 and 3p2 in figure 4.18. These contributions
may be attributed to different electronic excitations in the C-band as calcu-
lated in previous work.[93, 137]

In figure 4.18(a), the averaged coefficients are plotted as a function of pho-
toelectron energy. c1 dominates the forward-backward asymmetry through-
out the energy range accessible to the photoelectrons coming from the 3s
state. At low photoelectron energies, the c1 and c3 coefficients obtained from
the 3s state have opposite signs. At a photoelectron energy of 0.56 eV, the
value of the c3 coefficient crosses through zero, and above this photoelectron
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energy both coefficients have the same sign. This effect is also found for
the 3p2 contribution throughout the scanning range. Equal signs of c1 and
c3 lead to cancellation effects in linear PECD metrics such as LPECD. The
higher odd and even order contributions are plotted in the appendix (see
section 7.4). The higher order contributions are included in the calculation
of LPECD (see equation 7.2) and QPECD (see equation 7.4).
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Figure 4.18: (a) c1 (open diamonds) and c3 (filled diamonds) coefficients
normalized to the total signal (ci/c0, where i = 1, 3) and (b) corresponding
PECD quantified either by LPECD (open diamonds) or QPECD (filled dia-
monds). The sign of QPECD was adjusted to the sign of the corresponding
LPECD. For comparison, values for slow electron single-photon PECD[51] are
plotted as purple squares showing a different dependence on energy. Reused
from [92] with permission by AIP publishing.

LPECD and QPECD are plotted as a function of photoelectron energy in
figure 4.18(b) and compared to single-photon LPECD results for ionization
out of the HOMO of fenchone.[51] Throughout the scanning range, LPECD
and QPECD show very similar behavior. In the region close to ionization
threshold, increasing PECD for slow electrons is observed. This is in agree-
ment with single-photon observations. The slope of LPECD for single-photon
ionization deviates from the one observed for REMPI via the 3s state. By
extrapolation of the 3s LPECD curve the point, where it crosses through
zero, can be estimated to be in the 1.1–1.4 eV photoelectron energy range.
This energy is much lower than in the single-photon case, where the first
zero transition is found at about 3 eV.[51] The PECD magnitude observed
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in the femtosecond scan in the 0.5–0.6 eV region (mean value: −13.4%) is
comparable to previous values of −13%[87] in the same photoelectron energy
region, as well as to −13.8%[75] and −14.2% both measured at 0.56 eV.[57]

The preferred emission direction of photoelectrons experiencing ionization
via 3p1 is the same as for ionization via the 3s state but at the same photo-
electron energy 3p1 has a considerably smaller PECD magnitude than 3s (see
figure 4.18(b)). As evident in figure 4.17, the 3p2 contribution exhibits an in-
verted asymmetry, while the magnitude of LPECD and QPECD is above that
of 3p1 for the same photoelectron energy (see figure 4.18(b)). The electronic
character of intermediate resonances was found to have no strong influence
on PECD in the case of limonene.[89, 91] In contrast, this wavelength scan
on fenchone shows distinct PECD magnitudes for photoelectrons sharing the
same energy but stemming from ionization via different intermediate states.
Additionally, inversion of forward-backward asymmetry between the 3p1 and
3p2 is observed. Both observations are indications that the intermediate res-
onance influences the observed LPECD magnitude and sign. In addition,
the slope and the first zero crossing in the 1.1–1.4 eV photoelectron energy
range of multi-photon PECD is different compared to single-photon ioniza-
tion findings. These observations hint towards dependence of multi-photon
PECD not only on final but also on the electronic character of intermediate
states. The findings of the current experiment can be extended to clarify the
influence of photoelectron energy and intermediate state on PECD. Using for
instance a two-color field setup, where the photoelectron energy is scanned
in a broad region while the intermediate state is kept fixed might lead to
further insights.

4.2.5 Summary and Conclusion

In this section, a fine scan of 2+1 REMPI driven PECD with respect to
photoelectron energy using as a prototype the chiral molecule fenchone was
reported. Existence of distinct photoelectron channels arising from REMPI
via the 3s and 3p electronic Rydberg states and π∗ ← σ is demonstrated. The
excitation to the 3p Rydberg state showed two distinct sub-structures 3p1 and
3p2 having different contributions in the PECD curve. The observed energy
difference between 3s and 3p state in femtosecond excitation of 0.43 eV was
in good agreement with the separation found in high-resolution 2+1 REMPI
(0.42 eV) as well as with previous synchrotron measurements (0.48 eV).[137]

Additionally, the adiabatic ionization potential of fenchone was determined
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to be IP Fen
a = (8.49± 0.06) eV.

The sign of PECD obtained from ionization via the 3s or 3p1 states was
the same, whereas excitation to the 3p2 state yielded opposite sign. It was
thereby demonstrated that the preferred photoelectron emission direction for
a given wavelength can depend on the intermediate state populated during
REMPI. By extrapolation of the 3s behavior, the first zero crossing point of
the multi-photon PECD curve was found in the 1.1–1.4 eV photoelectron en-
ergy range. This energy is lower than 3 eV found in the single-photon PECD
experiment.[51] The different slope of PECD for multi- and single-photon ex-
periment hints towards dependence not only on final but also on intermediate
state. This was further corroborated by the fact that photoelectrons with
the same kinetic energy but different intermediate states were found to show
different PECD values. Further investigations need to be done to unambigu-
ously clarify the effect of intermediate states on PECD.

These results will prove helpful especially to benchmark theoretical mod-
eling of the process.[54, 71, 93, 94, 95]

4.3 Influence of chemical structure on PECD

To extend the knowledge about dependence of PECD on molecular struc-
ture, a systematic scan using different molecules was performed. Terpene
molecules like (R)-(+)-α-pinene (section 4.3.1) and different chemical modi-
fications of camphor (R-(+)-bromo-camphor in 4.3.2, borneol in 4.3.3, (−)-
camphene in 4.3.4) were investigated. In addition, the smallest chiral amino
acid alanine (4.3.5) was tested. For most of the molecules, intermediate
resonances were reported in the literature fitting the energy provided by a
two-photon transition at the second harmonic of the Ti:Sa laser used herein
(see chapter 3). In the light of the wavelength dependence on fenchone repor-
ted in the previous section 4.2, this molecular scan gives insight into PECD
only for a specific wavelength. For the different molecules, the electronic
structure is sometimes not reported so far. In these cases, the assignment
of transitions and interpretation of the results is complicated. However, the
experiment can serve as a first test to clarify, which molecules might be in-
teresting for further investigations. More detailed wavelength scans focused
on UV absorption or REMPI will shed light on the electronic properties of
the molecules under investigation.

The experimental setup is the same for all the measurements presented
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in this section. The experimental setup and the typical laser parameters are
shown in the following paragraph. This is followed by the presentation of the
results obtained for the different molecules in the subsequent sections. The
summary and conclusion are given in section 4.3.6.

Experimental setup and laser parameters The molecule scan was done
with a typical setup for chiral experiments, which is depicted in figure 4.3.
The output of the Femtopower HE 5 kHz (see section 3) is type-I frequency-
doubled in a β-BBO (bariumborate, EksmaOptics, 100 µm) crystal. The
laser beam is guided through a prism compressor as used previously[75] and
is transmitted through a λ/4 plate (B.Halle, 300–470 nm achromatic with
air gap) to convert LIN into either LCP or RCP light. The measurements
are taken with the same VMI spectrometer as used in the previous section
4.2.
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Figure 4.19: Typical laser spectrum measured with an intensity-calibrated
spectrometer (Avantes AvaSpec 2048 ) and additional laser parameters as
used for the chiral molecules scan.
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4.3.1 (R)-(+)-α-Pinene

Pinene (C10H16, 136 amu) is the most abundant monoterpene in Earth’s
atmosphere[145] and similar to fenchone and camphor in chemical structure,
although it lacks the oxygen, where the Rydberg states are located. α-
pinene is a liquid under ambient conditions and single-photon PECD results
on (R)-(+)-α-pinene were reported recently.[49] The electronic structure of
α-pinene delivering the energetic position of intermediate states has been in-
vestigated before using absorption measurements, where the first absorption
increase is observed in the region above 5.5 eV.[145] The first transition ob-
served at an excitation energy of about 6.2 eV[145, 146] was assigned to a π−π∗
transition.[145] For higher excitation energies, broad structures are observed in
the UV absorption spectrum and around 6.5 eV, several peaks occur. Above
this excitation energy, absorption is high indicating that different states are
accessible, which coincides with the observation of two features in the PES
(see figure 4.20). The vertical IP of α−pinene has been measured using the
HeI PES and is determined to be 8.38 eV.[147]

0.5 1 1.5 2 2.5
0

0.2

0.4

0.6

0.8

1

Photoelectron energy, (eV)

S
ig

na
l, 

(a
rb

. u
.)

(a)

0

0.4

0.8

0.5 1 1.5 2

0

2

4

6

8

E, (eV)

c 0
x 

LP
E

C
D

, (
%

)

LP
E

C
D

 (
%

)

−5

0

5
(b)

Figure 4.20: (a) PES acquired for ionization of R-(+)-α-pinene using a center
wavelength of 390 nm. The molecular structure generated using the program
Avogadro and the PAD are shown as insets. (b) LPECD energy profile ob-
tained by pBasex. The anti-symmetric part of the PECD image is shown as
inset. The upper half of the image shows raw data, whereas the contribution
of the odd-order Legendre polynomials is shown in the lower half of the im-
age. The position of the two contributions is indicated by the red markers.
The laser intensity was about 1.5× 1013 W/cm2.
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The HOMO of α-pinene is situated at the double bond (π) between two
carbon atoms.[49] The HOMO ionization occurs at an energy of about 8.3 eV,
whereas the HOMO-1 occurs at about 9.8 eV.[49] An scan of laser intensity
showed that ionization occurs dominantly via a three-photon process. Fur-
ther details can be found in the appendix in section 7.5. The three-photon
energy of about 9.5 eV is not enough to drive three-photon ionization start-
ing from the HOMO-1. All these observations hint into the direction that
ionization of α-pinene follows a similar 2+1 REMPI pathway as found in the
case of fenchone and camphor. Further experiments need to be performed to
unambiguously clarify the ionization process for α-pinene.

The PES obtained for ionization of R-(+)-α-pinene with 390 nm center
wavelength is shown in figure 4.20. The upper half of the PAD is projected
raw data and on the lower half is the Abel-inverted cut through the x=0
plane derived using polar onion peeling. The blue arrow indicates the laser
polarization direction. Two distinct contributions in the PES can be noticed,
which could be assigned to excitation of different intermediate states. The
photoelectron energies for both resonances are found to be 0.61 and 1.14 eV.
The exact energy position of intermediates would be inferable when doing
a wavelength scan on α-pinene, as the assumption of a vertical transition
would probably lead to a deviation from the expected photoelectron energy
as was found previously in the case of fenchone (as reported in the previous
section 4.2).[74, 92]

The obtianed weighted coefficients and LPECD metrics are plotted in
figure 7.12 in the appendix. The resulting LPECD metrics are much lower
compared to single-photon PECD measurements, where values as high as
37% were obtained.[49] The values obtained with the femtosecond excitation
to the upper state have the same sign as the single-photon findings. Further
investigations of pinene might be interesting.

4.3.2 endo-3-Bromo-D-Camphor

The first demonstration of PECD has been done using the chiral molecule
R-(+)-bromo-camphor (C10H15BrO).[46] Some years later, chirality-sensitive
breakup of bromo-camphor has been studied.[148] The molecule used here is
endo-3-Bromo-D-Camphor (C10H15BrO, atomic mass 230 amu) and is com-
posed of camphor with a Br atom added. The other enantiomer was not
available at the time the experiment was carried out.

The substance is a solid under ambient conditions and was brought into
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Figure 4.21: (a) PES acquired for ionization of endo-3-Bromo-D-Camphor
using a center wavelength of 390 nm. The molecular structure generated
using the program Avogadro and the PAD are shown as insets. (b) LPECD
energy profile obtained by pBasex. The anti-symmetric part of the PECD
image is shown as inset. The upper half of the image shows raw data, whereas
the contribution of the odd-order Legendre polynomials is shown in the lower
half of the image. The position of the two contributions is indicated by the
red markers. The laser intensity was about 7.5× 1012 W/cm2.

the gas phase under similar conditions as the other substances. The chem-
ical structure and the projected raw data and Abel-inverted cut for LIN are
depicted as inset in figure 4.21(a). The upper half of the PAD is projected
raw data and on the lower half, the Abel-inverted cut through the x=0 plane
derived using polar onion peeling (see section 7.2 in the appendix) is shown.
The blue arrow indicates the laser polarization direction. Two pronounced
contributions to the PES at energies of 0.7 and 1.16 eV are observed, which
might be assigned to excitation of different intermediate states. The IP of
bromo-camphor is about 9 eV,[46, 149] which corresponds to emission of an
electron from the oxygen lone pair. The corresponding peak observed in HeI
PES is well separated from the excitation of Br, which starts at about 10
eV.[149, 150] Excitation from Br is thereby not accessible by three-photon ion-
ization providing an energy of about 9.5 eV at 390 nm.

Both contributions observed in the PES show different PECDmagnitudes.
The pBasex algorithm yields the Abel-inverted data, where the LPECD met-
ric can be derived from. The LPECD as well as the Legendre coefficients are
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obtained by weighted averaging over the FWHM width of c0 for both con-
tributions observed in the PES. The energy profile and the anti-symmetric
parts of the raw and the Abel-inverted images are depicted in figure 4.21(b).
The PES comprises two contributions with different PECD magnitude as
shown in the quantification metrics (see figure 4.22).
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Figure 4.22: PECD quantification metric LPECD and normalized lowest
odd-order coefficients c1,3 for both states observed in the PES (see figure
4.21). The values are derived from the data obtained using the pBasex.

The lower-lying contribution is dominant in the PES and shows stronger
PECD. The dominant contribution in the anti-symmetric part is given by
the c1 coefficient for S1. A similar behavior is observed for S2, although the
magnitude of the values is lower. The S2 contribution is weaker in the PES.
The LPECD and odd-order Legendre coefficients are shown in figure 4.22.

Due to the lack of UV absorption spectra, the assignment of the origin
of the two contributions in the PES is complicated. It might well be that
the contributions originate from excitation of different intermediate states.
Therefore, further investigations need to be done to clarify the origin of the
two contributions observed in the PES.

4.3.3 endo-(−)-Borneol
Borneol (C10H18O) is an alcohol derivative of camphor (C10H16O), where
one hydrogen is added to the oxygen. The reaction to create borneol out of
camphor, has been investigated before in detail using the Fourier Transform
vibrational circular dichroism technique.[132]
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Figure 4.23: (a) PES acquired for ionization of endo-(−)-Borneol using a
center wavelength of 390 nm. The PAD obtained for LIN is shown as inset.
(b) LPECD energy profile obtained by pBasex. The anti-symmetric part of
the PECD image is shown as inset. The upper half of the image shows raw
data, whereas the contributions of the odd-order Legendre polynomials are
shown in the lower half of the image. The position of the two contributions
is indicated by the red markers. The laser intensity was about 7.5 × 1012

W/cm2.

In contrast to the rather rigid structure of camphor, borneol is less ri-
gid, as the OH group is able to rotate to form different conformers. The
conformers of borneol have been investigated before using vibrational circu-
lar dichroism,[151, 152, 153] stating three different stable conformers. This is
in agreement with single-photon PECD experiments,[154] where three differ-
ent conformers have been used in the simulation of PECD leading to good
agreement with experimental data. In addition, the ionization potential was
determined and is in the region between 9.4 and about 9.8 eV depending on
the conformer.[154]

Two contributions in the PES can be observed at kinetic energies of about
0.71 eV and 1.17 eV as can be seen in figure 4.23(a). The three-photon energy
of about 9.5 eV at 390 nm is only slightly higher than the ionization potential
reported in the literature. It can be noticed that the kinetic energies observed
are rather high and cannot be brought to coincide with four-photon ionization
out of the HOMO, which would yield a photoelectron energy of about 2.9 eV.
The discrepancy might be explained by excitation of intermediate states. To
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Figure 4.24: LPECD quantification metric and normalized lowest odd-order
coefficients c1,3 for both states observed in the PES. The corresponding
LPECD energy profile is shown in figure 4.23.

that end, UV absorption spectra would help to clarify the energetic position
of intermediate states in borneol.

The inset of figure 4.23(a) shows in the upper half of the image the pro-
jected raw data for LIN light, where the polarization direction is indicated
by the arrow. In the lower half of the image, the Abel-inverted cut through
the x=0 plane is depicted as obtained using polar onion peeling. In figure
4.23(b), the LPECD energy profile is shown alongside the anti-symmetric
part of the PECD image. The upper half of the image is raw data, whereas
the contributions of the odd-order Legendre polynomials are shown in the
lower half of the image. The LPECD metric for the different contributions
observed in the PES were derived by weighted averaging over the FWHM.
The weighted average values for both contributions observed in the PES are
shown in figure 4.24. The LPECD magnitude of about 6% of the lower-lying
contribution is rather pronounced as compared to the higher-lying contribu-
tion, where the LPECD magnitude is lower. For both contributions, LPECD
is dominated by the contribution of the c1 coefficient.

The assignment of the origin of the two contributions in the PES is not
possible due to the lack of UV absorption spectra. Additional spectroscopic
data will shed light on the electronic structure of (−)-borneol. Therefore,
further investigations need to be done to clarify the origin of the two contri-
butions observed in the PES.
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4.3.4 (−)-Camphene

The next candidate for PECD measurements is another camphor modific-
ation known as camphene (C10H16). According to Sigma-Aldrich, the (−)-
camphene sample is a mixture of 75% camphene and 15% fenchene. (−)-
camphene lacks the oxygen but has a C=C double bond. Single-photon
absorption in camphene starts below about 250 nm (4.95 eV)[155] and shows
a first peak around 197 nm (6.3 eV).[146]
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Figure 4.25: (a) PES acquired for ionization of (−)-Camphene using a center
wavelength of 390 nm. The upper half of the PAD is projected raw data and
on the lower half the Abel-inverted cut through the x=0 plane derived using
polar onion peeling is shown. The blue arrow indicates the laser polarization
direction. The molecular structure as generated using Avogadro is shown as
inset. (b) LPECD energy profile obtained by pBasex. The anti-symmetric
part of the PECD image is shown as inset. The upper half of the image
shows raw data, whereas the contributions of the odd-order Legendre poly-
nomials are shown in the lower half of the image. The position of the two
contributions is indicated by the red markers. The laser intensity was about
7.5× 1012 W/cm2.

The PES, corresponding PAD and molecular structure are depicted in
figure 4.25(a). Two distinct contributions to the PES can be observed. The
lower peak in the PES is found at about 0.69 eV and the upper at about
1.16 eV. The upper peak manifests itself as a shoulder of the first peak in
the PES. Further investigations in the direction of UV absorption need to be
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done to clarify the electronic structure of (−)-camphene.
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Figure 4.26: LPECD quantification metrics and normalized lowest odd-order
coefficients c1,3 for both states observed in the PES (see figure 4.25).

In the literature,[146] absorption was only measured down to about 185
nm (6.7 eV). Extending this region to higher excitation energies will help
to assign the energetic position of different electronic states. Thereby, the
intermediate states that are populated during REMPI can be assigned.

The LPECD energy profile and anti-symmetric part of the raw and Abel-
inverted data is shown in figure 4.25(b). The weighted average values for
LPECD and the odd-order Legendre coefficients are derived over the FWHM
of the c0 curve. The derived LPECD and odd-order values are shown in figure
4.26. The LPECD of (−)-camphene is rather weak for both peaks observed
in the PES as can be seen in figure 4.26.

4.3.5 PECD of amino acids: L-alanine

Amino acids are the basic components of proteins and therefore interesting
for fundamental research. The smallest amino acid Glycine is the only amino
acid that is not chiral. Alanine (CH3CH(NH2)COOH, 89 amu) is the next
larger one and the smallest chiral amino acid. Alanine has been investig-
ated previously concerning electronic structure yielding values for the ver-
tical (9.8 eV)[156] as well as the adiabatic ionization potential (8.8 eV).[156, 157]

Alanine forms different conformers, where an overview can be found in the
literature.[157] It can therefore be expected that the results obtained in the
experiments are averaged over different conformers. The HOMO of alanine
is situated dominantly at the nitrogen atom,[158] which is in agreement with
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HeI PES reported earlier.[156] The peak associated to excitation at the nitro-
gen is well separated (by about 1 eV in the PES) from the excitation at the
oxygen.[156, 159]

Single-photon PES of alanine were obtained[158] and theoretical model-
ing for gas phase PECD has been carried out.[50] Experimentally, PECD of
alanine has been demonstrated[65, 160] and plays an important role in the in-
vestigation of formation of an e.e. in the interstellar medium.[8]

In the experiments performed here, alanine is brought into the gas phase
in a similar way as the other substances investigated so far. Using 390 nm as
excitation wavelength, the resulting PES shows distinct peaks at about 0.69
and 1.12 eV (see figure 4.27(a)). Additional peaks at about 1.7 and 2.3 eV
are not so prominent in the PES, although one can see them in the PADs
(shown in the inset) when going to a logarithmic z-scale more pronouncedly.
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Figure 4.27: (a) PES acquired for ionization of L-Alanine using a center
wavelength of 390 nm for LIN. The PAD is shown as inset, where the red
arrow indicates the polarization of the laser. The upper half of the PAD is
projected raw data and in the lower half, the Abel-inverted cut through the
x=0 plane derived using polar onion peeling is shown. (b) LPECD energy
profile obtained by pBasex. The anti-symmetric part of the PECD image is
shown as inset. The upper half of the image shows raw data, whereas the
contributions of the odd-order Legendre polynomials are shown in the lower
half of the image. The position of the two contributions is indicated by the
red markers. The laser intensity was about 5.6× 1012 W/cm2.

The three-photon energy of about 9.5 eV (390 nm) is sufficient to ionize
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alanine. The photoelectron energy of the first peak observed in the PES is
in agreement with vertical three-photon ionization. As the HOMO-1 orbital
is separated by about 1 eV from the HOMO, it is not accessible by three-
photon ionization at the current wavelength. The second peak observed in
the PES cannot be explained by four-photon ionization out of the HOMO-
1 leading to a photoelectron energy of about 2.9 eV. The peak observed at
about 1.12 eV therefore seems to have a different origin. It might well be that
the second peak could be explained by excitation of different intermediate
states. Therefore, additional gas phase UV spectra need to be measured
to investigate the electronic structure of alanine with respect to energetic
position of intermediate states. This will help to clarify the origin of the
different contributions observed in the PES.

In the left panel (a) of figure 4.27 the molecular structure as generated
by Avogadro is shown in addition. In panel (b), the energy profile of the
LPECD and the corresponding anti-symmetric PECD are shown. The upper
half of the PECD image is raw data, whereas in the lower half of the image,
the contributions of odd-order Legendre polynomials obtained by pBasex are
depicted.
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Figure 4.28: Weighted average LPECD and c1,3 coefficients plotted for the
two most pronounced contributions observed in the PES (see figure 4.27(a)
).

In the anti-symmetric part of the raw data PECD image shown as inset
of figure 4.27(b), no strong PECD features are observed, although PECD
seems to be strong in the Abel-inverted cuts of the anti-symmetric PECD
image shown in the lower half of the image. PECD is, with about 1.1% for
the first and about 5.8% for the second contribution, quite pronounced in
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magnitude (see figure 4.28). The corresponding weighted average LPECD
and c1,3 values are plotted in figure 4.28. c1 and c3 have opposite signs for
both contributions, where the major contribution to LPECD comes from the
c1 coefficients. The higher order coefficients slightly increase the observed
LPECD values.

To shed light on the origin of the different contributions observed in
the PES, further investigations concerning UV absorption spectra should
be done.

4.3.6 Summary and Outlook

molecule # of
peaks in
PES

photoelectron energy (eV) LPECD (%)

3~ω-IP peak 1 peak 2 peak 1 peak 2

(S)-(+)-fenchone 2 0.94 0.6 1.1 −12.4 ...
(R)-(+)-pinene 2 1.16 0.6 1.1 −5.6 +8.4

Bromo-camphor 2 0.54 0.7 1.2 −9.6 −1.1

(−)-borneol 2 0.14 0.7 1.2 −5.6 −0.9

(−)-camphene 1 (2) ? 0.7 (1.2) +0.7 −1.3

L-alanine 2 0.74 0.7 1.1 +1.1 −5.8

Table 4.1: Table to compare the number and energetic positions of pro-
nounced contributions observed in the PES and the expected photoelectron
energy for a non-resonant ionization. In addition, the observed weighted
average LPECD values are shown. For the molecules under investigation,
three-photon ionization is observed at 390 nm. Typically, more than one
contribution is observed in the PES.

Different chiral molecules were investigated by the femtosecond PECD
technique. The laser parameters were similar for the different measurements
and the main observations are summarized in table 4.1.

The findings in the scan showed that most of the molecules show similarit-
ies in their PES obtained after three-photon ionization at 390 nm. Typically,
two contributions were observed in the PES. For comparison, the data for
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(S)-(+)-fenchone in table 4.1 is taken from the wavelength scan reported in
section 4.2. In the molecule scan, the origin of the observed contributions
might be e.g. due to ionization out of different initial molecular orbitals, or
excitation of intermediate states during ionization. The ionization potentials
for all of the molecules—except for camphene—were reported in literature
before. For all of the molecules—except for camphene—under investiga-
tion here, ionization most probably occurs out of the HOMO, as the three-
photon energy is not high enough to support four-photon ionization out of
the HOMO-1. In the case of α-pinene, (−)-camphene and L-alanine, spec-
troscopic information was reported in the literature. Most UV absorption
spectra mainly cover only the first absorption for the molecules. Extending
the energy region of UV absorption spectra would therefore provide valuable
information on the higher-lying states and make assignment of the contri-
butions to the PES observed herein clearer. Discrepancies between observed
and expected photoelectron energies can arise e.g. due to different ioniza-
tion mechanisms over intermediate states, or the difference between vertical
and adiabatic ionization potential. Therefore, further spectroscopic investig-
ations are crucial to unambiguously assign the ionization pathway.

The PECD observed for the two contributions in the PES shows pro-
nounced differences. Measuring at a fixed wavelength provides information
on PECD for a fixed photoelectron energy. The results obtained here can
be used to decide, which molecules might be worth to investigate in more
detail. Performing a wavelength scan would provide valuable information on
the dependence of PECD on kinetic energy and intermediate state.

The knowledge about PECD of different molecules was used in the bi-
chromatic experiments shown in the next chapter 5 of this thesis.

4.4 PECD investigated on the nanosecond times-
cale

When investigating PECD with femtosecond pulses, ionization occurs out of
a nearly frozen nuclear configuration. When longer pulses are used, dynamics
like internal conversion, IVR, vibrations or rotation of the molecules might
occur during ionization. It was shown in sections 4.2 that exciting fenchone
molecules expanded in a supersonic jet with a narrow-band laser unravels a
rich vibrational level structure of electronic intermediate states. In the region
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close to the band origin, the peaks observed in the 2+1 REMPI spectrum are
formed probably by single vibrational states. Addressing specific vibrational
states typically requires laser pulses with a high energy resolution, or in
other words, a narrow bandwidth. The pulse duration is thereby typically
on the nanosecond timescale. The question arises if PECD can be observed
when using a nanosecond laser as on longer timescales additional dynamics
might influence PECD. In that case the lifetime of the intermediate states
for fenchone are (with few picoseconds) several orders of magnitude shorter
than the laser pulse duration (about 6 ns for the Nd:YAG used here).

In this section, the observation of PECD on the nanosecond timescale
is reported. This paves the way to investigate the dependence of PECD on
vibrational levels, which is reported in the subsequent section 4.5. Having
the possibility to utilize an ordinary nanosecond laser reduces in addition the
technical requirements to employ PECD in analytics.

Parts of this section have been published recently.[161] This section is
structured as follows: In the following sub-section 4.4.1, the experimental
setup and data recording are explained. This is followed by the presentation
and discussion of the results concerning the PES and mass spectra in sub-
section 4.4.2. The results on PECD are shown in sub-section 4.4.3. In the
subsequent sub-section, a summary and an outlook are given.

4.4.1 Experimental Setup

The excitation scheme for fenchone derived from a previous femtosecond ex-
periment (presented in section 4.2 and [92]) is depicted as inset (a) in figure
4.29. Three different electronic intermediate states are populated via two-
photon transition. The first two start at the HOMO and are named B- and
C-band[137] leading to electronic intermediates having 3s and 3p Rydberg
character as observed previously.[92, 137, 139] Assuming parallel potential en-
ergy surfaces, the transition from Rydberg state to continuum is governed
by a ∆v = 0 propensity rule as observed experimentally (see section 4.2).[92]

The third transition is π∗ ← σ and denotes excitation of a bonding valence
shell.[137] The onset of this transition has been observed previously (see sec-
tion 4.2).[92]

The experimental setup is depicted as part (b) in figure 4.29. The output
of a Neodymium yttrium aluminum garnet (Nd:YAG) laser (Spectra Phys-
ics QuantaRay INDI 40-20 ) was frequency-tripled (355 nm) in a harmonic
generation (HG) stage. The pulses had about 6 ns temporal width and a
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Figure 4.29: a) Schematic excitation and ionization scheme for the 2+1
REMPI of fenchone observed in previous femtosecond experiments,[92] (see
also section 4.2) Three different intermediates are populated by two-photon
excitation: 3s and 3p are Rydberg states of the neutral molecule, whereas
π∗ ← σ is a valence-electron excitation. b) experimental setup for the PECD
experiment using the Nd:YAG and c) comparison between laser spectra of
the Nd:YAG laser and the femtosecond laser from previous experiment (see
section 4.2).[92] Reused from [161] with permission by John Wiley and Sons.

maximum pulse energy of about 70 mJ at a repetition rate of 20 Hz was
available. The output of the Nd:YAG laser was guided through a UV-grade
FS prism to spatially separate the 355 nm from the remaining 532 nm light.
The laser spectrum of the Nd:YAG (red) as measured directly in front of the
VMI chamber by a spectrometer (Avantes AvaSpec 3648, wavelength region
320–880 nm, wavelength resolution ∼ 0.15 nm) contains only a peak at 355
nm (shown in inset c) of figure 4.29). The data acquired with the Nd:YAG
will be compared to the femtosecond data measured at a center wavelength
of 359 nm (presented in section 4.2 and [92]) throughout this section. The
laser spectrum of the femtosecond laser (blue) was measured by a similar
spectrometer (Avantes AvaSpec 2048, wavelength resolution ∼ 0.55 nm) and
is plotted for comparison. The Nd:YAG laser spectrum is contained in the
blue part of the femtosecond laser spectrum. The Nd:YAG laser beam was
guided to the VMI chamber using high-reflective mirrors for 355 nm.
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In front of the VMI chamber the laser beam was horizontally polarized.
An achromatic quarter-wave plate (QWP, B.Halle) was used to convert lin-
early polarized (LIN) to left circularly polarized (LCP) or right circularly
polarized light (RCP). The quality of polarization was determined using a
Glan-Laser polarizer (ThorLabs GL10 ) and a powermeter (Ophir Nova II ).
The circularity of polarization is expressed via the Stokes |S3| parameter and
was about 99.9% for LCP and 99.8% for the RCP setting. No correction of
the experimental data with respect to the |S3| value was done.

The laser beam was focused into the interaction region of the VMI spec-
trometer by an f = 200 mm plano-convex UV-grade FS lens. The laser beam
was intersected with an effusive gas beam of the substances. The VMI setup
is similar to previous experiments (reported on in the previous sections of
this thesis),[74, 92] although the VMI plates have been replaced resulting in
slightly better energy resolution of about ∆E/E ≈ 4% as measured at the
lower spin-orbit state of xenon (2P3/2). Energy calibration of the VMI was
done using the 355 nm output of the Nd:YAG driving four-photon ionization
of xenon.

The VMI can be used to either project photoelectrons or photoions onto
an imaging detector (SI-Instruments GmbH ). The VMI plate voltages were
set to image photoelectrons with kinetic energies up to about 4.2 eV onto
the detector. Alternatively, ion TOF mass spectra can be recorded on an
oscilloscope (LeCroy Waverunner 640Zi) via a capacitively coupled output.

For each LCP and RCP about 20000 laser pulses were used (in total 40000
laser pulses), where every about 1300 laser pulses the helicity was switched
to reduce small experimental drifts. The measurement time each for LCP
and RCP setting was about sixteen minutes (∼ 20000 laser pulses). Data
evaluation is done as described in the section 7.3 in the appendix.

4.4.2 PES and TOF mass spectra

First, the PES for the Nd:YAG laser at 355 nm and the femtosecond laser
are compared in figure 4.30(a).

The PES of the femtosecond measurement contains three distinct con-
tributions, which can be assigned to excitation of 3s ← n, 3p ← n and
π∗ ← σ transitions (as shown in section 4.2).[92] The PES for the Nd:YAG
resembles the femtosecond PES with respect to contributions and their ener-
getic positions. Assuming the formerly observed ∆v = 0 propensity rule, the
photoelectron energy scales as ~ω (see section 4.2).[92] It is worth noting that
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(a) (b)

Figure 4.30: (a) Comparison of PES obtained by ionizing (S)-(+)-fenchone
either with the Nd:YAG laser (red line) or with the femtosecond laser (blue
line) both from c0 and evaluated using pBasex with 200 radial sampling
points. (b) Mass spectrum obtained in the Nd:YAG experiment showing
strong fragmentation of the molecules in comparison with formerly obtained
mass spectrum of the femtosecond experiment. Reused from [161] with per-
mission by John Wiley and Sons.

IVR as formerly observed for fenchone on a few hundred fs timescale[87, 90]

may occur in the Rydberg state. Due to the ∆v = 0 propensity rule, the
photoelectron energy is unchanged in the case of IVR.

In agreement with ~ω scaling, the 3s peak in the PES for the Nd:YAG is
up-shifted in energy by the difference in one-photon energy (about +40 meV)
with respect to the femtosecond PES acquired at a center wavelength of 359
nm. Fitting Gaussians underneath the three peaks each for the Nd:YAG
and the femtosecond PES delivers a difference in energy of +56 meV for 3s,
+37 meV for 3p and about +86 meV for π∗ ← σ. The values are in good
agreement with the expected shift due to photon energy.

The 3s state is expected to have a rather long lifetime compared to the 3p
state (see section 4.2).[92] In the femtosecond experiment, the pulses are short
and ionization is thought to be fast compared to internal dynamics of the
molecule. When the pulse duration exceeds the lifetime of the state, the con-
tributions in the PES are influenced not only by absorption probability into
different states, but also by population decay. Thereby the relative heights
in the PES are changed, as can be noticed in figure 4.30(a). The contribu-
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tions of the states can be expected to be mainly governed by lifetime for the
nanosecond and by dipole transition moment in the femtosecond experiment.
This could explain, why the 3p peak dominates in the femtosecond and the
3s peak in the nanosecond experiment. Further investigations need to be
done to investigate this behavior. Such experiments are currently under way
and first observations support the expectation that increasing the pulse dur-
ation increases the yield of the 3s state with respect to the 3p state. These
experiments are not shown herein.

The mass spectrum for the Nd:YAG (shown in red in figure 4.30(b))
shows stronger fragmentation of the molecules as compared to the one of
the femtosecond experiment (shown in blue). A detailed description of the
TOF data processing can be found in the appendix in section 7.3. The
femtosecond mass spectrum is dominated by the parent ion, whereas in the
Nd:YAG spectrum the smaller fragments are stronger and no parent ion is
observed. The two largest fragments with masses 69 and 81 amu found in
the Nd:YAG mass spectrum can be found as well in the fragmentation pat-
tern of the femtosecond experiment. In previous femtosecond experiments,
the laser intensity-dependent fragmentation and PECD have been studied.[74]

For higher laser intensities, the fragmentation got stronger, while the PECD
stayed basically unaffected. This was attributed to ionization preceding frag-
mentation. PECD can thereby be studied on undissociated molecules. The
PES for the Nd:YAG as well as for the femtosecond experiment are similar
and as shown below, concerning the observed LPECD values it is similar.
Thereby a similar physical mechanism is expected in the Nd:YAG experiment
meaning that the PECD measurements are done on undissociated molecules.

4.4.3 PECD evaluation

In figure 4.31 the anti-symmetric parts of the PECD images obtained for (S)-
(+)- and (R)-(−)-fenchone are shown. The raw data is depicted in the upper
half of the images, whereas the Abel-inverted cut of the odd-order Legendre
polynomials is depicted in the lower half of the images. The laser propagation
direction is from left to right in the images. The strongest PECD-bearing
contribution in the PAD is the innermost ring, which comes from excitation
of the 3s state.

The PECD evaluation has been done as described in the appendix (see
section 7.3), where the derived coefficients and LPECD values are obtained
by weighted averaging over the FWHM width of each peak in the c0 curve.
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Figure 4.31: Anti-symmetrized PECD raw image (upper half) and cut
through the x=0 plane derived from pBasex (lower half of image) for (S)-
(+)-fenchone (a) and (R)-(−)-fenchone (b). The laser propagation direction
is from left to right in the images. Due to different enantiomeric purity, the
maximum LPECD values are different for both enantiomers. Reused from
[161] with permission by John Wiley and Sons.

The c0 and c0 × LPECD curves are plotted in figure 4.32. To derive the
FWHM width for each peak separately, a Gaussian was fitted each to the 3s,
3p and π∗ ← σ peak observed in the c0 curve. For all three contributions in
the PES, the c0 × LPECD has a specific sign in the region of FWHM of c0.
In the femtosecond experiment two contributions to the c0 × LPECD curve
with opposite signs were observed underneath the 3p peak (see section 4.2
and section 7.4 in the appendix).[92] Here, only one contribution underneath
the 3p peak seems to be present. Therefore, the 3p peak is evaluated the
same way as the 3s and the π∗ ← σ by fitting a single Gaussian. To de-
rive the weighted average LPECD and coefficient values, the maximum of c0

is set to one for each peak separately prior to multiplying it with LPECD.
This is followed by an arithmetic average over the resulting values within the
FWHM of the peak.

The resulting weighted average LPECD values are depicted in figure
4.33(a). Three different data sets each containing the values for the observed
contributions to the PES for (S)-(+)- and (R)-(−)-fenchone are shown in fig-
ure 4.33. The two data sets on the left hand side are for both enantiomers of
fenchone using the Nd:YAG laser and the data set shown on the right hand
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Figure 4.32: c0 × LPECD curves (upper half of plots) and c0 (lower half
of plots) shown for (S)-(+) (a) and (R)-(−)-fenchone (b). The points inside
the FWHM of each peak in the c0 × LPECD curve are colored and the
corresponding areas underneath the c0 curve are shaded in color. Reused
from [161] with permission by John Wiley and Sons.

side is data obtained with the femtosecond laser for (S)-(+)-fenchone. The
femtosecond data was re-evaluated using 200 radial sampling points leading
to slightly lower LPECD values compared to previous findings (see section
4.2).[92] Comparing the Nd:YAG data, all the LPECD values are mirrored in
sign when exchanging the enantiomer, while in magnitude they differ due to
the different enantiomeric purity for the (R)-(−)-fenchone specimen (about
84% e.e.) compared to the (S)-(+)-fenchone specimen (about 99.9% e.e.).[57]

For a given enantiomer, the sign of LPECD for 3s and 3p is opposite com-
pared to π∗ ← σ.

If the nanosecond Nd:YAG PECD values obtained for (S)-(+)-fenchone
are compared to the ones found in the femtosecond measurement, it can be
seen that the magnitude and sign for the 3s as well as π∗ ← σ contribution is
about the same. The value for 3p has the same sign as the 3p1 found in the
femtosecond experiment. In the femtosecond experiment, the 3p2 PECD is
dominant over the 3p1. In the nanosecond experiment, different dynamics can
be started when exciting the 3p manifold. This might influence the observed
behavior in the LPECD curve. However, further investigations need to be
performed to support these expectations.
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(a) (b)

Figure 4.33: Comparison of weighted LPECD (a) and c1/c0 (b) values for
the different intermediate resonances (color-coded) for (R)-(−)-fenchone and
(S)-(+)-fenchone using the Nd:YAG laser (left two data sets) and for com-
parison the values obtained for (S)-(+)-fenchone in a previous femtosecond
experiment (right side). 3s and π∗ ← σ are color-coded the same in all data
sets, whereas for the Nd:YAG experiment a single 3p contribution is found
(blue) and for the femtosecond experiment, two contributions denoted as
3p1 (turquoise) and 3p2 (yellow) have been found. Reused from [161] with
permission by John Wiley and Sons.

The dominant contribution to LPECD comes from the c1 coefficients,
which are plotted in figure 4.33(b) in agreement with previous findings.[92]

The higher order coefficients are at least one order of magnitude lower and
are therefore not displayed.

4.4.4 Summary and Outlook

In this section it was demonstrated that PECD can be observed when using
a commercial nanosecond Nd:YAG laser. The 3s state dominated the PES
probably due to its longer lifetime. PECD survives in a regime, where the
pulse duration exceeds the lifetime of the longest-lived state (3s) by several
orders of magnitude. The observed LPECD values for the 3s state were in
agreement with previous femtosecond PECD values.

Being able to use a nanosecond Nd:YAG laser to observe PECD fur-
thermore reduces the requirements to apply PECD in analytical chemistry.
These findings paved the way to investigate dependence of PECD on vibra-
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tional level of the intermediate state and the cation as is shown in the next
section.

4.5 Vibrationally resolved PECD

As was shown in the previous section, PECD can be observed when using
a nanosecond laser for ionizing chiral molecules in the gas phase. This ex-
periment paved the way to perform experiments dedicated to vibrationally
resolved PECD. Expanding fenchone in a seeded molecular beam and ionizing
the molecules using a tuneable narrow-bandwidth laser resulted in a highly
structured 2+1 REMPI spectrum (see figure 4.5). The observed peaks prob-
ably originate from excitation of specific vibrational states (see section 4.2).
In the region close to the band origin of the 3s intermediate state, single
vibrational states are expected to be accessible. In this case, PECD is in-
vestigated in an eigenstate-like picture. In the upper region of the band, the
density of states strongly increases resulting in a more dense 2+1 REMPI
spectrum. In the upper band region probably multiple states will be excited
and wavepacket dynamics are launched. These dynamics can evolve due to
the long accessible time window between excitation of the intermediate state
and ionization into the continuum. In such a case, PECD is most probably
no longer investigated in an eigenstate-like picture but evolves out of a stat-
istical distribution of vibrational states. When reducing the wavelength to
the region, where the adjacent intermediate resonance (3p) of fenchone can
be reached, additional processes like inter-conversion from 3p to 3s may oc-
cur.

A systematic wavelength scan over the 2+1 REMPI spectrum measuring
PECD at the different peaks sheds light on the dependence on vibrational
level of the intermediate and cationic state.

The experiments were carried out in cooperation with Tim Schäfer and
G. Barratt Park (both from the University of Göttingen) within the Laser-
Lab Europe network. In the group of Theofanis Kitsopoulos at the FORTH
institute (Heraklion, Creete, Greece), narrow-bandwidth lasers in combin-
ation with a VMI machine were available. At the FORTH institute the
measurements were carried out in collaboration with Pavle Glodic, Greta
Koumarianou and Petros Samartzis. The nozzle and the polarization optics
were brought from Göttingen and Kassel. Parts of this section are currently
prepared for publication.
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In the next sub-section, the experimental setup and the data evaluation
are described. This is followed by sub-sections on the obtained results with
respect to PES, mass spectra and PECD data. This section ends with a
summary and a conclusion.

4.5.1 Experimental setup and data evaluation

Figure 4.34: (a) Schematic excitation and ionization scheme for the 2+1
REMPI of fenchone and (b) experimental setup for the vibrational PECD
experiment. A detailed description is given in the text.

The excitation scheme is magnified in the region of intermediates and
plotted with interrupted photon arrows including the formerly obtained 2+1
REMPI spectrum (see section 4.2 and [92]) in part (a) of figure 4.34. The
peaks observed in the 2+1 REMPI spectrum (plotted in blue) can be as-
signed to excitation of vibrational levels of the electronic resonances in the
lower region of the 3s state. In the upper region of the bands, the assignment
is not unambiguous due to the increasing density of states. To shed light on
the vibrational level structure, theory support by the group of R. Berger from
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Marburg is provided currently.
The experimental setup is shown in part b) of figure 4.34. A commercial

dye laser (Lambda Physik LPD 3000 ) is pumped by a Lambda Physik LPX
315i XeCl excimer laser (10 Hz, 308 nm, 25 ns). The output of the dye
laser could be tuned in wavelength for this experiment in the region 375–420
nm using the laser dyes QUI, PBBO, and Exalite 416. The pulse energy
was typically 1–3 mJ and the bandwidth is 0.1 cm−1. The approximate
laser wavelength was measured using an Avantes AvaSpec 3648 spectrometer
(324–482 nm range, 0.043 nm resolution). A more precise calibration was
obtained by comparing the peak positions in the REMPI spectrum to those
that were measured in reference [92], which were calibrated to an accuracy
of ±0.03 cm−1 using a high-precision wavemeter (HighFinesse, WS7 ).

In front of the VMI chamber the laser beam was vertically (with respect
to the optical table) polarized (i.e. the polarization lies in the plane of the
detector). An achromatic quarter-wave plate (B.Halle) was used to convert
LIN to LCP or RCP. The wavelength scan was split into three parts corres-
ponding to the dyes used. The quality of polarization was determined using
a Glan-Laser polarizer (ThorLabs GL10 ) and a power meter (Ophir Nova
II ). The circularity of polarization is expressed via the Stokes |S3| parameter
and has been measured for each dye at different wavelength settings. The
corresponding values are plotted in figure 4.35. Except for 395 nm for the
(S)-(+)-fenchone measurement, where the laser power was unstable, the cir-
cularity is well above 96%. No correction of the experimental data with
respect to the |S3| value was applied.

The fenchone samples were the same as used in previous experiments
(see section 4.2). The e.e. as measured by gas chromatography was 99.9%
for (S)-(+)-fenchone and 84% for (R)-(−)-fenchone.[57]

Liquid fenchone, soaked into an inert cotton wad, was evaporated in a
heatable sample compartment near the tip of a home-built pulsed solenoid
valve, which is based on the Even-Lavie design and has been described in
detail in reference [162]. The fenchone sample was heated to about 100 ◦C,
and 2.5 bars of He was used as a backing gas. The supersonic beam was singly
skimmed before entering the detection chamber, where it was intersected by
the laser beam at a 90◦ angle. The laser beam was focused into the interaction
region of the VMI spectrometer by an f = 300 mm plano-convex lens. The
focal distance was chosen to avoid power broadening (see e.g. [163, 164]) of
the absorption lines.

The VMI setup used in this experiment has been described in detail in
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Figure 4.35: |S3| values obtained in the experiment using a Glan-Laser
polarizer (ThorLabs GL10 ) and a power meter (Ophir Nova II ) shown for
(S)-(+)-fenchone (a) and for (R)-(−)-fenchone (b).

previous work[165, 166] and provides an energy resolution of ∆E/E ∼ 5%.
Energy calibration of the VMI was performed using ionization of xenon to
the p1/2 and p3/2 continuum states via a four-photon transition driven by the
third harmonic of a Nd:YAG laser. The VMI can be used to project either the
photoelectrons or the photoions onto an imaging detector comprising multi-
channel plates (BASPIK ) with 50 mm diameter and a P47 phosphor screen
(Proxivision). The projected PADs were recorded using a 1.4 million pixel
CCD camera (Unibrain Fire-i 702b). Alternatively, ion TOF mass spectra
can be recorded on an oscilloscope (Hameg model 1507-3; 150 MHz, 200
MS/s) via a capacitively coupled output. At each wavelength, photoelectron
images for LIN, LCP, and RCP laser polarization are averaged for 1800 laser
pulses (∼ 3 minutes). The PECD image was calculated by subtracting the
RCP PAD-image from the LCP PAD-image.

4.5.2 Photoelectron and mass spectra

The VMI plate voltages were set to image photoelectrons with kinetic energies
up to about 4.1 eV onto the detector. Figure 4.36(a) shows the PES obtained
for LIN as a function of excitation wavelength. Each PES contains a sharp,
intense peak corresponding to 2+1 REMPI via the 3s intermediate state.
The center position of this peak is obtained at each excitation wavelength by
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fitting to a Gaussian. The scaling of the peak position is proportional to the
one-photon excitation wavelength. Figure 4.36(a) shows that the observed
photoelectron energy agrees well with hc/λ − (IP − E3s), where IP = 8.5
eV is the adiabatic ionization energy of fenchone[92, 167] and E3s = 5.95 eV
is the electronic energy of the 3s intermediate state. This indicates vertical
one-photon ionization out of the 3s state in which the vibrational energy in
the intermediate is transferred to the cation.
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Figure 4.36: (a) PES for the wavelength scan, where the white lines indicate
the expected behavior for a ∆v = 0 dominated transition using hc/λ −
(IP − E3s,3p), where IP = 8.5 eV (for fenchone; see section 4.2) denotes
the adiabatic ionization potential and E3s = 5.95 eV and E3p = 6.37 eV
are the energies of the two intermediate states. (b) Mass spectrum observed
for (S)-(+)-fenchone at the band origin (λ = 416.57 nm) at lowered pulse
energy. Calibration was done on background gases and the largest fragments
of fenchone observed at 69 and 81 amu.

The assignment of wavelength using the spectrometer (Avantes AvaSpec
3648 ) has been checked and is in agreement with transition frequencies of
well-known absorption lines of Br.[168] The PES has a second, weak contri-
bution that arises from excitation via the 3p state (see figure 4.36(a)). The
intensity of the 3p peak relative to the 3s peak is significantly weaker than
was observed in the PES recorded in the same spectral range with femto-
second laser pulse ionization, where the contribution of the 3p state is larger
than the contribution of the 3s state (see section 4.2). However, a sharp in-
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crease is observed in the overall ion signal when the 3p excitation threshold
is reached (see wavelengths shorter than 390 nm in figure 4.5). This obser-
vation is consistent with internal conversion (IC) from the 3p state to the
3s state, leading to a shortened lifetime of the 3p state and hence to less
ionization out of this state. Instead, molecules are ionized from the 3s state
and emit photoelectrons carrying the energy signature of the 3s state (i.e.
without the energy that has been converted to vibrational excitation in the 3s
state). The 3s state undergoes predissociation (probably via coupling to the
ground electronic state) on a timescale of approximately 3.3 ps.[90] However,
this leads to highly vibrationally excited molecules in the electronic ground
state. Then, the ionization would start from a high-lying vibrational level.
The Franck-Condon overlap with the cation might be changed in such a case.
In the femtosecond experiment, IC does not occur and direct ionization out
of the 3p state is observed.

In addition, TOF mass spectra were measured at the band origin of the
3s state (λ = 416.57 nm). The resulting mass spectrum is depicted in figure
4.36(b) and shows the same mass peaks (69 and 81 amu) as have been ob-
served in previous nanosecond measurements with the Nd:YAG (see section
4.4). This indicates that probably similar processes occur here, where the
molecules undergo stronger fragmentation compared to femtosecond meas-
urements. The PES is not strongly affected by these processes. For the PECD
metrics, a direct comparison to previous values is more complex as the vibra-
tional level distribution is different from previous experiments. Nevertheless,
the PECD values are similar as observed in the femtosecond experiments
(see section 4.2). So it can be expected that the electron carrying the chiral
signature leaves the influence of the chiral molecular potential before the mo-
lecules fragment. Thereby, PECD should not be strongly influenced by the
fragmentation of the molecules.

In figure 4.37(a), the PAD for LIN at 385 nm on (S)-(+)-fenchone is de-
picted on a logarithmic z-scale. The 3p contribution, which is the outer ring,
is barely visible. Due to the low signal rate, no reliable PECD information
could be derived from the 3p contribution (see figure 4.37(b)).

4.5.3 PECD evaluation

In the experiment, data at 28 ((R)-(−)-fenchone) and 36 ((S)-(+)-fenchone)
selected wavelengths between 377 nm and 416.57 nm (band origin of 3s state)
for LIN, LCP, and RCP were recorded. Above 405 nm, the wavelength was
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Figure 4.37: (a) PAD for using LIN on (S)-(+)-fenchone shown on a log-
arithmic z-scale and (b) Anti-symmetric PECD raw image both recorded at
385 nm.

tuned to the center of the pronounced peaks observed in the 2+1 REMPI.
Below 405 nm, an equidistant wavelength step of about 2 nm was used. For
wavelengths below 412 nm, the onset of a continuous, unresolved background
was observed. The raw PECD image was calculated at each wavelength by
subtracting the RCP PAD-image from the LCP PAD-image.[74] A distinct
forward/backward asymmetry of emitted photoelectrons with respect to the
propagation axis of light was observed.

From the raw PECD images, LPECD values at each selected wavelength
were calculated. The data for both enantiomers is shown in figure 4.38 along-
side the high-resolution 2+1 REMPI spectrum of fenchone. Within the er-
ror of the experiment, about the same magnitude (but opposite sign) for
the two enantiomers was observed. The specified purity of 84% of (R)-(−)-
fenchone[51, 57] needs to be taken into account when comparing the LPECD
values of both enantiomers.

The LPECD decreases slightly at shorter wavelengths. No features in the
LPECD values that coincide with vibrational bands in the REMPI spectrum
were observed. Furthermore, no significant change was observed at the onset
of the 3p Rydberg state at 389 nm. Note that the LPECD values that are
presented here only involve photoionization out of the 3s Rydberg state. It
was not possible to extract reliable LPECD values originating from the 3p
Rydberg state due to poor signal-to-noise ratio (see figure 4.37).
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Figure 4.38: 2+1 REMPI spectrum from previous studies (shown in blue;
see also section 4.2 and [92]) shown together with LPECD curve derived
from Abel-inversion observed in a previous femtosecond experiment (plot-
ted as purple line). The diamonds indicate raw data LPECD values ob-
tained for both enantiomers of fenchone when using nanosecond pulses on
ro-vibrationally cold molecules.

As a guide to the eye, a fit through previous femtoseocnd LPECD val-
ues is done and shown as purple line in figure 4.38. In the femtosecond
experiment, ionization is fast compared to intra-molecular dynamics and it
can be expected that the LPECD curve is dominated by the dependence on
photoelectron energy. Apparently, on longer timescales during the ionization
process, intermediate state dynamics like internal conversion, molecular ro-
tation, or IVR do not affect the LPECD value of emitted photoelectrons.

In the literature on time-resolved PECD studies,[90] the intermediate state
of fenchone was populated by a single-photon transition and probed by a
time-delayed circularly polarized 400 nm probe pulse. In the first few hun-
dred femtoseconds, a pronounced decrease in PECD magnitude followed by
an increase in PECD a few picoseconds after the excitation happened was
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observed. This was interpreted such that in the time between pump and
probe pulse, intra-molecular dynamics like IVR might happen and change
the distribution of vibrational states in the intermediate state. The increase
in PECD was inferred from the contribution of less efficiently coupled vi-
brational modes.[90] In these experiments, pump photons with 201 nm are
used, which means that the pump pulse starts a vibrational wavepacket in
the upper region of the 3s state. In this region, the unstructured background
in the 2+1 REMPI was observed. When using a nanosecond laser it can
be expected that these less efficiently coupled vibrational modes leading to
larger PECD values are partly also populated during dynamics happening
in the intermediate state. Thereby it can be expected that these vibrational
modes might influence the observed PECD also in the experiment shown
herein. However, no pronounced PECD dependence on a specific vibrational
mode was observed.

4.5.4 Summary and Outlook

In recent years, a growing interest in vibrationally resolved PECD can be
recognized. Single-photon studies revealed a strong dependency of PECD on
vibrational level of the cation in the case of methyloxirane.[60] Other vibra-
tionally resolved studies were focused on limonene[62] and a couple of bicyclic
monoterpenes.[49] A prerequisite to resolve vibrations is the available energy
resolution of the VMI. Depending on the molecule, the energetic spacing
between vibrational levels is given. For fenchone, the spacing in the lower re-
gion of the 3s state is with about 30 cm−1 (equivalent to about 4 meV) rather
small. The required energy resolution is thereby in the region below one per
cent and cannot be reached with the VMI used herein (energy resolution here
is about 5%). Thereby, vibrationally resolved studies were typically done on
smaller molecules like methyloxirane featuring a lower number of vibrational
levels. This can be expected from the lower number of atoms and thereby
reduced degrees of freedom for vibrations.

In this section it was demonstrated that PECD could be observed when
using tuneable narrow-bandwidth (∼ 0.1 cm−1) lasers on a cold molecular
beam of fenchone molecules. In comparison to previous findings using femto-
second lasers (see section 4.2), a similar ionization mechanism featuring a
dominant ∆v = 0 propensity rule seemed to be present on the nanosecond
timescale. In contrast to femtosecond and in agreement with nanosecond
findings, mainly the 3s contribution in the PES was observed, which was as-
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signed to the much shorter lifetime of the 3p state compared to the 3s state.
In agreement with previous nanosecond findings when using a frequency-
tripled Nd:YAG, PECD could be observed on the nanosecond timescale, al-
though ionization was followed by strong fragmentation of the molecules.
The two largest fragments of fenchone observed when using the Nd:YAG on
an effusive beam source have masses of 69 and 81 amu. The same masses
were found when measuring fenchone in a cold molecular beam with a dye
laser.

PECD has been measured at selected wavelengths on both enantiomers
of fenchone. In the region close to the band origin of the 3s state, a low
density of states was observed leading to pronounced peaks in the 2+1 RE-
MPI spectrum. In this region, the wavelength was tuned to the center of
each peak to measure PECD. For lower wavelengths, PECD was measured
at equidistant wavelength steps. The resulting LPECD values did not show
a strong dependence on the vibrational level. The values can be compared to
a fit through the previously obtained femtosecond values, which are believed
to be dominated by photoelectron energy. The LPECD values using the dye
laser follow the femtosecond LPECD curve.

Currently, theoretical support by R. Berger (University of Marburg) on
the vibrational level structure is given. Thereby further insight on the contri-
butions of different vibrational modes underneath the peaks observed in the
2+1 REMPI spectrum is expected. These findings will be part of a future
publication, which is currently in preparation. For the case of fenchone, no
pronounced dependency on vibrational level was observed. Investigations on
other molecules seem promising to clarify if the observation made on fenchone
hints towards a general feature of REMPI driven PECD.
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Chapter 5

Towards bichromatic control of PECD

Picture reused from [102] with permission by the American
Physical Society.

5.1 Introduction

Chiral recognition as presented herein has been realized up to now by us-
ing femtosecond or nanosecond pulses. In these cases the spectrum contains
wavelengths of similar color. When adding a second color, the field geo-
metries are extended by the possibility to temporally overlap both colors in
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different polarization geometries. In addition, the relative phase between the
colors can be accessed and controlled on a sub-cycle timescale. This paves
the way to investigate sub-cycle electron dynamics by using a bichromatic
field. Bichromatic experiments have been carried out on atoms previously.

In the first experiments, the admixture of the second harmonic to the
fundamental wavelength of Nd:YAG lasers has been used to investigate the
phase-dependent asymmetry along the polarization axis when both colors
are linearly polarized along the same axis.[169, 170] By ionizing noble gas
atoms, the influence of relative phase on PES ranging up to different ATI
peaks can be obtained. Delay-dependent asymmetries along the polarization
axis of linearly polarized two-color fields have been investigated by using
VMI[171] also in the region, where the admixture of the second harmonic
field is with about 1/200 rather weak.[172] The ionization path for the two
colors leads to continuum wave functions with different parity.[173] In the
same contribution, the delay between both colors was adjusted by varying
the pressure inside a gas cell both beams are transmitted through. Addi-
tionally, orientation of molecules has been investigated using two colors in
parallel linear polarization.[174] When scanning the delay between both colors
in a continuous way, an oscillating asymmetry along the polarization axis is
obtained.[171, 175] When using VMI, the resulting PADs are typically recorded
by a camera. The camera images can then be analyzed using Fourier analysis
for each pixel separately. This technique was introduced by Skruszewicz et
al.[105] and is termed ’phase-of-the-phase’ spectroscopy. It proves to be quite
powerful as it provides amplitude and relative phase of the oscillating signals
for each pixel recorded by the camera. A bunch of further investigations
with bichromatic fields employing pixel-wise Fourier analysis were reported
recently.[105, 176, 177] Up to now, mainly ’phase-of-the-phase’ results for ioniz-
ation in the tunneling regime were reported in the literature, whereas the
multi-photon dominated region was not investigated in detail. The aim here
is to investigate to what extent the pixel-wise Fourier analysis can be em-
ployed to investigate bichromatic field ionization in the multi-photon and in
the transition region between multi-photon and tunneling. The experiments
were done on Xe unraveling multiple frequency components together with
the corresponding phase PADs (see section 5.2.4).

Bichromatic fields in orthogonal polarization when both fields are lin-
early polarized have been used to drive electrons into trajectories usually not
accessible by an elliptically polarized single-color field. The phase between
the two colors has been used to control non-sequential double ionization of
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Ne.[178] Two color orthogonally polarized laser fields can be used to exert spa-
tial control of wavepackets.[179] The two-color orthogonally polarized field has
been utilized to investigate the effect of ionization with an 800 nm field in the
presence of a streaking field[180] and dedicated to investigation of Coulomb
effects.[181] These experiments show that the interference between electron
wavepackets released at different times can be influenced by adding a second
color in orthogonal polarization direction. It was shown theoretically that
the experimentally observed interference pattern can be used to determine
the laser intensity in the tunneling regime quite accurately.[182]

With respect to chiral targets, the bichromatic field in linear polariza-
tion along orthogonal directions opens up the possibility to evoke a chiral
response out of the sub-cycle rotational sense of the field. A theoretical de-
scription was developed[102, 103] to shed light on the origin of the resulting
chiral effect and its dependency on laser parameters. In the case of PECD,
the spin angular momentum of the photon is transferred to the motion of the
photoelectron along the light propagation axis by the chiral target. For the
bichromatic field, the sub-cycle sense of rotation of the field is transferred to
the translational motion of the photoelectron along the propagation direc-
tion of the light field. The ionization originates from interference between n
and m photon pathways. Due to selection rules in atoms, there are different
control scenarios possible.[183] When combining ω and 2ω fields, both n and
m can be either odd or even. In this case, the differential cross section can
be controlled. Access to the differential cross section of photoionization is
given by using a VMI (see section 3.3). When using a rotationally tailored
field, the sub-cycle sense of rotation of the field is transferred to the motion
of the photoelectron by the chiral molecule. Thereby the concept of chiral
recognition is generalized to electric fields that feature a sense of rotation,
which is on a sub-cycle scale. The observation of a chiral response evoked by
using a bichromatic field in crossed polarization geometry has been reported
recently.[104] Experimentally, the field geometry is oriented such that different
senses of rotation are imaged onto different halves of the detector. As will be
explained in detail below (see section 5.2.4), the field geometry depends on
the relative phase between the two colors. The aim here is to implement the
aforementioned ’phase-of-the-phase’ spectroscopy[105] for orthogonally polar-
ized fields for chiral recognition. The phase between the two colors is scanned
and pixel-wise Fourier analysis is employed to isolate the signals oscillating
at the expected frequency.

If both the ω and the 2ω fields have circular polarization, two scenarios
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are possible. They can have the same or opposite sense of rotation. These
types of fields are interesting for high harmonic generation (HHG), where
first experiments mixing the fundamental and the second harmonic of a Ti:Sa
laser were done on Ar.[184] In HHG, the counter-rotating fields can be used
to generate quasi-circularly polarized XUV radiation.[185, 186] These quasi-
circularly polarized harmonics can be used to investigate PECD in the XUV
using laser sources.[66] HHG on chiral molecules has also been investigated on
bichromatic fields, when both colors are inserted under an angle and gener-
ate nearly background-free chiral signals in HHG spectra, which can also be
used to derive the e.e. vlaue of a specimen.[68] When ionization in combina-
tion with re-collision is driven (like in HHG) the ionization and re-collision
trajectories are different when using counter-rotating two-color fields. When
using circularly polarized two-color fields on chiral molecules, both colors can
in principle evoke a chiral response. A first experiment with counter-rotating
fields on a chiral target is shown in section 5.2.4. The aim here is to find out
if a dependency of PECD on delay between both colors can be found when
scanning the region, where the pulses are close to temporal separation to the
region, where they overlap in time. The results obtained in this experiment
are shown in section 7.6 in the appendix.

Using a bichromatic setup paves the way to investigate influences of rel-
ative intensity, polarization and field geometries on photoionization of chiral
molecules. Thereby electron dynamics in chiral molecules can be investigated
and in the end, controlled.

In the following section, some preparatory consideration and the experi-
mental setup as implemented for the experiments are explained. In section
5.2.4, the results obtained for the different experiments with bichromatic
fields are shown. A conclusion and an outlook are given in section 5.2.5.
Parts of this chapter will be part of a future publication.

5.2 Preparatory considerations and experimental
setup for bichromatic fields

5.2.1 Excitation and ionization scheme

First, the basic principle of bichromatic excitation of chiral molecules should
be explained. For bicyclic ketones like camphor and fenchone, the electronic
level structure is similar. This can be seen from the similarities observed for
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the molecule scan presented in the previous section 4.3. In most cases, more
than one contribution in the PES is observed. Some of the molecules invest-
igated in the previous scan were also tested with the bichromatic field. In
the case of a bichromatic field (comprising ω and 2ω frequency components)
in the multi-photon dominated intensity regime, a second ionization pathway
starting from the intermediate state is opened up via two-photon transition
using the red field. The simplified excitation level scheme for a bichromatic
field is shown on the left hand side of figure 5.1.
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Figure 5.1: (a) Simplified excitation scheme for bicyclic ketones for the
bichromatic experiment and (b) schematic working principle of photoelectron
emission using the ’butterfly’ field. The laser field propagates along the z-
axis and the photoelectron distribution is projected along the spectrometer
axis of the VMI (x-axis). Different senses of rotation of the field are imaged
onto different halves of the detector along the y-axis. In the two halves of the
VMI PADs (along the y-axis), the forward/backward asymmetry is expected
to be mirrored.

An intermediate resonance is populated using a two photon transition
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via the blue field (2ω field). Depending on intensity, the red field can ionize
starting from the populated intermediate state or starting from the ground
state. In most experiments on chiral molecules presented herein, the intens-
ity of the blue field is set such that it can ionize starting from the ground
state of the neutral and the red field can ionize starting from the populated
intermediate resonance. The ionization step starts for both fields at the in-
termediate resonance and leads to the same energy of the photoelectron.

Please note that in the case of a chiral molecule, the parity of the in-
termediate state is not strictly defined,[187] whereby the same final state can
be accessed by one or two photon transitions starting from the intermedi-
ate. The bichromatic effect is based on interference between both ionization
pathways starting from the intermediate state.

As explained below, different combinations of polarization states of both
colors lead to field geometries providing the possibility to realize chiral recog-
nition. One example that was studied in detail herein is the combination of
ω and 2ω fields in linear polarization in mutually orthogonal directions. The
field shape and effect of ionization of a chiral molecule is depicted on the right
hand side of figure 5.1. For certain relative phases, a field geometry looking
like a ’butterfly’ is generated. This field geometry has different sense of ro-
tation in the two lobes of the ’butterfly’ shape. This provides the possibility
to evoke a chiral response as suggested by theory[102, 103, 104] and observed in
experiments.[104] The sense of rotation of the two lobes of the ’butterfly’ field
results in a different emission direction of the photoelectrons as schematically
shown in figure 5.1. Projecting the resulting photoelectron distribution onto
a detector using a VMI should generate a PAD having opposite preferred
emission directions in the upper and lower half. As explained by theory,[102]

the forward/backward asymmetry observed for such a field originates from
sense of rotation of the field and not from spin angular momentum transfer
from circularly polarized photons to photoelectrons like in the case of PECD.

An overview over different field geometries accessible using a two color
field is given in the next sub-section.

5.2.2 Field geometries

In this sub-section, the mathematical description of a bichromatic field is
presented. In general, a bichromatic field is realized when two different
laser frequencies are used in an experiment. In the case of a femtosecond
laser, the spectrum of a bichromatic field comprises two separated spectral

104



5.2. SETUP FOR BICHROMATIC FIELDS

contributions like e.g. the fundamental of the Ti:Sa and its second har-
monic. Combining a laser field with its second harmonic generated inside a
birefringent crystal expands the available field geometries. The experiments
described herein are based on the superposition of two laser pulses with a
fixed frequency ratio. The effective electric field can be written in the dipole
approximation in the form Ex,y(t) = A

(1)
x,y cos(ωt) + A

(2)
x,y sin(2ωt + ϕ) with

the amplitudes A(1)
x,y and A(2)

x,y containing the information about the temporal
pulse form. The relative phase between the two colors is defined as ϕ. The
temporal phase of each pulse is contained in its amplitude. The amplitudes
are two component vectors (x- and y- components) containing information
on the polarization state of the pulse (see appendix 7.6).

In the following, the field geometries used in the experiments are ex-
plained in detail. The field geometries are plotted for a fixed frequency ratio
assuming monochromatic laser fields for simplicity. Both fields overlap in
time to create bichromatic field geometries.

Both fields linearly polarized along the same axis The easiest geo-
metry based on combination of two linearly polarized fields extends the field
geometries to shapes, which can in general not be accessed by a single mono-
chromatic laser field. In figure 5.2, the effective field geometry (green) when
both the blue and the red field are linearly polarized along the same axis
is plotted. The calculation assumes 25 fs pulses for both blue and red and
a fixed frequency ratio of 2:1 between the monochromatic fields, where the
red field has a wavelength of 790 nm (oscillation period of about 2.65 fs). In
the upper row of figure 5.2, the resulting sum of both electric fields is shown
for different relative phases ϕ between the two frequency components. In
the bottom row of the same figure, a magnified view covering two oscillation
periods of the blue field (one cycle of the red field) is plotted. For a phase of
π/2 (0.33 fs), both red and blue field maxima overlap at t = 0, and result in
a strong asymmetry along the polarization axis. For a phase of zero the in-
terference of both fields leads to vanishing asymmetry along the polarization
axis. The asymmetry for π/2 (0.33 fs) is reversed for a phase of 3π/2 (0.99
fs), where the fields interfere destructively at t = 0, whereas each maximum
of the red field in the negative direction overlaps with the maximum of the
blue field.

This field geometry has been successfully used to find the temporal over-
lap of both colors in the experiment by choosing the polarization axis such
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that it lies in the detector plane. Scanning the phase between both pulses
leads to a change in asymmetry along the polarization axis, which can be
observed on the detector.

Figure 5.2: (Top row) Two color field obtained for different phases ϕ between
both colors (purple) or equivalently, delay (orange). Both colors are linearly
polarized along the same axis (the inset of the first figure in the middle row
shows the polarization). In the experiments, the polarization was along the
y-axis. Three cases are selected for a delay of 0 fs, 0.33 fs and 0.99 fs, where
a magnified view in the two-cycle representation of the blue field is shown in
the bottom row. The calculation is done for pulses of 25 fs pulse duration
and same amplitudes. A representation with larger time window is shown in
figure 5.13.

When one of the fields is much stronger than the other one, the interfer-
ence is reduced leading to minor asymmetry. This effect can be enhanced
when a multi-photon ionization is driven and the contributions of the fields
are scaled according to their respective power laws.
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Both fields linearly polarized in orthogonal axes When both fields
are linearly polarized along mutually orthogonal directions, the field geo-
metry resembles a Lissajous-type curve (see figure 5.3). The laser field para-
meters are equal to the ones used in the previous paragraph, although the
polarization of both fields is orthogonal. Depending on relative phase ϕ, dif-
ferent field geometries are realized. For a phase of π/2 (equivalent delay of
0.33 fs) and 3π/2 (0.99 fs), the field geometry resembles a parabola, which
has its open side towards upper or lower half of the graphs (see figure 5.3).
In this case an asymmetry in field strength is generated along the polariz-
ation direction of the blue field, which can be explained by calculating the
effective field strength for different positions along the curve. For the two
extreme points lying in the upper half of the plot, the combined field strength
|E| =

√
2 is higher than in the point, where the red field is zero. By orienting

the field geometry inside the VMI spectrometer accordingly, this asymmetry
along the polarization axis of the blue field can be used to investigate the
relative phase between the two colors. Measurements performed with this
field geometry are shown in the appendix (see section 7.6). Setting the phase
to either 0 or π (0.66 fs) results in a field geometry looking like the symbol
for infinity (see figure 5.3). The sense of rotation is indicated by the arrows
when the light field is propagating towards a spectator, where all fields are
shown in the single-cycle representation.

This type of field shows different sense of rotation in the two halves
along the red field polarization. In the case of photoionization, the spec-
tator is typically a molecule and the convention used throughout this thesis
is the so-called optical convention. The field comprises different sense of
rotation within a full optical period of the red field. It was demonstrated
theoretically[102, 103] that using this type of field, a chiral response when pho-
toionizing chiral molecules can be observed. In addition, experimental results
were reported.[104] The chiral interaction in this case is fundamentally differ-
ent as compared to the case of usual PECD. In the case of PECD with
circularly polarized light, the chiral target transfers the photon spin angu-
lar momentum onto the emission direction of the photoelectron. Using a
tailored bichromatic field, the sense of rotation of the field is transferred to
the photoelectron emission direction by the chiral target. This field geometry
allows to simultaneously measure the effect of different sense of rotation on
the photoelectron emission within a single measurement. The photoelectrons
experience different sense of rotation of the field in the two hemispheres along
the red field polarization direction.
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The photoelectrons originating from both hemispheres are imaged onto
different halves on the detector by the VMI (the experimental geometry is
shown as inset in figure 5.3). The experiments are performed such that the
delay between both colors is scanned and VMI PADs are recorded for every
delay.

Changing the delay between both colors results in scanning across the
different Lissajous-type field geometries as shown in figure 5.3. As can be
seen in the VMI PADs shown in figure 5.3, the expectation is that a for-
ward/backward asymmetry along the laser propagation direction is gener-
ated. This asymmetry is in opposite direction on both sides of the PAD
along the y-axis. For a phase of 0 or π (0.66 fs), this asymmetry is maxim-
ized, whereas for a phase of π/2 (0.33 fs), the asymmetry is very weak. This
asymmetry is opposite for the two halves of the VMI PADs along the red
field polarization axis.

Choosing a different amplitude ratio between the fields stretches the field
geometry along the direction of the stronger field.
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Figure 5.4: Examples of field geometries generated by overlapping red and
blue pulses, when both fields are circularly polarized. The field amplitude
is set to 1 for each color and the field geometry is shown in the single-cycle
representation. The two field geometries differ by using either a co- (a) or a
counter-rotating (b) sense. In both images, the overlap of both blue and red
fields results in a purple color of the circle.
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Both fields circularly polarized When both fields are circularly polar-
ized, two main possibilities are given: The fields can rotate in the same
or in the opposite direction. Both fields can in principle evoke a chiral re-
sponse when both have circular polarization. The field geometry for the case
of counter- or co-rotating circularly polarized fields is shown in figure 5.4.
Changing the amplitude of one of the fields for the counter-rotating case,
the ’cloverleaf’ (shown in figure 5.4(b)) changes its shape. If the red field
has higher amplitude (as shown in figure 5.5(a)) than the blue field, the
’cloverleaf’ type field approaches a triangular shape. For slightly different
amplitudes, the electric field trajectory does no longer cross through zero.
For higher amplitude of the blue field, the combined field approaches a circle
with three small lobes (see figure 5.5(b)). In this case the combined electric
field does not cross through zero. In that case the effective field is close to
circular polarization. In the case of co-rotating fields, the effective field ap-
proaches circular polarization if one of the fields is dominant over the other
one.
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Figure 5.5: Field geometries for different amplitude ratios Ared/Ablue of 2.5
(a) and 0.4 (b). Please note that trajectories of electrons driven by fields with
unequal amplitude ratio do no longer cross through zero, when the amplitude
ratio deviates from 1.
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5.2.3 Experimental Setup

The layout of the bichromatic field setup was developed starting with former
setups described in the literature.[188, 189] The realization of the phase locked
bichromatic bipolarization setup slightly deviates from the one described in
the proposal for the QUTIF (SPP1840 - quantum dynamics in tailored intense
fields) project which was funded by the DFG (German Research Foundation).
The experimental setup is sketched in figure 5.6. Please note that this is a
common path setup ensuring phase-locked conditions between the two laser
fields.

Figure 5.6: Schematic layout of the two color setup. The detailed explanation
of the different components is given in the text.

A description of the experimental setup is given in the following, where
further information on the optical components used can be found in table
5.1. The amplifier (Femtopower HE 5 kHz, see chapter 3) laser beam enters
the setup with vertical polarization with respect to the optical table. A
λ/2 plate can be used to rotate the input polarization if necessary. The
pulses are transmitted through a segmented filter wheel coated with neutral
density layers. The beam is demagnified by a mirror telescope comprising
a silver coated concave mirror with f = −1000 mm and a silver coated
convex mirror with f = +250 mm (Layertec, see table 5.1 for further details).
The beam is guided between the two curved mirrors with small angles of
incidence to counteract astigmatism introduced by the mirrors. The beam
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passes through a β−BBO (bariumborate, either 100 or 500 µm thickness,
EksmaOptics) crystal generating the second harmonic of the input laser field.
The spectral bandwidth of the Ti:Sa amplifier can be set to support a FWHM
pulse duration of 25 fs or 70 fs with the help of a Dazzler. In the latter case,
the center wavelength is tuneable in a region from 730 nm to 830 nm.

component company description
concave mirror f =
−1000 mm

Layertec GmbH product ID 107573, Ag
coated

convex mirror f =
+250 mm

Layertec GmbH product ID 108116, Ag
coated

β-BBO EksmaOptics 0.1/0.5 mm SHG 800
nm type I

Calcite (Ca[CO3]) UnionOptics 1, 3 and 5 mm thick-
ness (0.5 inch dia-
meter)

FS wedges Femtolasers product ID OA124
wedge angle 2◦48’

Dual-wavelength plate
(λ/2 for 800 nm)

B.Halle product ID RAC 5.2.10
L, 2.0 mm thickness
(Quartz and MgF2),
600–1200 nm

Super-achromatic λ/2 B.Halle product ID RSU
1.2.10, 5.5 mm thick-
ness (Quartz and
MgF2), 310–1100 nm

Super-achromatic λ/4 B.Halle product ID RSU
1.4.10, 6.2 mm thick-
ness (Quartz and
MgF2), 310–1100 nm

VMI window Heraeus Quarzglas 5.0 mm thickness

Table 5.1: Details of the different components used for the bichromatic
experiments.

Reducing the bandwidth of the pulses leads to longer pulses in the time
domain while the relative temporal pulse stretching due to dispersion in
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the optical path is reduced. As the longer pulses result in rather low SHG
efficiency, this approach was not investigated further. As the beam path
between generation of SHG and ionization point inside the VMI chamber is
the same for both colors, the setup is phase-locked.

Phase-locking Following the derivation of [111] (see also section 2.2), the
induced nonlinear polarization P(2)(t) in the generation of the second har-
monic in a nonlinear crystal is given as

P(2)(t) = 2ε0χ
(2)|E|2 + ε0χ

(2) ·
[
E2e−i2ωt + c.c.

]
(5.1)

where ε0 denotes the free space permittivity, χ(2) the second order nonlinear
optical susceptibility and E the amplitude of the electric field.

If a carrier-envelope offset ϕCEO is applied to the fundamental field, the
second harmonic phase changes accordingly, i.e. 2ωt 7−→ 2ωt + 2ϕCEO.
Thereby the ratio between the fundamental and the second harmonic phase
is conserved and phase-locking is realized.

Dispersion As the experimental setup is based on a common path geo-
metry, the temporal stretching the pulses experience due to dispersion can-
not be compensated without sacrificing the phase-locking. The introduced
dispersion of the components used for the experiments is calculated using
the Sellmeier equation (see equation 2.13), where their thicknesses are shown
in table 5.1. 1 mm of FS glass introduces a GDDFS

790nm = 37 fs2 and a
GDDFS

395nm = 99 fs2. Due to dispersion, the two components of the bichro-
matic field are delayed by about 165 fs after transmission through 1 mm of
FS glass. This delay needs to be compensated to have both pulses temporally
overlapped in the interaction region. This can be realized by making use of
a birefringent crystal, where the choice depends on the optical parameters.

Choice of birefringent crystal In order to counteract the accumulated
temporal mismatch between the two colors, a couple of different crystals are
compared in table 5.2.

Table 5.2 shows that the introduced compensation amount ∆GD is qual-
itatively proportional to the introduced GDD. The temporal compensation
was realized before by using an α-BBO[188, 189] or a Calcite crystal.[174] α-BBO
is not hygroscopic and due to the absence of phase matching for nonlinear

113



5.2. SETUP FOR BICHROMATIC FIELDS

material ∆ GD [fs/mm] GDD395

[fs2/mm]
GDD790

[fs2/mm]
FS 165 99 37

α-BBO -189 150 76
Calcite -444 99 76
KDP -4 101 29
Sapphire 220 153 59
MgF2 128 53 20
TeO2 4322 3744 507

Table 5.2: Dispersion parameters for fused silica and different birefringent
crystals that could be used to compensate the delay between the two colors.
The introduced delay is defined as ∆GD = GD395 − GD790. For positive
values of ∆GD, the red pulse precedes the blue pulse after transmission
though the material. Time delay is compensated when ∆GD has a negative
sign. The blue pulses propagate in the extraordinary and the red pulses in
the ordinary axis. Calculations were done using the Sellmeier coefficients
from RefractiveIndex.info

interactions of the two colors, it is a good candidate for this application. Ex-
perimentally, approaches based on α-BBO and on Calcite were investigated.

If the birefringence of α-BBO and Calcite (CaCO3) is considered, it can
be seen that the Calcite crystals have certain advantages (see figure 5.7). For
a given compensation amount, the Calcite crystal can be thinner to reach
the same compensation and the chirp introduced for the blue pulses is lower
compared to α-BBO. The only disadvantage is that Calcite is a bit hygro-
scopic, although experimentally no strong degradation of the crystals was
observed during the experiments.

The thickness of the birefringent crystal is chosen such that the pulses
have temporal overlap in the interaction region and that there is still some
tuning range for the FS wedges left. To realize relative attenuation it has
proven feasible to use an HR mirror for the blue pulses, where the red pulses
experience surface reflection. The order of magnitude in power is then similar
for both colors as the efficiency of the SHG is typically below 10 %. Using
the surface reflex for attenuation is also advantageous for operating the setup
with minimal dispersion. An achromatic λ/2 plate (600–1200 nm, B.Halle)
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Figure 5.7: Group delay (top row) and Group delay dispersion (bottom row)
for propagation in the fast (subscript e) or the slow (subscript o) axis in
α-BBO or Calcite derived using the Sellmeier equation 2.13. All values are
shown per mm propagation distance.

can be used to rotate the polarization of the red pulses while keeping the
polarization state of the blue pulses. The expectation that the waveplate
acting as λ/2 for ω light is a λ plate for 2ω light is not perfectly fulfilled due
to dispersion and the multi-order nature of the waveplate. Nevertheless, the
polarization of the red pulses can be rotated without strongly decreasing the
quality of polarization of the blue pulses. An additional flip-mounted mirror
can be used to measure the spectrum of the beam or also the polarization
of the two wavelength components when using an additional Glan-laser po-
larizer (ThorLabs GL10 ). The pulses enter the VMI chamber through a 5
mm thick FS glass window and are focused using an f = 75 mm aluminum
coated concave spherical mirror mounted on a manipulator.
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When using circularly polarized pulses, the laser beam should hit the mir-
ror in the chamber under exactly 0◦, as otherwise the quality of circularity
can be reduced. For instance, an incident linearly polarized light beam can
be turned into an elliptically polarized one by reflection off a mirror.[190]

Relative pulse stretching When using a bichromatic field comprising
395 and 790 nm laser pulses, the pulses are not only separated in time after
passage through material but each pulse gets stretched in time domain. Due
to the increasing slope of the refractive index curve in the UV region, the
blue pulses experience stronger stretching than the red pulses. This can be
simulated investigating the effect of GDD on pulse duration, which is shown
in figure 5.8.
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Figure 5.8: Simulation of the relative pulse stretching ratio taking into

account the introduced GDD:[106, 107] ∆τ = ∆τ0 ·
√

1 +
(

4 ln(2) GDD
(∆τ0)2

)2

In the common path setup for the two color experiments, the amount
of accumulated dispersion can be reduced when only the necessary optical
components are used. The second harmonic can be generated using a thicker
crystal thereby reducing the effect of pulse stretching. In the experiments,
100 and 500 µm BBO crystals were tested. To investigate the pulses in
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the time domain, the TG-FROG was used. The TG-FROG is capable of
measuring both pulses in a single measurement, as each pulse generates its
own temporal grating.
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Figure 5.9: FROG traces for the fundamental centered around 785 nm and
its second harmonic centered around 388 nm for (a) minimum of material
and the (b) typical amount of material used in the case, when both colors
are linearly polarized.

The resulting FROG traces for the red and the blue pulses are depicted
in figure 5.9. This case refers to minimum amount of dispersion. To model
the pulse profile for an experiment, where both pulses are linearly polarized,
the necessary optical components like the Calcite crystal were added and the
FROG measurement was repeated. The resulting FROG traces are depicted
in figure 5.9. Here, the vacuum chamber window (thickness 5 mm) was not
included in the beam path. To model this window, a 4 mm glass of the
same material and the additional beam path in air inside the TG-FROG
was used. In a second measurement, the addition of a 5 mm Calcite crystal
was used to model the combination of the 3 mm Calcite crystal used in the
experiment and a dual-wavelength plate. In the case of minimum dispersion
shown in figure 5.9(a), the red pulse duration was about 31 fs and the blue
pulse duration was about 67 fs. Adding 4 mm of glass and 5 mm of Calcite,
the pulse duration of the red was increased to about 70 fs and the blue pulse
duration to about 97 fs. The corresponding FROG traces are shown in figure
5.9(b).

The FROG traces were reconstructed using the MATLAB algorithm by
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Trebino (same as in section 4.2) yielding the phase and the group delay
(GD) curves. For easier comparison, the difference of the GD curves can be
investigated and the introduced dispersion can be compared to the expected
dispersion. To calculate the GD curves, one needs to keep in mind that the
red pulse propagates in the ordinary and the blue pulse in the extraordinary
axis of the Calcite crystal. The comparison between differences in retrieved
GD curves and expected GD curve (using equation 2.13) are plotted in figure
5.10. It can be noticed that the expected GD curve matches the one obtained
in the experiment quite well.
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Figure 5.10: Reconstructed spectra (blue) and difference between the min-
imum dispersion and minimum dispersion plus 4 mm glass and 5 mm Calcite
crystal shown in red. The orange curve is the expected dispersion curve when
adding the glass and the Calcite. All curves are shown for the red pulse (a)
and for the blue pulse (b).

Delay tuning using wedges The thickness of the birefringent crystal was
set to overcompensate the temporal mismatch allowing for temporal fine-
tuning utilizing a pair of FS wedges. The wedges feature a completely anti-
symmetric lateral displacement allowing for temporal fine-tuning without the
need for beam realignment. The wedges (Femtolasers) are about 40 mm long
at a wedge angle of 2◦48’, where the minimum thickness was about 200 µm.
The accessible thickness region in the experiment (assuming 5 mm beam
diameter) was between 0.6–2.7 mm, which is equivalent to a delay range of
about 2.1 mm ×165 (fs/mm) = 347 fs. The FS wedge stage was equipped
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with a degree scale and a computer-controlled motor for automated delay
scans. The details are explained below in the experimental section.

5.2.4 Results

In this section, the results obtained for the bichromatic field experiment are
presented.

Finding the temporal overlap - Optical methods As both pulses are
used in a common path setup and all optical components were placed for
nearly perpendicular incidence in the beam path, the foci of both pulses
should be at the same axial position, when focusing with a mirror. Focusing
of the pulses should be done with mirrors only, as for lenses chromatic aber-
ration occurs.

As a starting point the temporal overlap between both pulses needs to
be found. There are a couple of approaches based on optical methods to
determine the temporal overlap of both pulses. Two approaches used for the
experiments are depicted in figure 5.11.

Figure 5.11: Two different approaches to determine the temporal overlap
of both colors based on optical methods. (left panel) Type-I THG can be
driven in a BBO crystal when both colors overlap and the third harmonic is
spatially separated using a prism. (right panel) Spectral interference can be
observed when the red pulse generates a second UV pulse in an SHG crystal
interfering with the first UV pulse. Depending on delay, the interference
pattern, recorded by a spectrometer, changes.
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The aim here is to find temporal overlap in front of the VMI chamber.
The first approach is based on third harmonic generation (THG). The polar-
ization of the red pulse is rotated by 90◦ so that type-I THG can be driven in
a THG crystal (BBO, EksmaOptics, θ = 44.3◦ thickness 1 mm). Both colors
are focused into the crystal by a concave spherical mirror set under small
angle. As the efficiency of THG in this case is rather low, using a prism to
spatially separate the sum frequency both pulses generate when they overlap
in time and space proves more helpful compared to using an HR mirror for
the third harmonic.

The second possibility to find temporal overlap is based on spectral inter-
ference. The polarization of the red pulse is not changed and both pulses are
focused the same way as for the THG, but now into an SHG crystal (BBO,
EksmaOptics). The red pulse is frequency-doubled and this second blue pulse
interferes with the incident blue pulse. The interference pattern can then be
measured by a spectrometer optimized for the UV (Avantes AvaSpec 3648,
wavelength region 324–482 nm, wavelength resolution ∼ 0.043 nm).

When the temporal overlap in front of the VMI chamber is found, the
temporal overlap inside the chamber can be found easier. The temporal over-
lap in the interaction region with the gas target is based on photoionization.

Finding the temporal overlap - Photoionization To find the temporal
overlap inside the VMI chamber, photoionization of noble gases was used.
The easiest way to find temporal overlap is to search for a bichromatic signal.
As a starting point, the polarization of both colors was adjusted to be equal
and lying horizontal in the detector plane. The temporal overlap was easily
found as the photoionization signal showed strong dependence on the delay
between both pulses.

In addition, field interferences between both colors imprint an asymmetry
on the photoelectron distribution along the polarization axis. This effect can
be observed in the multi-photon as well as in the tunneling regime. In this
case the photoelectron distribution shows a pronounced asymmetry along the
y-axis, which can be directly seen by eye on the detector. Using intensities
low enough to show predominantly multi-photon ionization, the structures
in the PAD changed in the transition region between temporal overlap and
separated pulses (see figure 5.12). The total electron yield also increased
for temporal overlap (green). As the FS wedges did not provide a large
time window, the delay scan shown in figure 5.12 was done by insertion of
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(a) (b)

Figure 5.12: (a) Experimental setup for generating an asymmetry along the
polarization axis and (b) different PADs recorded at different temporal sep-
aration of the two colors.

different glasses. As stated in figure 5.12, either a 1 or a 4 mm thick quartz-
glass (Heraeus Quarzglas) was inserted.

In the experiments, the asymmetry proved to be the most robust way
to find temporal overlap of both colors. The integrated photoelectron yield
as well as photoion yield increased when approaching the temporal overlap
region. The asymmetry in the PADs depends on the phase between the
colors, which can be easily checked using the FS wedge stage.

Lateral field asymmetry generates asymmetric PADs
Laser parameters

Input Polarization: Vertical
Optical components used: β-BBO (500 µm), Calcite (3 mm), λ/2 for
800 nm

Once the temporal overlap is found, sub-cycle delay effects can be in-
vestigated using the FS wedge stage. To determine the relation between
movement of the FS wedges and optical phase, photoionization using both
colors linearly polarized in the detector plane was applied. The field geomet-
ries realized during a delay scan, when both colors are polarized along the
same axis, are shown in figure 5.13.

For ϕ = π/2, the asymmetry along the polarization axis is maximum,
which is again the case for ϕ = 5π/2. The maximum asymmetry into the
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Figure 5.13: Dependency of field geometry on relative phase ϕ between both
colors polarized along the same axis. A detailed description is given in the
text.

opposite direction was observed for ϕ = 3π/2 and for ϕ = 7π/2. The asym-
metry showed a periodicity with 2π of the blue field and therefore, the dom-
inant oscillation of the asymmetry is expected at a frequency of 2ω. The
symmetric case (no asymmetry along the polarization axis) is observed for
ϕ = 0, π, 2π, 3π, 4π and has therefore half the periodicity of the asymmetry.
The different signal oscillations are indicated in the lower part of the figure,
where the red line oscillates at a frequency of ω (red pulse carrier frequency),
the blue line at 2ω (blue pulse carrier frequency) and the purple line at 4ω.
The different oscillation periods will become important for the evaluation of
the data shown below.

Next, the magnitude of the asymmetry of the field should be determined.
To estimate how pronounced an asymmetry can get, one can first of all con-
sider a simulation of the bichromatic field for different phases between the
pulses. The field amplitudes are chosen to be equal and set to 1. The fre-
quency ratio was fixed at 2:1 (2ω/ω), where ω = 2πc/λ, where λ = 790 nm.
The temporal pulse widths were chosen equally at 25 fs. The pulses were
directly calculated in the temporal domain. The asymmetry Sasym along the
polarization axis is depicted in figure 5.14 and was simulated by computing
the corresponding intensity (|E|2) in the positive and negative y-axis depend-
ing on optical phase ϕ. Normalization was done on the corresponding total
signal, so that Sasym = (

∑
|S(+y)| −

∑
|S(−y)|)/

∑
S. Here, the signal

S is the corresponding light field intensity. For |S(±y)|, the ±y refers to
the direction, in which the electric field vector points prior to obtaining the
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corresponding intensity by squaring.
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Figure 5.14: Simulation of the asymmetry as a function of optical phase ϕ
between the two colors (E(t) = A(1) cos(ωt) +A(2) sin(2ωt+ ϕ)). Both fields
are polarized along the y-axis (see figure 5.12(a)) and the frequency ratio is
fixed at 2:1, where the field amplitudes are chosen equal. The asymmetry
along the y-axis is calculated via Sasym = (

∑
|S(+y)| −

∑
|S(−y)|)/

∑
S,

where S = |E|2 denotes the field intensity. The field for two different delays
between both colors are shown as inset.

This simple calculation yields the expected asymmetry of the field. As
in the experiment different non-linearities show up in photoionization, this
calculation gives just a rough expectation on the asymmetry observable.

In the experiment, scanning the delay between both colors yielded an os-
cillating asymmetry curve Sasym ∼ cos (Dφ+ φ1), where φ denotes the angle
on the wedge stage and D is a coefficient that gives the relation to optical
phase ϕ (see also appendix section 7.6). It has been found experimentally
that D is about 0.1 so that the relation between wedge rotation and intro-
duced optical phase ϕ is known. For further details see appendix.

The delay scans were performed using a computer-controlled motor on
the wedge stage. The scan was performed for different laser intensities. For
the lowest laser intensity of the combined field (∼ 9× 1012 W/cm2; red field
intensity ∼ 4× 1012 W/cm2, blue field intensity ∼ 5× 1012 W/cm2), mainly
multi-photon ionization is driven. The laser spectra are plotted in figure
5.15(a). Ionization of Xe with blue (393 nm) light requires absorption of
four photons equivalent to an energy of 12.6 eV, whereas eight red (778 nm)
photons are required for ionization starting from the neutral ground state S0.

123



5.2. SETUP FOR BICHROMATIC FIELDS

385 390 395

wavelength, (nm)

0.2

0.4

0.6

0.8

1
S

, 
(a

rb
. 
u
.)

740 760 780 800

(a) (b)

Figure 5.15: (a) Laser spectra of the red and blue pulses plotted in the corres-
ponding colors. (b) Simplified excitation and ionization scheme for two color
ionization of Xe. For simplicity, only an example of possible combinations of
photons in the ionization pathway is shown. A detailed description is given
the text.

Ionization of Xe can lead to two different spin-orbit states (2P3/2 and 2P1/2),
where for threshold ionization, only the lower spin-orbit state 2P3/2 of Xe (ion-
ization potential is 12.13 eV) can be reached by four blue or eight red photons.
Adding one red photon (denoted as ATI 1), the upper spin-orbit state 2P1/2

of Xe (ionization potential is 13.43 eV) can be reached. Ionization potentials
are taken from the NIST webbook (https://www.nist.gov/pml/handbook-
basic-atomic-spectroscopic-data). Ionization into both spin-orbit states is
also possible for the ATI 2 channel. For ATI 1 and 2, photoelectron ener-
gies of about 0.9 and 2.5 eV can be expected from ionization into the upper
spin-orbit state. For both energy positions, no pronounced peaks in the PES
could be observed. Therefore it can be inferred from the data that mainly
ionization into the lower spin-orbit state was driven.

Depending on intensity, different contributions to the PES are expected
from the excitation scheme (see figure 5.15(b)). For simplicity, only an ex-
ample of possible combinations of photons in the ionization pathway is shown
in the figure. In reality, one blue photon can always be exchanged by two
red photons, which leads to the same photoelectron energy covering probably
different intermediate states (not shown in figure 5.15(b)).

In total, three different contributions to the PES were observed in the
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Figure 5.16: (a) Gallery of VMI PADs for the delay scan on Xe.

experiment (see figure 5.16). The PES integrated over all delays is shown at
the top of figure 5.17(a). In the experiment with lower intensity (∼ 9× 1012

W/cm2), both colors can contribute to the first peak observed in the PES
(denoted as threshold). The threshold peak was observed at about 0.5 eV,
where four blue photons or eight red photons are necessary for ionization
starting from the neutral ground state S0. When both fields overlap in time,
ionization can be driven by mixing of photons of both colors. The next peak
(denoted as ATI 1) was observed at about 1.84 eV, where the peak would be
expected at about (0.5 + 1.59) eV = 2.09 eV (taking the center wavelength of
778 nm). The third peak that can be observed (denoted as ATI 2) was found
at about 3.23 eV, where adding one blue photon to the threshold would lead
to about 3.65 eV (393 nm center wavelength) or adding two red photons to
the threshold would lead to about 3.68 eV. A comparison of the observed and
expected energies of photoelectrons is shown in table 5.3.

Expected energy Eexpkin Observed energy Eobskin Eexpkin− Eobskin
0.49 eV 0.49 eV (thresh.) ∼0 meV

2.08 eV 1.85 eV (ATI 1) 0.23 eV
3.64 eV 3.23 eV (ATI 2) 0.41 eV

Table 5.3: Comparison of observed and expected photoelectron energies.

When investigating the kinetic energy of photoelectrons in highly in-
tense laser fields, the ponderomotive potential (see equation 2.21) is an
important quantity. The photoelectron acquires a so-called quiver energy,
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which effectively increases the ionization potential[191] and is a cycle-averaged
quantity.[192] As can be seen in the experiment with higher laser intensity (see
figure 5.18), delay-dependent shifts in photoelectron energy occur. This is
a clear indication that these shifts originate from sub-cycle effects. Here, a
delay-independent shift of the whole peak in the PES was observed. The
ponderomotive shift of the blue field is about 0.07 eV and for the red field
it is about 0.23 eV. The total shift is expected to be the sum of the pon-
deromotive potentials of both fields.[193] This is roughly in agreement with
the observed shift in photoelectron energy for the ATI 1 and 2 peaks. How-
ever, the threshold peak was observed at the energy for ionization without
ponderomotive shift. Qualitatively, the observed shift increases when adding
more photons resulting in ATI structures. As higher intensities are required
for driving the higher order processes, a stronger shift can be expected for
the ATI 1 and 2 peaks. Inspecting the numbers, the corresponding laser in-
tensity ratio is about 2 for the ATI 1 and 2 peaks. In addition, the threshold
peak contains contributions from the different local intensities in the beam
profile, where the highest intensities would outperform the contribution from
the lower intensity regions. On the other hand, the area of lower intensity
is larger compared to the one with higher intensity and counteracts this ef-
fect. These effects are often referred to as focal averaging. Additional effects
that can occur are Stark shifting of levels[113] that might influence the ATI
channels in a different way compared to the threshold peak and lead to the
observed photoelectron energies in the experiment. Another important point
is the energy calibration of the VMI, which is typically not done on the same
day the measurements with the femtosecond laser are taken. The deviation
in subsequent energy calibrations can be used to investigate the origin of the
observed deviation between the expected and observed photoelectron energy
in the bichromatic measurements. The relative energy deviations at around
0.5 eV, 1.85 eV and 3.2 eV are about 10%, 2.5% and 0.5%, respectively.
Therefore, the relative deviation between expected and observed photoelec-
tron energy (about 0%, 12% and 12%) can only partly be explained by a
change in energy calibration of the VMI.

In the following it will be shown that depending on delay, additional low-
energy structures at about 0.2 eV were observed that are in agreement with
the expected energy including ponderomotive shifts.

As both colors were linearly polarized along the y-axis (as shown in figure
5.12), changing the delay changed the sub-cycle interference between both
laser fields leading to an asymmetric field along the polarization axis. This
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asymmetry in the field is transferred to the angular distribution of photo-
electrons emitted from Xe and detected using the VMI. Examples of PADs
for different delay when ionizing Xe is shown in figure 5.16.
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Figure 5.17: (a) Resulting PES in the lower (right half of the plot) and
upper (left half of the plot) half of the PADs for different delay between both
colors. The PES is shown at the top of the figure. (b) Delay-dependent yield
integrated over the FWHM of each peak observed in the PES. For better
visibility, an offset is applied to the curves.

The phase scan over about five full oscillation periods of the blue field
yields 181 PADs that were evaluated in the following way. As the complete
PAD has an asymmetry along the polarization axis not contained in the
Legendre polynomial expansion basis, the upper (positive y) and the lower
(negative y) halves of the PADs are Abel-inverted separately using the polar
onion peeling algorithm (see appendix section 7.2). As the polar onion peel-
ing algorithm is written in MATLAB, it can easily be implemented into the
automated data evaluation done on the PADs. In addition, the polar onion
peeling uses the full pixel grid provided by the PAD and no down-sampling
of the data was done. Details about the different algorithms used herein can
be found in the appendix (see section 7.2).

The resulting PES are shown in figure 5.17(a). Along the x-axis in the
figure, the angularly integrated signals contained in the upper and the lower
half of the PADs are plotted for each delay (y-axis in the figure). Clear peaks
in the PES were observed, where the signal moves between upper and lower
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half of the PAD when changing the delay between the two colors by the FS
wedges (see figure 5.16). The periodicity observed for the different peaks
in the PES can be used to retrieve the dependence of wedge rotation and
introduced phase ϕ. As can be seen in figure 5.17, the scan started at the
edge of temporal overlap, which was due to the choice of minimum dispersion
setting. The signal decreased slightly after delaying both pulses by about 6
fs, which is much lower than the pulse duration obtained in the TG-FROG
(about 70 fs for red and about 100 fs for the blue pulse). Temporal stretching
of the pulses when introducing delay with the FS wedges is negligible (6 fs
of delay correspond to 0.036 mm of glass and thereby a GDD of 3.7 fs2 at
390 nm).
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Figure 5.18: PES in the lower (right hand side) and upper (left hand side)
half of the PADs for different delay between both colors. The integrated PES
over all delays is shown at the top. For better visibility, the different regions
(threshold below 1 eV, ATI 1 between 1 and 2.5 eV and ATI 2 above 2.5 eV)
are normalized each to the maximum found in the region.

In addition, the slope of the signal for all three peaks in the PES was
similar. Due to different power laws for the peaks in the PES, the signal de-
crease was expected to be different, which was not the case here. It is shown
below that for higher combined laser intensity the signal decrease was smal-
ler. The delay-dependent signal level for each of the outer peaks was derived
by integration of the signal within the FWHM. For the threshold peak found
at about 0.49 eV, additional structures adjacent to the real peak showed up
as can be seen in figure 5.17(a). Therefore, the averaging to derive the delay-
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dependent yield was done over a region of 0.4–0.55 eV that excluded these
additional structures observed at lower energies (about 0.2–0.3 eV). Including
the structures occurring at 0.2 eV changed the shape of the delay-dependent
yield curve only slightly. It can be seen that the signal oscillates in the case
of the threshold peak (0.49 eV) and ATI 2 (3.23 eV) around a mean value,
which decreases for larger delays. In the case of the ATI 2 peak (1.85 eV),
it seems that the yield has a certain threshold level and ionization signal is
added in a phase-dependent way. The threshold peak was used to calibrate
the delay axis, which is shown in detail in the appendix (see figure 7.15).

For slightly higher laser intensity of the combined field (∼ 1.6 × 1013

W/cm2), the ionization approaches the tunneling regime, where the threshold
peak in the PES is dominated by tunneling, whereas the ATI peaks still
showed multi-photon behavior. Here, the red field has an intensity of ∼
1 × 1013 W/cm2 (equivalent ponderomotive potential 0.36 eV) and the blue
field has an intensity of ∼ 6 × 1012 W/cm2 (equivalent ponderomotive po-
tential 0.14 eV). In such a case, the delay-dependent asymmetry along the
polarization axis can be observed in an intensity region, where tunneling
and multi-photon contributions were observed. To investigate this further,
the scan shown in figure 5.17 has been repeated with slightly higher laser
intensity (∼ 1.6× 1013 W/cm2) and the result is shown in figure 5.18.
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Figure 5.19: (a) Delay-dependent integrated yield for the two contributions
observed in the PES for the threshold peak region. (b) Delay-dependent
integrated signal within the FWHM for both ATI 1 and 2 observed in the
PES.
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The PES was derived for the upper and the lower halves of the PADs
separately by using polar onion peeling. The delay-dependent PES are shown
in figure 5.18, where the left half of the figure represents the upper and the
right half the lower half of the PAD. As can be seen in figure 5.19, the yield
oscillates out of phase for the two halves. For the intensity chosen here,
the ponderomotive potential changes to a value of about 0.5 eV, whereby
the threshold ionization peak would be shifted down to roughly zero kinetic
energy. When tunneling occurs, the structures in the PES change from clear
peaks to a broader distribution. This can be seen in the threshold peak in
the PES, where the distribution gets broader. Depending on delay of the two
colors, two oscillating components that are not clearly separated in energy
can be observed (see figure 5.18). One contribution was observed in the
0.02–0.2 eV region, whereas the other one was observed at about 0.43 eV.
It is worth noting that in contrast to the results obtained with the lower
field intensity, here, the signal does not decrease for larger delay for the
contribution observed at about 0.43 eV.
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Figure 5.20: (a) Change in peak position observed for both ATI peaks 1
and 2 derived from the delay-dependent PES from figure 5.18. The peak
positions were found by determining the maximum signal in the PES.

Both contributions can be distinguished by setting the averaging window
accordingly. The corresponding signal curves depending on delay are shown
in figure 5.19(a). Both halves of the PADs show out-of-phase oscillation
of the signal when integrating the region around 0.43 eV and the low-energy
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structure alone. When averaging over the full region spanning both contribu-
tions, no pronounced asymmetry along the polarization axis can be observed
and both signal curves oscillate in phase. The observation is similar for the
two ATI peaks 1 and 2 (see figure 5.19(b)). Here, only the integrated signal
of the high-energy tail (between 1.7 and 1.9 eV for ATI 1 and between 3.1
and 3.4 eV for ATI 2) observed in the PES is shown.

A delay-dependent shift of the peak position of both ATI peaks 1 and 2
was observed. The peak position of the ATI 1 and 2 structures are shown
in figure 5.20(a). The peak position was shifted by about 0.2 eV in an anti-
symmetric way in both halves of the PADs. In case of the ATI 1, the change
of the peak position in both halves of the PAD is out of phase. For the ATI 2
structure, the change in peak position resembles roughly a saw-tooth shape
that is out of phase in both halves as well. At the threshold peak, a slight
phase shift between the low-energy structure and the peak at about 0.43 eV
can be noticed. For better visibility, the delay-dependent integrated yield
for both structures are plotted in figure 5.20(b). The shift that occurs is not
large (about 70 as or equivalently about 20◦ in optical phase ϕ).

Next, the pixel-wise Fourier analysis is explained.

Pixel-wise Fourier analysis As an alternative, the data obtained with
the bichromatic field when the delay is scanned continuously can be evaluated
using pixel-wise Fourier analysis.[105]

The evaluation was employed to find delay-dependent signals and was
termed ’phase-of-the-phase’ spectroscopy.[105, 176, 177] It yields phase and amp-
litude of each frequency present in the Fourier spectrum for each pixel of the
camera installed on a VMI spectrometer.

In figure 5.21, the scheme of data processing for the pixel-wise Fourier
analysis is shown for the case of Xe ionization with both colors linearly po-
larized along the same axis. Changing the delay between both colors induces
an asymmetry along the polarization axis (indicated by the colored arrows
in figure 5.21) that oscillates at 2ω frequency (see figure 5.13). The back-
ground of the camera (included in the PAD shown on the upper left of the
figure) was subtracted and for each pixel in the PAD a Fourier analysis along
the delay axis was applied. First, the Hanning window.[194] was multiplied
with the temporal evolution of the signal of each pixel. The Fourier analysis
yields a frequency and a phase spectrum for each pixel. In the lower half of
figure 5.21, the resulting frequency and corresponding phase PAD found at
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Figure 5.21: Data processing scheme for the pixel-wise Fourier analysis of
the PADs for Xe ionization when both colors are linearly polarized along the
same axis. The colored arrows indicate the polarization of both colors.

the 2ω frequency are depicted. The amplitude PAD was normalized to the
maximum of the PAD and the square root of the signal was taken to improve
the visibility of small signals. As both amplitude and phase PAD were found
to be symmetric along the laser propagation direction (z-axis), only one half
of them is shown in the figures.

In the amplitude PAD the components observed in the PES are clearly
more pronounced when compared to the background. The important inform-
ation in the phase PAD is twofold: It shows if there are larger areas that have
a similar phase and which regions in the PAD are out of phase. Both halves
of the PAD along the polarization axis should show signal oscillations at the
2ω frequency. In addition, the signal oscillation in both halves should be out
of phase by π (see figure 5.13), which can be seen in the phase PAD. The
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areas with similar phase coincide with the pronounced components in the
amplitude PAD.
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Figure 5.22: Amplitude (left hand side) and phase PADs (right hand side)
for the observed 2ω (carrier frequency of the blue field) (a) and its second har-
monic 4ω (b) are shown. The 2ω phase PAD shows an asymmetry along the
polarization axis (y-axis; vertical in the PADs), whereas its second harmonic
does not.

In the analysis of the lower intensity (∼ 9 × 1012 W/cm2) experiment
on Xe, two pronounced components in the Fourier spectrum at the carrier
frequency of the blue field (2ω, see figure 5.22(a)) and its second harmonic
(4ω, see figure 5.22(b)) are observed. The phase and amplitude PADs are
shown in figure 5.22.

For the experiment with higher laser intensity (∼ 1.6× 1013 W/cm2), the
same pixel-wise Fourier analysis has been performed. In this case, also higher
frequency components show up in the Fourier spectrum. The relative mag-
nitude decreases for the higher frequency components, which can be noticed
in the amplitude PADs.

The 2ω frequency component (shown in figure 5.23(a)) is quite pro-
nounced in amplitude and the phase PAD shows nicely out-of-phase oscilla-
tion along the polarization axis of both colors (vertical in the images). The
phase PAD shows larger areas sharing the same phase, which was also repor-
ted in literature, when ’phase-of-the-phase’ spectroscopy was applied.[105, 176]

For the 4ω component, the signal level is decreased and the phase PAD in-
dicates in-phase oscillation along the polarization axis. The field geometries
occurring at a frequency of 4ω (see figure 5.13) are symmetric along the po-
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larization axis, which is in agreement with the observation in the 4ω phase
PAD.
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(d) 8ω component

Figure 5.23: Amplitude (left hand side) and phase PADs (right hand side)
for the observed 2ω (carrier frequency of the blue field) (a), and its harmonics
4ω (b), 6ω (c) and 8ω (d) are shown. The 2ω and 6ω phase PAD shows an
asymmetry along the polarization axis (y-axis; vertical in the PADs), whereas
the 4ω and 8ω components do not.

For higher laser intensities, also the higher frequency components 6ω and
8ω can be observed. The 6ω shows again out-of-phase oscillation along the
polarization axis, whereas the 8ω component does not. For the 8ω compon-
ent, the signal is already very low, so that extracting reliable information
seems to be complicated. However, the phase PAD shows some pronounced
features indicating that no strong asymmetry along the polarization axis is
observed. In numbers, the ratio of the integrated yield of the 2ω amplitude
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PAD and the corresponding 4ω amplitude PAD is about 1.55, for 6ω, the
factor is about 6.75 and for 8ω the factor is about 12.36. It can thereby be
seen that the higher frequency components are less intense, but noticeable.

The energy profile of the amplitude PADs observed for the four different
frequency components is shown in figure 5.24(a). The maxima of the differ-
ent curves were scaled according to their relative magnitude in the Fourier
spectrum and are shown on a square-root scale for better visibility. For the
2ω component, the energy position of the threshold peak is slightly lower
(∼ 0.35 eV) than observed in the PES (∼ 0.5 eV). The ATI 1 and 2 struc-
tures in the energy profile of the 2ω component are roughly in the region,
where they were observed in the PES as well. From the field picture shown
in figure 5.13 it can be expected that there is a phase shift between the 2ω
(asymmetry along the polarization axis) and the 4ω (no asymmetry along
the polarization axis) component.
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Figure 5.24: (a) Energy profile of the four different frequency components
2ω, 4ω, 6ω, 8ω derived by angularly integrating the corresponding amplitude
PAD and applying the energy calibration. (b) Phase difference PAD between
the 2ω and the 4ω component (right hand side) shown alongside the 2ω
amplitude PAD. The discussion can be found in the text.

To clarify if this is the case, the difference between the phase PADs for
both frequencies can be considered, which is shown in the right hand side
of figure 5.24(b). It is worth noting that a phase of π/2 for a 2ω oscillation
amounts to the same time as a phase of π for a 4ω oscillation. The phase
PAD of the 4ω component is first corrected for this different temporal evolu-
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tion. It can be seen that for the low photoelectron energies the difference in
phase between 2ω and 4ω is close to the expected value of π/2. For the ATI
channel, the phase difference seems to deviate from the expected value of
π/2. However, the phase difference in the upper half of the PAD is for both
ATI 1 and 2 close to 0, whereas it is close to 2π in the lower half of the phase
difference PAD. This means that the mean value of both halves would agree
with the expected value of about π/2. This hints in the direction that the 4ω
component might reasonably be assigned to the symmetric field geometries
occurring twice as often as the asymmetric fields in figure 5.13.

It has been shown in this paragraph that bichromatic light fields can be
used to control electron dynamics in atomic systems like xenon. As repor-
ted previously,[175, 195] a delay-dependent asymmetry along the polarization
axis is generated, when both colors are polarized along the same axis. This
asymmetry can be evaluated in several ways. First, both halves of the PADs
along the polarization axis can be Abel-inverted by polar onion peeling to
derive delay-dependent PES. Depending on laser intensity, the peak position
and shape observed can be altered. Multi-photon ionization yields distinct
peaks, where absorption of additional photons results in ATI channels that
are spaced by multiples of the photon energy.[84, 85, 196] When going to tun-
neling ionization, the distribution becomes broader and the dynamics are
dominated by the vector potential. Both multi-photon and tunneling fea-
tures can be observed in the experiments. The second possibility to evaluate
the delay-dependent signals shown here is based on Fourier analysis. Each
pixel of the camera PAD images is Fourier-analyzed yielding a frequency
and a phase spectrum for each pixel. The dominant frequencies are mul-
tiples of the 2ω field. The odd-order multiples 2ω and 6ω show pronounced
asymmetry along the polarization axis indicated by different phases in the
upper and lower halves of the PADs. For the even-order multiples 4ω and
8ω the structures along the polarization axis share the same phase. In most
manuscripts reporting on phase-of-the-phase spectroscopy,[105, 176, 177] solely
the dominant 2ω component is discussed. It was mentioned[177] that higher
order oscillations like 4ω are possible, but are not shown or discussed. The
pixel-wise Fourier analysis proves helpful to isolate weak signals. When using
chiral substances, the two colors are oriented in orthogonal linear polarization
and the delay is scanned. This is the topic of the following paragraph.
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Two color photoionization with crossed polarization - chiral
Laser parameters

Input Polarization: Horizontal
Optical components used: β-BBO (500 µm), Calcite (5 mm), λ/2 for
800 nm, CODIXX polarizer (200 µm and 2 mm), λ/2 for 400 nm (to
find temporal overlap) (see figure 5.6)

To investigate chiral response from chiral molecules using the bichromatic
field with linearly polarized pulses in crossed polarization, the blue pulses
were polarized along the x- and the red pulses along the y-axis (see figure
5.25(a)).

(a) (b)

Figure 5.25: (a) Experimental setup for investigating the asymmetry in pho-
toelectron emission for crossed polarization. The blue field is polarized along
the spectrometer axis (x) and the red field is polarized along the y-axis. (b)
Field geometries realized for different phases (or delays) between both colors.

For this experiment the input polarization into the setup was rotated by
90◦ so that the polarization of the red pulse was horizontal. The BBO and
the Calcite crystal were rotated as well by 90◦. The relative attenuation was
done using a dual wavelength plate (λ/2 for 800 nm acting as λ plate for
400 nm, B.Halle, 600–1200 nm) and a polarizer (CODIXX, colorPol R©UV
380 BC4 ). In the experiment it has proven helpful to use two polarizers to
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increase the contrast. Both polarizers have the same thickness of the filter-
ing layer (about 200 µm) and one has FS cover-plates in addition thereby
increasing its total thickness to about 2 mm.

A λ/2 for the blue pulse (B.Halle, 300–470 nm) was used to find the tem-
poral overlap of both colors. This one replaced the λ/2 for 800 nm directly in
front of the VMI in figure 5.6. The polarization of the blue field was rotated
by 90◦ and the asymmetry along the polarization axis was searched when
ionizing Xe. In this configuration, the red pulse will be elliptically polarized
(as the λ/2 plate for the blue pulse acts as a λ/4 plate for the red pulse), but
nevertheless the two-color signal could be found. For the chiral measurement
the polarization of the blue field was rotated back so that it was along the
x-axis and the red field was polarized along the y-axis. The orientation of
the polarization of both colors was determined using a Glan-Laser polarizer
(ThorLabs GL10 ) and a spectrometer (Avantes AvaSpec 3648 ).

The phase was scanned using the FS wedges and VMI PADs were aver-
aged typically over 500 (∼ 35000 laser pulses) or 1000 (∼ 70000 laser pulses)
images of the camera. This scan was repeated for different molecules and
different settings of the λ/2 plate for the red pulse thereby changing the in-
tensity ratio between red and blue. First, the periodicity of the bichromatic
signal was checked by using both colors with parallel and linear polarization
lying in the detector plane. This is shown in the next paragraph.

Two color photoionization with linear polarization along the same
axis The phase dependence when ionizing chiral molecules was checked
for (S)-(+)-fenchone and both colors were linearly polarized along the same
axis lying in the detector plane such that a phase-dependent asymmetry
along the polarization axis was generated. A phase-dependent oscillation of
the asymmetry along the polarization axis was observed (as shown in figure
5.26). Three dominant peaks separated by about one red photon energy show
up in the PES and their delay-dependent integrated yield was evaluated by
Fourier analysis. The first peak is reached by either one blue or two red
photons starting from the 3s intermediate state of fenchone. The next peak
in the PES can be reached by adding one red photon, so either three red
photons or one blue and one red photon lead to the observed photoelectron
energy starting from the 3s intermediate state. The next peak in the PES is
reached by adding another red photon to the previous pathway.

As can be seen in the frequency spectra shown on the right hand side
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Figure 5.26: Scheme to determine the dominant frequency when ionizing
fenchone with the bichromatic field, when both colors are linearly polarized
along the same axis lying in the detector plane. The expected 2ω oscillation
frequency (about 0.76 PHz) is indicated by the red vertical lines in the fre-
quency spectra. On the left hand side, the energy level diagram for reaching
the different photoelectrons energies is shown. Details can be found in the
text.

in figure 5.26, the asymmetry along the polarization axis has a dominant
frequency component at 2ω.

Bichromatic ’butterfly’ field on chiral molecules Next, the bichro-
matic field in crossed polarization was used to investigate to what extent
chiral signatures can be observed. As determined in a previous experiment,
(S)-(+)-fenchone, when compared to other chiral molecules, showed the most
pronounced PECD magnitude (see table 4.1). Therefore, the investigation
with the bichromatic field was done on this chiral showcase molecule.

The delay between both colors was scanned over about six full oscillation
periods of the blue field (or equivalently about 8 fs) in 101 steps. During
the delay scan, different Lissajous-type fields were realized, where the field
geometries depending on delay are depicted in figure 5.27. The sense of
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bichromatic delay (fs)

0 0.16 0.33 0.49 0.66 0.82 0.98 1.15 1.31 1.48 1.64 1.80 1.97

π/2

bichromatic phase φ

3π/20 π 2π 5π/2 3π 7π/2 4π

E(t) ~ cos(ωt) + sin(2ωt + φ)

2.13 2.29 2.46 2.62

"RCP"

"LCP"

ch
ira

l s
ig

na
l, 

(a
rb

. u
.)

Figure 5.27: Dependency of field geometry on relative phase ϕ between both
colors linearly polarized along orthogonal axes. The field geometries are
shown in the single-cycle representation in the perspective of the spectator
and the sense of rotation is color-coded. A detailed description is given in
the text.

rotation of the field is indicated by different colors in the top row of the
figure. The field geometries are shown in the single-cycle representation from
the view of a spectator. The laser propagates towards the spectator and the
two colors are linearly polarized along orthogonal axes. In the lower half of
the figure, the corresponding oscillation of a chiral signal is shown if it would
oscillate at 4ω (purple), 2ω (blue) or ω (red). One can easily see that the
expected oscillation period of the chiral signal coincides with the one of the 2ω
field. For ϕ = 0, the ’butterfly’ type field is realized, which rotates clockwise
in the left half and counter-clockwise in the right half. The field geometry
changes, while keeping the sense of rotation in both halves, and approaches
a ’horseshoe’ (parabolic shape) type field for ϕ = π/2. For the ’horseshoe’
type field, no dominant sense of rotation is obtained, as the field has opposite
sense of rotation for the two half cycles of the red field. The sense of rotation
in both halves of the field along the red field polarization is changed around
the delay for the ’horseshoe’ field. At ϕ = π, again a ’butterfly’ type field is
generated, which shows opposite sense of rotation compared to the field for
ϕ = 0 (see also figure 5.25(b)). The periodicity of ’butterfly’ fields with same
sense of rotation is 2π. The field inside the VMI was oriented such that the
electrons originating from ionization from the two halves of the field along
the red field polarization were projected onto opposite halves of the detector
(see figure 5.25(a)). The PADs were therefore anti-symmetrized before the
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Fourier analysis was performed. In contrast to the measurements on xenon
with both colors polarized along the same axis, for the cross-polarized case,
the relative phase cannot be assigned unambiguously. One possibility that
was reported in the recent literature[104] is to use a 4ω oscillation of the total
signal to calibrate the phase. In figure 5.27, the 4ω oscillation is plotted as
the purple line. The maximum field for the parabolic field should be slightly
higher compared to the ’butterfly’ field, which results in an oscillation of the
total signal depending on delay. This will be investigated below. Next, the
processing of the data is shown.
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Figure 5.28: Data processing for the delay scan between both colors on (S)-
(+)-fenchone. The expected evolution of the PADs when changing the delay
can be seen in figure 5.3. A detailed description is given in the text.

In figure 5.28, the scheme of data processing is shown. The delay scan
yields 101 PADs that were processed the following way. First, the background
of the camera was subtracted. For the (S)-(+)-fenchone data-set it turned out
that the camera was slightly rotated with respect to the laser propagation
direction. If the PADs are rotated with respect to the laser propagation
axis, anti-symmetrization leads to cross-type asymmetries that resemble the
expected forward/backward asymmetry that is opposite in both halves of
the detector image. Therefore, the PADs were rotated to counteract this
effect. The angle of rotation was determined on Xe PADs by minimizing the
magnitude of the anti-symmetric part. This angle was used for the PADs
measured for (S)-(+)-fenchone. As can be seen on the right hand side of
figure 5.28, a cross-type asymmetry is still observed after rotation of the
PADs. Please note that anti-symmetrization here was done along the laser
propagation axis, whereas in the theoretical work,[102] anti-symmetrization
was done along the polarization axis of the red field (y-axis).
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Figure 5.29: (a,c,e) Amplitude (left half) and phase (right half) PAD at 2ω
for the laser spectra shown in (b,d,f). The white lines indicate the position
of the two contributions observed in the PES.
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Both anti-symmetrization along the laser propagation axis and along the
polarization axis of the red field yield the same anti-symmetric part within
the floating point accuracy of MATLAB for the sample data (see figure 5.3).
The influence of anti-symmetrization on the Fourier analysis is discussed at
the end of the current paragraph. The main signal filtering should be done
during pixel-wise Fourier analysis, when isolating the signals oscillating at
the expected 2ω frequency. The PADs are Fourier-analyzed the same way as
for the Xe experiment shown above.

The delay scan has been done for three different relative intensities on
(S)-(+)-fenchone. The resulting amplitude and phase PADs are shown to-
gether with the measured laser spectra in figure 5.29. The intensity of the
blue pulse was estimated to be about 2× 1013 W/cm2 for all three measure-
ments.

For the measurement shown in the top row of figure 5.29, an intensity
ratio of Ired/Iblue ∼ 1.24 was used. For the middle row, the intensity ratio
was Ired/Iblue ∼ 0.44 and for the bottom row it was Ired/Iblue ∼ 0.12. The
intensity scan thereby covers the region, where the red field had a similar
intensity down to the region, where it was much less intense than the blue
field. The relative laser intensity determines the contributions of both colors
to the ionization signal and thereby influences the interference between both
ionization pathways. It has been found theoretically[102] that thereby the
magnitude of the observed PECD is changed.

In the PES, two main contributions, which originate from excitation of
different intermediate states, were observed. These contributions are indic-
ated by the white lines in the amplitude PADs in figure 5.29. In comparison to
the Xe measurements shown above, the structures observed at 2ω frequency
are weaker. For the middle row in figure 5.29, faint ring-like structures in
the phase PAD can be observed. These structures coincide in their energetic
position with the contributions observed in the PES.

This implies that some anti-symmetric structures beat at the 2ω frequency
and show a similar phase. To clarify the role of the anti-symmetrization ap-
plied on the PADs before Fourier analysis, the analysis has been done on
the data shown in the middle row of figure 5.29 for the case when no anti-
symmetrization was done. The data processing was the same as shown in
figure 5.28 but lacks the anti-symmetrization prior to Fourier analysis. The
corresponding amplitude and phase PADs are shown in figure 5.30(a). In
this case, the structures seemed to be suppressed.

Here, the anti-symmetrization was done along the laser propagation dir-
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Figure 5.30: Amplitude (left half) and phase (right half) PAD at 2ω when
no anti-symmetrization was applied to the PADs prior to Fourier analysis (a)
and for the case, when anti-symmetrization was done twice along orthogonal
axes (b).

ection and in the theoretical work[102] it was performed along the orthogonal
axis in the PAD. When expecting a cross-type asymmetry, both methods
should yield similar results, except for signal asymmetries imprinted by the
detector in the experiment. To test the dependency of the Fourier ana-
lysis on the way of performing the anti-symmetrization, the PADs were anti-
symmetrized twice. The data processing was the same as shown in figure 5.28,
but the anti-symmetrization was first performed along the laser propagation
axis (z-axis) and the resulting anti-symmetrized PAD was then rotated by 90◦

and the anti-symmetrization was performed again. Thereby, a stronger isol-
ation of the anti-symmetric part of the PADs can be expected. The Fourier
analysis was done on the doubly anti-symmetrized PADs and results in the
amplitude and phase PAD shown in figure 5.30(b). In this case, the struc-
tures observed in the middle row of figure 5.29 become more pronounced.
Still, the rings are observed in the phase PAD. To shed light on the energy
structure of the phase PAD, the mean value of the phase in each of the four
quadrants was derived. The mean value was obtained for each radius out
of the phase PADs shown in figure 5.29. The corresponding energy-resolved
mean value of the phase in each quadrant is plotted in figure 5.31 for the
three different relative intensities.
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(a) Ired/Iblue ∼ 1.24 (b) Ired/Iblue ∼ 0.12

(c) Ired/Iblue ∼ 0.44

Figure 5.31: PES derived from the sum over all PADs along the time axis
(shaded yellow area) and in comparison the energy-resolved amplitude spec-
trum observed at the 2ω frequency after Fourier analysis (shaded green area).
Both spectra were normalized to one (see axis on left hand side). Energy-
resolved phase obtained as the mean value over all angles in each quadrant
of the phase PAD for each (a) from 5.29(a), (b) from 5.29(e) and (c) from
5.29(c) when anti-symmetrization of the original PADs was performed twice
before Fourier analysis. The colors of the different curves indicate the quad-
rant in the phase PAD they are derived from (see inset on the top right).
The phases are plotted with respect to the right hand axis and a detailed
discussion can be found in the text.

The different colors indicate the different quadrants, where the mean value
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of the phase was derived from. The curves are plotted in the colors indicated
by the inset at the top right of figure 5.31. The expected behavior is that the
adjacent quadrants (e.g. upper left and upper right) oscillate out of phase
by π and the quadrants over cross (e.g. upper left and lower right) oscillate
in phase. The double anti-symmetrization of the measured PADs should en-
hance the anti-symmetric signals that are out of phase by π along the laser
propagation direction. The phase curves for the upper right and the lower
left quadrant as well as the ones for the upper left and the lower right quad-
rant show similar values. To test the out-of-phase oscillation, the difference
between the phase curves was considered. In figure 5.31, only the points,
where the values from the quadrants over cross are out phase by π±π/2 are
shown and the other values are set to zero. The corresponding plots, where
no selection of the values was done, are shown in figure 7.23 in the appendix.
The phase values for the lower kinetic energies below about 0.4 eV originate
from an average over a lower number of points and are therefore expected to
be less reliable. The most pronounced phase areas are in the region about
0.55 eV and 1.06 eV. In these regions, the out-of-phase values extend over
a larger energy range compared to other regions. These regions can be ob-
served partly for the different intensity ratios at similar energetic positions.
The regions of pronounced out-of-phase oscillation by about π coincides with
regions of contributions in the PES. The PES derived from the sum over the
PADs for all delays is show as shaded yellow area and plotted with respect
to the axis on the left hand side. As a comparison, the energy-resolved amp-
litude spectrum obtained at the 2ω frequency after Fourier analysis is shown
as green shaded area. Please note that both spectra were normalized, so that
only a qualitative comparison is meaningful. Nevertheless, the PES agrees
well with the spectrum of photoelectrons at the 2ω frequency. This evalu-
ation shows that there are indications for the expected behavior in the phase
PAD at the 2ω frequency. The contribution at about 0.55 eV and at about
1.06 eV might reasonably be assigned to the 3s and 3p contributions in the
PES, respectively. An additional peculiarity arises here, as it can be seen
that the contributions of both intermediate states are out of phase by about
π. This might be an indication of a dependency of the chiral effect evoked by
the bichromatic field on intermediate state. To shed light in this behavior,
currently theoretical modeling is performed by the group of P. Demekhin.

To get an impression on the time evolution in the doubly anti-symmetrized
PADs at the 2ω frequency, the pixel-wise inverse Fourier transform was ap-
plied. First, three different PADs for delays of 0, 0.33 and 0.66 fs (equivalent
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Figure 5.32: Anti-symmetrized PADs obtained after inverse Fourier trans-
formation filtering out the 2ω frequency for the measurement, where
Ired/Iblue ∼ 0.44. Please note that the assignment of absolute phase to the
PADs was not possible here. Therefore, the phase values given in the top
line just indicate the relative phase between the PADs. In the top row, the
full PADs are shown and in the lower row, the PADs were energy-filtered to
show only the region, where the pronounced contributions in the mean phase
curves (see figure 5.31) were observed. For the PADs, the lower and upper
quarter of the colorscale was set to the same values to improve visibility of
the effect.

phase of 0, π/2 and π, see figure 5.27) are shown in figure 5.32. In the upper
row, the full PADs are shown, whereas in the lower row, only the two energy
regions around 0.55 and 1.06 eV are shown. Please note that the assignment
between PAD and corresponding field geometry is not possible here. In a re-
cent bichromatic experiment,[104] the assignment of PADs and corresponding
field geometries was done using a 4ω oscillation of the total signal. Here, no
pronounced 4ω oscillation of the total signal was observed (see figure 7.24 in
the appendix) and thereby, a calibration of the 2ω phase was not possible.
As the changes in the PADs might be hard to see in figure 5.32, a movie of
the PADs is shown in figure 5.33. The animation is only accessible in the
digital version of this thesis. It can be seen that in the time evolution of
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5.2. SETUP FOR BICHROMATIC FIELDS

the anti-symmetric part of the PADs, sign changes occur, which can be seen
nicely in the outer ring (3p contribution).

Figure 5.33: (Accessible in digital version of the thesis only) Animation of
the doubly anti-symmetrized PADs after inverse Fourier transform around
the 2ω frequency for the measurement, where Ired/Iblue ∼ 0.44. On the left
hand side, the full PADs are shown, whereas on the right hand side, only
the energy region around the two pronounced contributions at about 0.55
and 1.06 eV are shown. In both cases, the lower and upper quarter of the
colorscale was set to the same values to improve visibility of the effect.

In this section, the pixel-wise Fourier analysis was deployed on data ob-
tained for (S)-(+)-fenchone. Some structures of similar phase were observed.
In addition, the data obtained on (S)-(+)-fenchone was evaluated by an
energy-gated Fourier analysis, which is explained in section 7.6 in the ap-
pendix. The result is that for the two contributions in the PES, one observes
contributions in the frequency spectrum at about 2ω, although these contri-
butions seem to be not dominant. As a next step, the delay scan with the
bichromatic field with crossed polarization was repeated for a larger group
of molecules for a narrower delay window. The additional molecules invest-
igated were L-alanine, (R)-(+)-α-pinene and (S)-(−)-limonene. The data
obtained for the other molecules is shown in the appendix in section 7.6.

To clarify if a chiral signal can be generated for circularly polarized light
in the experimental setup used herein, an experiment with circularly po-
larized bichromatic fields was performed. This experiment showed that the
chosen setup is capable of generating chiral signals, when using circularly
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polarized bichromatic fields. The details about this experiment are shown in
the appendix (see section 7.6).

5.2.5 Conclusion

The aim here was to clarify if electron dynamics in photoionization can be
controlled by using a bichromatic field. To that end, a bichromatic field
setup has been developed and characterized. The field geometries accessible
for measurements on achiral and chiral substances are extended by adding
the fundamental of a Ti:Sa amplifier to its second harmonic. The setup relies
on a common path scheme providing high stability in relative phase between
both colors. The polarization of both colors can be adjusted more or less
independently by using different polarization optics. Due to the common
path setup, the dispersion, the pulses acquire during propagation through
the setup, cannot be compensated. FROG measurements were carried out
to characterize the temporal profile of both pulses yielding pulse durations
slightly below 100 fs. The delay between both colors was compensated by
transmission through a birefringent crystal, where Calcite showed advantages
compared to α-BBO. The temporal overlap between the two colors was first
characterized by optical measurements based on frequency mixing or spectral
interference.

The pulses were focused inside a VMI chamber using a concave spherical
mirror hit under 0◦. The temporal overlap was found when using photoion-
ization of noble gases like Xe or Kr. In this case, the apparent increase
in ionization signal was accompanied by a delay-dependent asymmetry along
the polarization axis when both colors were linearly polarized along the same
axis. This asymmetry can be measured by VMI if the polarization lies in the
detector plane. The dominant oscillation frequency of the asymmetry was
2ω. The asymmetry was used to calibrate the time axis for further exper-
iments. The delay was introduced by the movement of FS wedges, which
were operated by a computer-controlled motor featuring micro-step rotation.
Thereby, phase scans with low temporal step size were realized. The asym-
metry along the polarization axis was observed for noble gases as well as for
chiral substances. The data was evaluated on the one hand by Abel-inverting
both halves of the PADs along the polarization axis separately and plotting
the delay-dependent signal (shown in the appendix in section 7.6). On the
other hand, the pixel-wise Fourier analysis like reported in the ’phase-of-the-
phase’ spectroscopy[105] was implemented and proved to be quite powerful.
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The evaluation yields frequency and relative phase spectra for each pixel
available from the VMI PADs. The evaluation was first applied to Xe ioniz-
ation, when both colors were linearly polarized along the same axis. At the
2ω frequency, pronounced structures in the amplitude PAD were observed at
momenta that were observed in the PES as well. The phase PAD showed pro-
nounced areas of similar phase values. The asymmetry along the polarization
axis was out of phase by π. Furthermore, additional frequency components
oscillating at multiples of the 2ω frequency were observed for Xe.

When using bichromatic fields linearly polarized along mutually ortho-
gonal axes, different electric field geometries depending on relative phase can
be realized. For a relative phase ϕ = 0 between the two colors, a ’butter-
fly’ type field is realized, which is transformed into the ’horseshoe’ type field
when introducing a phase shift of π/2. For a relative phase of ϕ = π, again,
a ’butterfly’ type field with opposite sense of rotation with respect to the
’butterfly’ field at ϕ = 0 is generated. The frequency of the chiral signature
was therefore expected to be 2ω. The field geometry changes shape between
the ’horseshoe’ and the ’butterfly’ type of field. In the case of the ’horseshoe’,
the electric field vector oscillates e.g. clockwise for the first half period of
the red field and then counter-clockwise in the second half period. Thereby,
a chiral interaction was expected to occur only on one half of the red field
oscillation period and is thereby compensated by the chiral interaction oc-
curring during the second half of the red field oscillation period. In this case,
no resulting chiral signature is expected in the PADs recorded by VMI.

For the ’butterfly’ shaped field, the two sides along the polarization of the
red field feature different senses of rotation. If the ’butterfly’ shaped field
is oriented accordingly in the VMI geometry, both sides with opposite sense
of rotation are imaged onto different sides of the detector. As the photo-
electrons originating from both sides of the ’butterfly’ field-driven ionization
experience a preferred sense of rotation, a resulting chiral signature in the
PADs was expected. Theoretical calculations suggest a magnitude of the
bichromatic PECD comparable to usual PECD values.[102] In recent experi-
ments, the magnitude of the bichromatic PECD was about 0.1 to 0.5 %.[104]

The asymmetry expected for the ’butterfly’ field for ϕ = 0 has opposite sign
in both halves along the polarization axis of the red field. The asymmetry is
expected to change sign for the ’butterfly’ field at ϕ = π. When performing a
continuous delay scan it is therefore expected that the asymmetry oscillates
at a frequency of 2ω.

A delay scan over about 8 fs was performed on (S)-(+)-fenchone for differ-
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ent relative intensities of red and blue fields. The pixel-wise Fourier analysis
was applied on the data yielding the amplitude and phase PAD at the 2ω
frequency. In one case, ring-like structures were observed in the phase PAD
in the energy region, where the photoelectrons were observed. These struc-
tures became clearer if the anti-symmetrization of the PADs was done twice
along orthogonal axes. In addition, an energy-resolved mean phase value
was obtained for all four quadrants of the phase PADs. This showed that
the oscillation in quadrants over cross was out of phase by about π. This
is in agreement with the expected behavior of the bichromatic chiral effect.
The inverse Fourier-transformed PADs showed the expected oscillation of the
anti-symmetric part with delay. Therefore, indications for the bichromatic
PECD effect were found here.

In addition, the delay-dependent asymmetry for the crossed polarization
geometry was measured for different molecules (see appendix section 7.6).
The resulting data was evaluated in various ways. First, the PADs were anti-
symmetrized and the time evolution of the PADs was visually inspected. No
pronounced changes in the anti-symmetric part of the PADs were observed.
Next, one quarter of the anti-symmetrized PADs was transferred to polar
representation, angular integration was done and energy calibration was ap-
plied. This yields an energy-resolved delay-dependent asymmetry that was
evaluated using Fourier analysis in a given energy window. The frequency
spectra of the data for different molecules were investigated when scanning
across the accessible energy range with a small window size. Sometimes,
contributions at the 2ω frequency were observed in the energy region, where
pronounced contributions in the PES were situated. However, these contri-
butions seem to be not dominant in the frequency spectra.

To clarify if a chiral response can be generated in the bichromatic field
setup, a first experiment with counter-rotating circularly polarized fields was
done and is shown in the appendix in section 7.6. PECD measurements
were performed by taking the difference between the PADs obtained for the
±45◦ setting of the λ/4 plate. The PECD measurements were done for dif-
ferent delays between both colors. The maximum range of delay provided
by the FS wedges was used. The optical components were chosen such that
at the extreme positions of the FS wedge stage, the pulses are close to tem-
poral separation or show temporal overlap. Temporal overlap is indicated by
observing a delay-dependent asymmetry along the polarization axis if both
colors are linearly polarized along the same axis and ionizing Xe. Scanning
a delay range of about 70 fs, PECD measurements were carried out on (S)-
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(+)-fenchone and showed a systematic trend in integrated ionization signal,
whereas the LPECD metric stayed the same. Thereby it can be concluded
that using the bichromatic field setup, a chiral signal can be generated when
using circularly polarized light.

In conclusion, a bichromatic field setup with variable polarization and
adjustable delay between both colors was implemented successfully. The ex-
periments carried out on noble gases showed reproducible and pronounced
bichromatic ionization signals. In the case of chiral molecules, the bichro-
matic ionization signal was observed for a non-chiral interaction as well. In
the case of a bichromatic field, which should be capable of evoking a chiral
response, different data treatments were tested that proved reasonable on
noble gas data. The different evaluations showed results that agreed with
each other, and indications for the bichromatic PECD were found. Further
investigations will shed light on the chiral effect in bichromatic fields.
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Chapter 6

Conclusion and Outlook

In this thesis, the results of different PECD experiments were presented.

e.e. sensitivity First, the sensitivity of the femtosecond gas phase PECD
technique with respect to enantiomeric excess was shown. The results shown
in section 4.1 were published[57] and are an extension of the results reported
in the PhD thesis of C. Lux.[75] Scanning samples with different e.e. spanning
from nearly enantiopure (S)-(+)- to (R)-(−)-fenchone showed a linear beha-
vior of the LPECD metric with respect to e.e.. The dependence was investig-
ated in more detail using three samples having e.e. values close to enantiopure
(S)-(+)-fenchone and three samples close to a racemic mixture. Each sample
was measured four times, while switching between samples in between. This
procedure yields several data sets for each sample. The LPECD values de-
rived from pBasex evaluation are used to fit a linear regression to the data
points. The obtained curve shows an offset of the calibration curve, where
the origin of this offset is investigated in more detail. First, the PECD as
well as the CD effect should be equal to zero for a racemic mixture. How-
ever, the CD effect might introduce a PECD effect via changing the signal
magnitude obtained in LCP or RCP measurements. Closer inspection of this
aspect showed that this in not the case and a CD effect does not introduce
a PECD effect for a racemic mixture. The CD effect influences the observed
LPECD metric in a relative way as derived from a simple model calculation.
For the typical LPECD magnitudes obtained in the experiment, a CD effect
of 5 % would induce a change in LPECD value of 10−4. The assumption of
a dominant linear behavior of LPECD with respect to e.e. is thereby un-
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derpinned. The observation of a non-zero LPECD value for a racemate is
thereby probably due to further experimental imperfections[75] and was also
observed in the case of an unpublished CD study.[135]

Intermediate state and photoelectron energy dependence of PECD
When investigating the excitation scheme of typical ketone molecules,[137] the
presence of several intermediate states of Rydberg or different type can be
noticed. The question arises if the electronic character of the intermediate
state has an influence on PECD.

When using REMPI, changing the excitation wavelength allows to study
the dependence of PECD on kinetic energy of photoelectrons that can origin-
ate from different intermediate states. In the experiment, the laser wavelength
was changed in a spectral region, where up to three distinct electronic res-
onances can be populated simultaneously during 2+1 REMPI. Additional
high-resolution 2+1 REMPI measurements performed with a tuneable nano-
second laser source gave insight into the vibrational level structure of 3s and
3p[137, 139] Rydberg states.[92] The third intermediate state was assigned to
π∗ ← σ excitation, which denotes excitation of an electron from a bonding
valence shell. The energy dependence of PECD can be investigated in a differ-
ent range for every intermediate state. For the 3s state, the PECD curve was
obtained down to a kinetic energy of about 0.4 eV, where the largest PECD
magnitudes were observed in agreement with single-photon findings.[51] The
PECD obtained for REMPI showed a clearly different energy dependence
compared to the one obtained in the single-photon experiment. Two dif-
ferent contributions underneath the 3p peak were observed throughout the
scanning range and were evaluated separately. The PECD magnitude was
noticeably different for about the same photoelectron energy, when ionization
occurs via the 3s or 3p state. This hints towards an influence of the electronic
character of the intermediate state on PECD. The 3s PECD curve starts at
similar values as the single-photon curve in the region of small kinetic energy,
although the slope clearly differs for higher kinetic energies. These observa-
tions suggested that PECD is not only dependent on photoelectron energy
but also on the electronic character of the intermediate state. This observa-
tion made on fenchone is in contrast to PECD experiments on limonene,[87, 91]

where the influence of the electronic character of the intermediate state was
found to have no strong influence on PECD.
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Chiral molecules scan To extend the knowledge about PECD for dif-
ferent chiral molecules, the molecules (R)-(+)-α-pinene (see section 4.3.1),
different chemical modifications of camphor (R-(+)-bromo-camphor in sec-
tion 4.3.2, borneol in section 4.3.3 and (−)-camphene in section 4.3.4) were
investigated with femtosecond laser pulses centered at about 390 nm. In the
PES typically more than one contribution was observed. Due to the lack of
spectroscopic data, the origin of the contributions observed in the PES can-
not be assigned unambiguously. The detailed overview over the number of
peaks observed in the PES, corresponding photoelectron energy and LPECD
values for the different molecules investigated so far is shown in table 4.1.
For the different molecules, similar photoelectron energies were observed,
which deviate in most cases from the expected energy expected for a vertical
transition. Throughout the molecule scan, the LPECD values obtained for
the different peaks in the PES differed in magnitude by typically more than
about 5 %. One exception is (−)-camphene, where the deviation is about 2
%, but in this case the overall LPECD values were rather small. Once more
spectroscopic data is available for the molecules, the peaks probably can be
assigned to either ionization starting from HOMO-n orbitals or excitation of
intermediate states.

Observation of PECD using a nanosecond laser So far, short laser
pulses were employed to investigate PECD. In the femtosecond region, ioniz-
ation is expected to occur out of a nearly frozen molecular geometry, whereby
influence of dynamics like vibrations or rotation of the molecules are negli-
gible. Previous high-resolution 2+1 REMPI experiments were carried out to
shed light on the vibrational level structure of electronic intermediates. The
resulting 2+1 REMPI spectrum is depicted in figure 4.5 covering the excita-
tion region for 3s and 3p Rydberg states. The band origin of the 3s state (00

0

transition) was found at about 5.95 eV, and in the region slightly above, the
2+1 REMPI spectrum showed pronounced peaks indicating a low number of
states lying underneath. In recent years, a growing interest in dependence of
PECD on vibrational level in the cation can be inferred from the increasing
number of publications on single-photon studies.[60, 61, 62, 63] It was suggested
to use a ∆v = 0 dominated REMPI to prepare a specific vibrational level in
an electronic intermediate state to specifically address a desired vibrational
level in the cation.[62] To achieve vibrational resolution, a narrow-bandwidth
laser source in combination with chiral molecules in a molecular beam needs
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to be used. This requires in general laser pulses on the nanosecond timescale,
where additional dynamics might happen, which could influence PECD.

To clarify if PECD can be observed with a nanosecond laser, a prepar-
atory experiment with a Nd:YAG laser was done on the fenchone prototype
(see section 4.4). The third harmonic of the Nd:YAG was used to investigate
PECD first on an effusive beam source. The relative height of the 3s, 3p and
π∗ ← σ peaks in the PES was changed in such a way that the longest-lived
state (3s) dominates the PES. This is consistent with a recent pulse duration
scan on fenchone, where a reduction in height of the 3p peak in the PES
is observed, when laser pulses longer than a few hundred fs are used. This
experiment is not shown in this thesis and is part of a future publication.
The nanosecond experiment can be interpreted as the extreme case, where
the pulse duration exceeds the lifetime of the longest-lived state by about
three orders of magnitude. However, pronounced PECD was observed when
using the Nd:YAG at 355 nm. The LPECD values obtained for the 3s state
were similar to the ones found at the shortest center wavelength of about
359 nm in the femtosecond experiment (see section 4.2). This indicates that
PECD is not strongly affected by dynamics happening in the 3s intermediate
state. For the 3p state, dynamics during ionization lead to the observation
of a single PECD contribution in contrast to femtosecond findings, where
two sub-structures within the 3p manifold were observed. Furthermore, the
possibility to use a frequency-tripled commercial Nd:YAG laser reduces the
technical requirements to apply the gas phase PECD technique in analytics.

Vibrationally resolved PECD This experiment paved the way to invest-
igate the influence of vibrational level of intermediate and cationic state on
PECD. Fenchone molecules in a molecular beam were ionized using a tune-
able narrow-bandwidth (∼ 0.1 cm−1) nanosecond dye laser. Like in previous
nanosecond findings (see section 4.4), the PES was dominated by the 3s con-
tribution, while the 3p was barely observed. The experiment was carried out
at selected wavelengths on the peaks observed in high-resolution 2+1 RE-
MPI (see section 4.2). A dominant ∆v = 0 propensity rule can be inferred
from scaling of photoelectron energy with excitation wavelength. This was
in agreement with previous femtosecond findings. Thereby the vibrational
level distribution of the intermediate state is transferred to the cation. The
resulting LPECD values showed no strong dependence on the vibrational
level and seemed to be dominated by the influence of photoelectron energy.
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The LPECD values were comparable to the ones obtained in the femtosecond
experiment (see section 4.2). This hints in the direction that PECD has no
strong dependence on vibrational level in the case of fenchone. Further in-
vestigations on smaller molecules might be interesting to shed light on the
dependence of PECD on vibrational level in the cation.

Towards bichromatic control of PECD The aim in chapter 5 was to
clarify if electron dynamics in photoionization can be controlled by using
a bichromatic field, where a corresponding setup has been developed and
characterized. The field geometries accessible for measurements on achiral
and chiral substances are extended by adding the fundamental of a Ti:Sa
amplifier to its second harmonic. The polarization of both colors can be
adjusted more or less independently by using different polarization optics.
FROG measurements were carried out to characterize the temporal profile of
both pulses yielding pulse durations slightly below 100 fs. The delay between
both colors was compensated by transmission through a birefringent crystal,
where Calcite showed advantages compared to α-BBO. The pulses were fo-
cused inside a VMI chamber using a concave spherical mirror hit under 0◦.
The temporal overlap was found when using photoionization of noble gases
like Xe or Kr. In this case, the apparent increase in ionization signal was
accompanied by a delay-dependent asymmetry along the polarization axis
when both colors were linearly polarized along the same axis. This asym-
metry can be measured by VMI if the polarization lies in the detector plane.
The dominant oscillation frequency of the asymmetry was 2ω. The asym-
metry can be used to calibrate the time axis for further experiments. The
delay was introduced by the movement of FS wedges, which were operated
by a computer-controlled motor enabling automated delay scans. The asym-
metry along the polarization axis was observed for noble gases as well as for
chiral substances. The data was evaluated on the one hand by Abel-inverting
both halves of the PADs along the polarization axis separately and plotting
the delay-dependent signal (shown in the appendix in section 7.6). On the
other hand, the pixel-wise Fourier analysis like reported in the ’phase-of-the-
phase’ spectroscopy[105] was implemented and proved to be quite powerful.
The evaluation yields frequency and relative phase spectra for each pixel
available from the VMI PADs. The evaluation was first applied to Xe ioniz-
ation, when both colors were linearly polarized along the same axis. At the
2ω frequency, pronounced structures in the amplitude PAD were observed at
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momenta that were observed in the PES as well. The phase PAD showed pro-
nounced areas of similar phase values. The asymmetry along the polarization
axis was out of phase by π. Furthermore, additional frequency components
oscillating at multiples of the 2ω frequency were observed for Xe.

When using bichromatic fields linearly polarized along mutually ortho-
gonal axes, different electric field geometries depending on relative phase can
be realized. For a relative phase ϕ = 0 between the two colors, a ’butterfly’
type field is realized, which shows different sense of rotation along the polar-
ization of the red field. As the photoelectrons originating from both sides of
the ’butterfly’ field-driven ionization experience a preferred sense of rotation,
a resulting chiral signature in the PADs is expected.[102] The sense of rotation
is inverted when changing the relative phase to ϕ = π. The frequency of the
chiral signature evoked by the bichromatic field was therefore expected to be
2ω. If the ’butterfly’ shaped field is oriented accordingly in the VMI geo-
metry, both sides with opposite sense of rotation are imaged onto different
sides of the detector. First theoretical calculations suggest a magnitude of
the bichromatic PECD comparable to usual PECD values,[102] whereas first
experiments observed a magnitude between 0.1 to 0.5 %.[104] This effect is
especially interesting as it based on the transfer of the sense of rotation of
the field onto the movement of the photoelectron.[102] This generalizes the
idea of chiral recognition to rotationally tailored fields.

A delay scan over about 8 fs was performed on (S)-(+)-fenchone for differ-
ent relative intensities of red and blue fields. The pixel-wise Fourier analysis
was applied on the data yielding the amplitude and phase PAD at the 2ω
frequency. In one case, ring-like structures were observed in the phase PAD
in the energy region, where the photoelectrons were observed. These struc-
tures became clearer if the anti-symmetrization of the PADs was done twice
along orthogonal axes. An energy-resolved mean value of the phase in the
four quadrants of the PAD was derived. This showed that the oscillation in
the quadrants over cross were out ouf phase by about π. In addition, the
contributions assigned to excitation of different intermediate states showed
a π phase shift between them. Theoretical calculations will shed light on the
origin of this interesting behavior. Therefore, some indications for bichro-
matic PECD were found in the experiments.

In addition, the delay-dependent asymmetry for the crossed polarization
geometry was measured for different molecules (see appendix section 7.6).
The resulting data was evaluated in various ways. First, the PADs were anti-
symmetrized and the time evolution of the PADs was visually inspected. No
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pronounced changes in the anti-symmetric part of the PADs were observed.
Next, one quarter of the anti-symmetrized PADs was transferred to polar
representation, angular integration was done and energy calibration was ap-
plied. This yields an energy-resolved delay-dependent asymmetry that was
evaluated using Fourier analysis in a given energy window. The frequency
spectra of the data for different molecules were investigated when scanning
across the accessible energy range with a small window size. Sometimes,
contributions at the 2ω frequency were observed in the energy region, where
pronounced contributions in the PES were situated. However, these contri-
butions seemed to be not dominant in the frequency spectra.

To clarify if a chiral response can be generated in the bichromatic field
setup, a first experiment with counter-rotating circularly polarized fields was
done and is shown in the appendix in section 7.6. PECD measurements were
performed by taking the difference between the PADs obtained for the ±45◦

setting of the λ/4 plate. The PECD measurements were done for different
delays between both colors. The maximum range of delay provided by the
FS wedges was used. The optical components were chosen such that at the
extreme positions of the FS wedge stage, the pulses were close to temporal
separation or showed temporal overlap. Temporal overlap is indicated by
observing a delay-dependent asymmetry along the polarization axis if both
colors are linearly polarized along the same axis and ionizing Xe. Scanning
a delay range of about 70 fs, PECD measurements are carried out on (S)-
(+)-fenchone and showed a systematic trend in integrated ionization signal,
whereas the LPECD metric stayed the same. Thereby it can be concluded
that using the bichromatic field setup, a chiral signal can be generated when
using circularly polarized light.

In conclusion, a bichromatic field setup with variable polarization and
adjustable delay between both colors was implemented successfully. The ex-
periments carried out on noble gases showed reproducible and pronounced
bichromatic ionization signals. In the case of chiral molecules, the bichro-
matic ionization signal was observed for a non-chiral interaction as well. In
the case of a bichromatic field, which should be capable of evoking a chiral
response, different data treatments were tested that proved reasonable on
noble gas data. There seem to be some indications for the presence of the
chiral effect one searches for in the data. Further investigations will be helpful
to shed light on the chiral effect in bichromatic fields.
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Chapter 7

PECD

7.1 Photoelectron circular dichroism (PECD)

The amount of angular momentum transferred in an ionization process is
given by the number of photons needed for ionization, which is known as
Yang’s theorem.[197] In the case of single-photon ionization, Legendre poly-
nomials up to the second order are observed. The angular distribution of
photoelectrons Ip(θ) can be modeled as[198]

Ip(θ) = 1 + bp1P1(cos(θ)) + bp2P2(cos(θ)), (7.1)

where Pi(cos(θ)) denotes the Legendre polynomial of order i, bpi are the i-th
order coefficients for polarization state p and θ is the angle between the in-
plane photoelectron momentum vector and the k-vector of the photon.

In the first experimental observation of PECD[46] the detectors were placed
under the magic angle (where the second-order Legendre polynomial equals
zero, which is at about 54.7◦) so that only the total signal and the first
Legendre polynomial remain. Quantification of the forward/backward asym-
metry is in that case given as 2b1/b0.

In the case of multi-photon ionization, higher order Legendre polynomials
are observed and in this case, the forward/backward asymmetry is derived by
a weighted sum over the odd-order contributions. The Legendre coefficients
in the nomenclature used herein, are linked to the ones in equation 7.1 by
bl = cl

c0
. The linear PECD (LPECD) in the multi-photon case is defined as[74]
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7.2. ABEL-INVERSION ALGORITHMS

LPECD =
1
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32
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)
, (7.2)

where cancellation effects might occur in the case, where the odd-order
coefficients do not change change sign. LPECD can be also acquired by using
raw data and is given as

LPECDraw =
2(F− B)

T/2
, (7.3)

where F, B and T denote the integrated yield of forward, backward hemi-
sphere and the total signal (sum of integrated yield of LCP and RCP PAD
images), respectively. In the measurements done at 398 nm, the different odd-
order coefficients had opposite signs such that LPECD can only be increased
by each contribution in the sum.[75] In general, the sign between different
odd-order coefficients does not change necessarily, as observed e.g. in the
wavelength scan on fenchone (see section 4.2). In such cases the quadratic
PECD (QPECD) metric can be used, which is defined as[74]
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√
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15
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)
. (7.4)

It can easily be seen that QPECD is insensitive to the sign of the different
odd-order coefficients and proves thereby helpful in cases, where the sign for
different odd-order coefficients is the same.

7.2 Abel-inversion algorithms

The PAD images recorded by VMI are the projections of the three-dimensional
photoelectron momentum distribution P (r, θ, φ) (sometimes denoted as ’New-
ton sphere’ in the literature[45]) integrated along the spectrometer axis (x-
axis). In this case, the three-dimensional distribution needs to be recon-
structed by performing the inverse Abel transformation. To reconstruct the
three-dimensional photoelectron momentum distribution there are a couple
of different algorithms available. The basic working principle is to solve the
Abel back-projection (sometimes also called inversion) by solving the Abel
integral, which is given for the case of cylindrical symmetry as[199]
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P (R′, θ′) = 2

∫ ∞
|x|

rF (R, θ)√
r2 − x2

dr, (7.5)

where P (R′, θ′) is the projected distribution and F (R, θ) is the three-
dimensional distribution and x = R′ sin(θ′). In matrix representation the
projection can be defined as

P = GC, (7.6)

where P is the projected image, G is the so-called projection matrix and
C contains the Legendre coefficients. In order to calculate the coefficients
out of a given image, this relation needs to be inverted meaning that the
inverse of the matrix G is computed.

Nowadays, there are many different algorithms available, like the expan-
sion into a basis set known as BASEX,[200] expansion into a polar basis set
known as pBASEX,[199] iterative versions e.g. by M. Vrakking[201] or the
onion peeling and the polar onion peeling.[202]

7.2.1 pBasex

Throughout the course of this PhD thesis, the pBasex algorithm developed
by C. Lux (based on [199]) and explained in detail in the corresponding PhD
thesis[75] has been used in an adapted version to evaluate the PECD meas-
urements. For a usual PECD measurement, a specific number of frames of
the VMI camera are averaged and saved to the hard disc for the different
polarization settings of the laser. The images are saved as data files (*.dat)
and can be loaded and evaluated afterwards. In between the LCP and RCP
measurements the circularity is flipped after usually 500 frames to counteract
small experimental drifts. This procedure is repeated mostly five times and
these five images are averaged in the data evaluation.

For the pBasex evaluation implemented in a LabView VI, the images are
prepared. The VI loads the image, where hot pixels (pixels that show al-
ways maximum value independent of incoming signal) of the camera can be
removed in a first step. Next, the image center for cutting out the region
of interest needs to be defined. In many cases there are zero kinetic energy
electrons, so that finding the center is rather easy. The pBasex has an im-
plemented image scaling tool using a Fourier transform to scale the cropped
image. After this step the image is brought into polar representation and then
the essential matrix multiplication for deriving the Legendre coefficients is
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done. The coefficients are saved to the hard drive and are used for further
evaluation. The coefficients are further used in the program to compute the
cut in the x=0 plane of the three-dimensional distribution.

The current version of the pBasex V I can be found in exp3_all:\Projects\
Chiral_Investigations\AbelinversiontutorialAK\LabView\PBasexlatest.
In the adjacent folder, the Abel inversion matrices for 100, 150 and 200 ra-
dial sampling points can be found. A short explanation how to perform
Abel-inversion is given in the V I.

7.2.2 Onion peeling algorithm

The Onion peeling algorithm used throughout this thesis was written in the
basic form by Adi Nathan from Stanford University and runs on MATLAB
(it is available via MATLAB Central). During the course of this PhD work,
it has been used to do reconstruction for the LIN PADs. The main advantage
is that it does not require the calculation of the inversion matrix prior to use,
as it calculates the inversion for each radius starting at the outer part of the
image. The algorithm then subtracts the contribution to the inner regions
of the PAD. Thereby it is prone to projecting noise to the center, when the
outer region of the image contains noise. The evaluation runs on the grid
size of the input image meaning that it uses the maximum radial and angular
resolution possible. More details on the onion peeling algorithm can be found
in the literature.[202]

The onion peeling algorithm operates also in polar representation. Onion
peeling without polar transformation has been proven to be very fast such
that feedback control using pulseshaping can be done.[203]

The polar onion peeling algorithm can be found in the directory exp3_
all:\Matlab\AKastner\Onionpeeling and an explanation on the possible
operations is given within each script.

7.3 PECD experiment evaluation

In this section the standard way how the PECD measurements have been
evaluated, is described. A typical data set recorded on a measurement day
comprises a couple of PAD images (usually saved as *.dat files), TOF spectra
(usually saved as *.txt files), polarization scan data (*.dat files), laser spectra
and powers.

166



7.3. PECD EXPERIMENT EVALUATION

Figure 7.1: Time of flight to mass calibration done for the Nd:YAG laser,
where many different masses can be observed. The upper half of the plot
shows the fit curve and the calibration points are plotted as red diamonds.
The masses and probable sum formulae are shown in addition. The lower
half of the plot shows the mass spectrum in the region of smaller masses on
the left hand side and the region around Xe isotopes is shown on the right
hand side.

The processing of these data sets is presented in the following. The laser
spectra are usually loaded and plotted, where the FWHM bandwidth and
the center wavelength can be determined. The polarization scans contain
typically scans for LIN, LCP and RCP setting of the laser beam. For each
LIN, LCP and RCP a vector for different angles of the polarizer is recorded
by a powermeter. The curves can be loaded and usually the Stokes |S3| para-
meter is derived.[75]

The TOF spectra can be loaded and are usually evaluated using theMAT-
LAB class ’akTOF’ (available on the network drive: exp3_all:\Matlab\
AKastner\akTOF). Single as well as multiple files can be loaded. In order to
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transfer the TOF axis into a mass axis, the relation[204]

m(T ) =

(
T − b
a

)2

, (7.7)

where m is the mass, T the time of flight and a, b are fit parameters, is used.
To calibrate the mass axis, ionization of Xe has proven helpful. The evalu-
ation of a TOF spectrum is exemplarily shown for Xe ionization using the
third harmonic of a Nd:YAG laser (see figure 7.1). The evaluation starts with
fitting the seven observable Xe isotopes (128, 129, 130, 131, 132, 134, 136)
using equation 7.7. The next mass that can be assigned with high accuracy
is H2O, where its time of flight corresponds to a mass of 17.99 (only using Xe
isotopes for fitting). Another mass that is in similarly good agreement is C12,
which would correspond to a mass of 11.97. The remaining masses shown in
figure 7.1 are in good agreement with the fit curve so that their masses can
be assigned as well. The masses that can be assigned with high accuracy are
step by step included in the fitting procedure and the convergence should be
checked at each step.

Using the fit coefficients a and b, the mass axis can be calculated and
thereby the mass spectrum is derived. Doing this transformation, one needs
to take into account the signal conservation, which means that the integ-
rated yield should be the same for the TOF as well as the mass spectrum
(
∫
S(T )dT =

∫
S(m)dm). This can be fulfilled, when the integrands are the

same, so that the mass spectrum is given as S(m) = S(T )× dT/dm. Using
the coefficients, the mass spectra of other substances measured at that day
can be obtained.

VMI evaluation The schematic data flow for a PECD experiment is de-
picted in figure 7.2. For each LIN, LCP and RCP polarization state, VMI
PAD images are recorded. For simplicity, only the LCP and RCP data flows
are shown in figure 7.2. For LCP and RCP measurements, the helicity of
the light is switched after usually 500 images of the camera to reduce slow
experimental drifts. This yields n images for each polarization state. First,
the PAD images are loaded and are summed up to derive one PAD image
each for LIN, LCP and RCP setting. When measuring at low signal rates it
is helpful to record a background image of the camera that can be subtracted
from the PAD images to isolate the signal coming from ionization. One noise
contribution of the camera (Lumenera Lw165m) stems from stripes due to
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Figure 7.2: Scheme of data evaluation done for PECD measurements per-
formed using the VMI.

the way of read-out of a CCD (charge coupled device) camera.
The LIN PAD as well as the sum of LCP and RCP PADs can be used

to derive the PES via Abel inversion. The PECD image is derived by sub-
tracting the RCP PAD image from the LCP PAD image. Before subtraction
is done, the signal level of RCP and LCP PADs is adjusted by using the
integrated yield. Anti-symmetrization is performed using both forward and
backward half of the image, where the separation is indicated by the red
vertical line shown in the PECD image. This yields a value for the raw data
LPECDraw = 2(F−B)

T/2 , where T is the total signal (integrated yield of LCP
and RCP PAD images). The LCP, RCP and PECD PAD images are used
to perform Abel back-transformation using the pBasex algorithm.[75] The al-
gorithm yields ckl matrices (size k × l) for each PAD image. The RCP and
LCP ckl matrices are used to calculate the total signal c0 = cLCP

kl + cRCP
kl . As

the calculation steps are all linear operations as explained in detail before,[75]

the odd-order coefficients to derive LPECD can be derived as well taking
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the difference between LCP and RCP ckl matrices. As pBasex calculation is
based on a pixel grid, the ckl matrices are defined in momentum space. For
the next steps in data evaluation it is necessary to transfer the ckl matrices
into energy space. Therefore, a calibration of the momentum axis of the VMI
is necessary. This is typically done using ionization of noble gas atoms with
the third harmonic of a Nd:YAG laser. Ionizing Xe at 355 nm yields two en-
ergy rings, which can be assigned to ionization into two spin-orbit states of Xe
ions (P1/2 and P3/2). The wavelength of the Nd:YAG laser can be measured
using a spectrometer (Avantes AvaSpec 3648, wavelength resolution ∼ 0.15
nm, wavelength region 320–880 nm). The ionization potentials of Xe can
be found at the NIST webbook and are given as 12.129 eV and 13.426 eV
for the two spin-orbit splitted ionic states. Thereby, three calibration points
(zero energy point and Xe peaks) can be used to derive the energy axis by
fitting an expression E(r) = a + br + cr2 to the experimental data. The PAD
images are reconstructed by an Abel-inversion algorithm (e.g. pBasex or po-
lar onion peeling) yielding the PES as function of radius. The coefficients
a, b and c can thereby be obtained and used for energy calibration of other
measurements. One prerequisite is that the ionization point inside the VMI
plate assembly is similar if the calibration with the Nd:YAG laser is used for
the femtosecond measurements. In the experiment this is ensured by using
irises to fix the beam path.

According to recommendations of T. Kitsopoulos,[130] the optimal plate
voltages in the VMI should be found experimentally. The procedure is rather
simple. One can either try to optimize the extractor voltage for a given re-
peller voltage on the ion distribution to result in a small spot. As for non-
relativistic particles the trajectory is mainly a function of the plate voltages
and independent on the charge/mass ratio,[122] the optimal plate voltages
found for the ions can simply be inverted for sharp imaging of photoelec-
trons. In the experiment, it has proven more helpful to optimize the plate
voltages on the sharpness of the electron PADs. The sharpness can be judged
by eye or for better quality after Abel-inversion of the PAD. To that end the
steepness of the high-energy tail of a PES peak should be optimized. The
optimization here was done by eye resulting in quite sharp photoelectron
PADs with high energy resolution (about 4% ∆E/E).

The ckl matrices can now be transformed to energy representation using
signal conservation (transformation maps values on regular momentum grid
to non-equidistant energy grid). In general, multiple peaks in the PES can
show up and the evaluation in such a case is done for each peak separately.
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Using the ckl matrices in energy space, the weighted average values of the
coefficients normalized to c0 and PECD metrics for each peak found in the
PES can be derived. The weighting is done using normalization of the c0

curve to the maximum of the peak to be evaluated. The FWHM of each
peak is found by fitting a Gaussian underneath. The energy curve for the
coefficients or LPECD is then multiplied by the normalized c0 curve incor-
porating the weighting. The weighted average value is found by arithmetic
averaging over the values lying within the FWHM.

In the general case, multiple peaks in the PES can show up. In such a
case the evaluation described above is done for each peak separately. The
c0 curve is normalized to its maximum for each peak in the PES prior to
multiplication with the quantity (e.g. ci or LPECD), of which the weighted
average value should be derived.
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7.4 Appendix to wavelength scan on fenchone
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Figure 7.3: Weighted averaged even Legendre coefficients normalized to c0.
For simplicity, all plots are shown on the same grid size.

In this section, additional data acquired for the wavelength scan presented
in section 4.2 is presented. The weighted average Legendre coefficients c1 and
c3 were presented above. Here, the even order coefficients are plotted in figure
7.3. The coefficients for the three states observed in the wavelength scan are
color-coded as indicated in the legend of the figures. For the even coefficients
it can be seen that c2 has some points lying much higher than the others.
These points are in the region, where a change in the optical setup inside
the TOPAS was done. Most of the points for the normalized even Legendre
coefficients are rather weak.
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Figure 7.4: Weighted averaged even Legendre coefficients normalized to c0.

The odd-order coefficients c5, c7 and c9 are plotted in figure 7.4. Please
note that due to Yang’s theorem the maximum number of Legendre polyno-
mials expected is 2n = 6, so that c7 and c9 should be not observable. Anyway
their contribution is checked and can be compared to c5, which should be
observable. The values for the three states found in the PES are color-coded.
The contributions from the higher orders are found to be rather weak.

Another point that was mentioned above is that throughout the scan,
two contributions with opposite sign underneath the 3p peak were observed.
The data that led to this observation are plotted in figures 7.5, 7.6, 7.7, 7.8
and 7.9.

173



7.4. APPENDIX TO WAVELENGTH SCAN ON FENCHONE

0.5 1 1.5 2

−2

−1

0

1

2

3

4

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1
s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(a) 360 nm

0.5 1 1.5 2

−1

0

1

2

3

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1

s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(b) 361 nm

0.5 1 1.5 2
−2

−1

0

1

2

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1

s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(c) 363 nm

0.5 1 1.5 2

−2

−1

0

1

2

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1

s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(d) 365 nm

0.5 1 1.5 2

−2

−1

0

1

2

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1

s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(e) 367 nm

0.5 1 1.5 2

−2

−1

0

1

2

3

photoelectron energy (eV)

c
0
 ×

 L
P

E
C

D
 (

%
)

0.5 1 1.5 2

0

0.5

1

s
ig

n
a

l 
(a

rb
. 

u
.)

 

 

c
0

(f) 369 nm

Figure 7.5: c0 and c0× LPECD energy profiles for different excitation
wavelengths.
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Figure 7.6: c0 and c0× LPECD energy profiles for different excitation
wavelengths.
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Figure 7.7: c0 and c0× LPECD energy profiles for different excitation
wavelengths.
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Figure 7.8: c0 and c0× LPECD energy profiles for different excitation
wavelengths.
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Figure 7.9: c0 and c0× LPECD energy profiles for different excitation
wavelengths.

It can be noticed that throughout the wavelength scan, it is systematic
that two contributions underneath the 3p peak in the c0× LPECD curve are
observed. The detailed data analysis and description thereof can be found in
the main part of the thesis in section 4.2.

7.5 Appendix to molecule scan

In this section, a few additional plots and information for the molecule scan
presented in section 4.3 are shown and explained.

First, further details on the laser intensity scan performed on (R)-(+)-α-
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pinene are presented. The data shown here is an add-on to the observations
described in section 4.3.1. To underpin the assumption of a dominant three-
photon ionization process, a scan of the laser intensity was performed.
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Figure 7.10: (a) Power law scan on R-(+)-α-pinene and (b) Mass spectra
for different laser intensities. The yield in different observables has been
measured yielding an estimation of the multi-photon coefficient for the power
law. For better visibility, an offset is applied on the yield curves. The mass
spectra are plotted with an offset in between for better comparison and the
laser intensity is increasing from bottom to top.

In figure 7.10(a), the result of the intensity scan is plotted. The yield
of different parameters that can be measured in experiment is plotted for
increasing laser intensity. To derive a power law, a least-squares fit to the
expression S(P)=A×Pn, where S(P) is the signal as a function of laser power
P, A is a coefficient and n is the multi-photon coefficient describing how many
photons are needed for ionization, is done.

Different methods were used to derive the multi-photon coefficient (plot-
ted in figure 7.10(a)). For the blue points, the integrated yield of the PADs
was used, which yields the lowest multi-photon coefficient. For the red
points, the total photoelectron yield as recorded by an oscilloscope (LeCroy
Waverunner 640Zi) is taken. In this mode the oscilloscope records a given
number of spectra (fixed number of laser shots) and calculates the summed
average. The difference between both ion TOF data sets is that either the
peak or the area of the fitted Gaussian to the parent ion peak in the mass
spectrum recorded by the oscilloscope is used. The fit is done using a Gaus-
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Figure 7.11: Anti-symmetric parts of the PECD images for different relative
laser intensities. The upper halfs of the images are the anti-symmetrized
projected raw data PECD images and the lower half the anti-symmetrized
cuts through the x=0 plane out of the pBasex.

sian of the form A × e−(t−t0)2/2σ2 . Overall, the values of the multi-photon
coefficient derived using different parameters are comparable, although they
are below the expected value of three. This can have several reasons, as
for instance for higher intensities the parent ion yield will decrease due to
stronger fragmentation. In addition, the corresponding mass spectra for the
intensity scan are plotted in figure 7.10(b). The spectra are plotted with an
offset for better visibility and laser intensity is increasing from bottom to top.
The parent ion is observed (mass of 136 amu) and fragmentation is rather
weak even at high intensities.

For the different laser intensities, PECD measurements have been per-
formed. For the lowest two intensities applied, 500 images of the camera
were averaged and for the remaining power settings five times 500 images
were averaged for LCP and RCP each, while switching the helicity every 500
images. The images for the higher laser intensities are summed up and eval-
uated using the pBasex like explained above. The Legendre coefficients and
PECD metrics are derived using a weighted average over the FWHM of c0.
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Figure 7.12: Weighted average PECD values (a) and corresponding lowest
odd-order coefficients (b). The blue signs correspond to the lower-lying elec-
tronic state (peak at 0.61 eV in the PES) and the red signs correspond to
the upper electronic state (peak at 1.14 eV in the PES). LPECD values are
plotted as circles and QPECD values as squares. For the coefficients, c1 is
represented by circles and c3 by squares. The laser intensity is given relative
to the lowest intensity, which was about 2.9× 1012 W/cm2.

The anti-symmetrized raw and Abel-inverted PECD images for the six
applied laser intensities are depicted in figure 7.11. For the lower intens-
ities, the signal-to-noise ratio gets worse, while it is better for higher in-
tensities. Overall, the PECD is observable throughout the scanning range.
The Legendre coefficients are obtained by evaluation using the pBasex. The
weighted average of the coefficients and the PECD values are derived from
the pBasex evaluation as explained in detail in section 7.3. The resulting
LPECD, c1 and c3 values are plotted in figure 7.12. The corresponding c0

and c0×LPECD curves are plotted in figure 7.13. It can clearly be seen that
for the lower intensities, the signal-to-noise ratio gets worse. In this case,
the lower-lying contribution in the PES is affected more severely compared
to the higher-lying contribution, where both the LPECD energy profile as
well as the derived weighted average are not strongly influenced by the laser
intensity. In previous findings on fenchone,[75] the LPECD decreased for laser
intensities approaching 1013 W/cm2. Here, also for higher laser intensities at
about 1.5× 1013 W/cm2, a decrease in LPECD was not observed.
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Figure 7.13: c0 and c0 × LPECD curves for the power scan performed on
R-pinene presented in section 4.3.1.

7.6 Appendix for bichromatic experiments

In this section, additional results that were obtained with the bichromatic
field setup are presented. In the following paragraph, the calibration of the
time axis by investigation of the delay-dependent asymmetry along the po-
larization axis is shown.

Scripts to calculate bichromatic field geometries The field geometries
of the bichromatic field are calculated using a MATLAB script that can
be found on the network drive. The scripts are called ’akTwocolourEfield’
and ’EFieldGenerator’ and are based on the nomenclature presented in the
literature, where the effective electric field ~E of a two-color field can be
written as[205]
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cos (ω2t+ ϕ2)
sin (ω2t+ ϕ2)

 , (7.8)

where E0 is the matrix of indices, T is the vector containing the oscillation
terms. The parameters accessible in an experiment are the amplitudes of
the pulses, their polarization state and the phases of the pulses. When using
a bichromatic field composed of fundamental and its second harmonic, the
frequencies are given as ω1 = ω and ω2 = 2ω.

Two color photoionization with linear polarization along the same
axis The experiment was done using a combined laser intensity of about 9×
1013 W/cm2 thereby supporting tunneling ionization. The field interference
resulting in an asymmetry along the polarization axis is nicely visible on
the detector. The polarization of the incoming red pulse is vertical and
thereby it generates horizontally polarized blue pulses in the BBO crystal.
The efficiency is in the region of a few %, so that using the surface reflex of
a high-reflective mirror for 400 nm is sufficient to bring the pulse energy of
both pulses to a similar level. Usually a 3 mm Calcite crystal in combination
with the FS wedge stage is sufficient to have the pulses in temporal overlap
in the interaction region. The FS wedges are installed on a stage equipped
with an angular scale. To determine the relation between rotation of the
wheel and introduced optical delay between the pulses, ionization of Xe and
Kr was used. In the first experiments (shown in figure 7.14 and 7.16), the
wedge stage was moved by hand.

Using an increment of 4◦ on the wheel, PADs were recorded for Xe and
Kr ionization and the asymmetry along the y-axis in the PADs resulting from
interference of both fields is evaluated. After finding the center of the PAD,
the integrated yield in the upper and the lower half of the PAD is used to
derive the asymmetry. To that end the same formula as for the calculation of
the field asymmetry (see caption of figure 5.14) is applied to the experimental
data. The asymmetries determined for the different angles applied on the
wheel of the wedge stage are depicted in figure 7.14. Additionally, two raw
data PADs with maximum asymmetry are shown. The data points are fitted
to a function
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(a) Delay Scan Xe (b) Delay Scan Kr

Figure 7.14: Dependence of the asymmetry along the y-axis depending on
optical phase (expressed here via the rotation of the wheel of the stage with
the FS wedges). Both fields are polarized along the vertical axis in the
PADs. The intensities are chosen to support tunneling ionization, so that
interference of both fields is nicely visible.

Sasym(φ) = B + C cos (Dφ+ φ1), (7.9)

where φ is the angle of the wedge stage, φ1 is an offset phase and B,C,D
are coefficients. By inspection of figure 7.14, it can be seen that the asymmet-
ries observed in the experiment are in the same order of magnitude as the
ones expected from field interference. The deviations between experiment
and simulations most probably originate from the fact that in experiment
the two pulses of the bichromatic field have a different pulse duration and
that the 2ω/ω condition is only fulfilled for a portion of the laser spectra.
Nevertheless, the results seem to be promising. The result of the fitting for
the Xe and Kr measurements are given in table 7.1.

B C D φ1

Xe 0.02 0.18 0.101 0.031
Kr 0.05 0.25 0.092 1.4×10−9

Table 7.1: Results of fitting the asymmetry data obtained for ionization of
Xe and Kr.
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The offset and the amplitude of both curves are slightly different, which
can be also seen in figure 7.14. The values for the parameter C describing
the relation between rotation of the wheel on the wedge stage and introduced
delay are similar for both Xe (D= 0.101± 0.016) and Kr (D= 0.092± 0.018)
measurements. These values are in agreement with the value found when the
wedge stage is turned using the motor, where D= 0.098± 0.006. Please note
the offset of π/2 in the convention used for describing the bichromatic field
(asymmetry is zero for an optical phase of zero) and the asymmetry found
in the experiment (asymmetry is maximum for a wedge angle of zero). The
experiment, where the motor is used to move the wedge stage, is shown next.
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Figure 7.15: Fit of the phase-dependent integrated signal for the threshold
peak in the PES in figure 5.17(a). The fit yields the relation between rotation
of the wedge stage (lower x-axis) and the introduced optical phase ϕ (upper
x-axis) in the experiment. The corresponding optical delay between both
pulses is shown in orange. Please note that the offset here and in the following
between delay and optical phase. The delay axis is defined to begin at zero,
but this is not necessarily corresponds to a phase of zero.

As can be seen in figure 7.15, the signal level as well as the amplitude of
the oscillation decreases for larger delays. Therefore, the following formula
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is fitted to the data

S(φ) = (m1 × φ+ t1) + (m2 × φ+ t2)× cos(Dφ+ φ0). (7.10)

The rotation angle of the FS wedge stage φ is mapped via the coefficient D
onto introduced optical phase ϕ between the two colors. The asymmetric
signal oscillates as cos(ϕ) (see figure 5.14). The fit yields D = 0.099± 0.007
in agreement with findings when using tunneling and turning the wheel by
hand as presented above.

Two color photoionization with crossed polarization - non-chiral
The orthogonal polarization configuration for the bichromatic field proves
helpful to investigate the effect of different excitation directions in photoion-
ization. A similar experiment was reported in recent literature.[177]

In the case, where the blue field is polarized along the y-axis and the red
field polarization is along the x-axis (see figure 7.16(a)), an asymmetry along
the y-axis can be generated. This asymmetry is maximized for the ’horse-
shoe’ type field. The red pulse energy is about 5 times the energy of the blue
pulse in the experiment. Depending on optical phase, the asymmetry along
the y-axis changes sign (see figure 7.16(b)).

Scanning the delay between both colors by rotating the wheel of the FS
wedge stage, a similar fitting of the determined asymmetry Sasym along the
y-axis is performed. The experiment was done on Kr (see figure 7.16(b))
and yields a similar value for D= 0.094± 0.013, which is in agreement with
previous values. In this geometry the asymmetry is phase-dependent, as the
’butterfly’ field does not generate an asymmetry along the y-axis.

Two color photoionization with crossed polarization - chiral To
investigate a chiral response from ionization of chiral molecules with the
bichromatic field, the polarization of both fields needs to be rotated by 90◦
compared to the geometry in the previous paragraph.

In this paragraph some additional experiments using two colors in mu-
tually orthogonal linear polarization state on chiral molecules are presented.
The results presented in this paragraph contain information about a scan of
different molecules. The best parameters found in preparatory experiments
were used to repeat delay scans with the two color light field on a larger
group of molecules as presented in the main part of this thesis (see section
5.2.4).
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(a) (b)

Figure 7.16: (a) Experimental setup for investigating the asymmetry in
photoelectron emission for crossed polarization and (b) dependence of the
asymmetry along the y-axis depending on optical phase (expressed here via
the rotation of the wheel of the FS wedge stage). The red field is polarized
along the spectrometer axis (x) and the blue field is polarized along the
y-axis.

The scheme used for evaluating the VMI PADs is shown in figure 7.17
and explained in the following. The background of the camera is recorded
and subtracted for each PAD. The main background comes from reading
out the CCD camera, which generates stripes along the vertical direction.
The background image of the camera was acquired, when the detector was
switched off.

The molecule scan was done on (S)-(+)-fenchone, (S)-(−)-limonene, L-
alanine and (R)-(+)-α-pinene. The data processing is shown for the example
of (R)-(+)-α-pinene in figure 7.17. For each phase setting applied via the FS
wedge stage, one VMI PAD is recorded. In combination with the previously
determined relation between rotation of the motor on the wedge stage and
introduced optical phase, the time axis is derived.

For each PAD the background of the camera is subtracted and the center
of the image is determined. Each PAD is anti-symmetrized, where the green
line in the PAD in figure 7.17 indicates the separation of the two halves.

The region of interest used in the subsequent Fourier evaluation can be
derived from the PES. The PES is obtained from the PADs after background
subtraction by bringing the cartesian PADs to polar representation and sum-
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Figure 7.17: Data processing scheme using for the VMI PADs shown on the
example (R)-(+)-α-pinene.

ming over all angles for each radius. The PES that is shown at the top of the
energy-resolved and delay-dependent asymmetry plots is derived from one
PAD before the anti-symmetrization is performed. The y-axis of the PES is
corrected with the radius to derive a signal per radius value. The chiral sig-
nature one searches for is a forward/backward asymmetry, which is opposite
in the upper and the lower half of the image. Therefore only one quadrant of
the anti-symmetrized PADs is used to derive an energy-resolved asymmetry
curve. The asymmetry derived from one quadrant is normalized to the sum
of forward and backward quadrants of the original image.

Another expectation for the chiral signature is that it oscillates at 2ω
frequency (see figure 5.27). The derived energy-resolved asymmetry data for
the delay scan can be used to isolate the contributions oscillating at the 2ω
frequency via Fourier analysis. The chiral signal is expected in the energy
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Figure 7.18: Fourier analysis scheme shown on sample data containing either
a combination of 2ω and 6ω oscillation (first energy ring at about 0.7 eV) or
2ω oscillation only (at about 1.15 eV).

region, where the peaks are situated in the PES. Evaluation is done by integ-
rating a desired energy range for each delay. This yields a temporal profile
of the asymmetry, which is analyzed using Fourier techniques.

First, a short overview of the applied Fourier analysis is explained. As a
first test (shown in figure 7.18a)), an oscillation at 2ω is generated, which is
multiplied by the so-called Hanning window (shown in red),[194] which basic-
ally creates a smooth transition to the edge of the signal curve. The signal
length is set to 256 and a zero padding is applied, when the sampling point
number is lower. The derived frequency spectrum shows a clear peak at 2ω
(0.76 PHz).
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Figure 7.19: (a) PES (top) of scan and energy-resolved and delay-dependent
asymmetry A for ionization of S-(+)-fenchone and (b) laser spectrum of the
bichromatic field measured by Avantes AvaSpec 3648. The λ/2 for the red
pulses was set to 38◦. Delay-dependent asymmetry and frequency spectrum
after Fourier transformation each for peak 1 (observed at about 0.7 eV) shown
in (c) and peak 2 (observed at about 1.13 eV) shown in (d).

Next, sample data with a single 2ω frequency component at a center
energy of 1.15 eV and an oscillation with two frequency components (2ω
and 6ω) at an energy of 0.7 eV are generated (shown in figure 7.18b)). The
length of the signal is set to 32, which is the same as in the experiment
for the molecule scan. Zero padding is applied to yield a sampling point
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number of 256. In the evaluation of experimental data, applying a zero
padding to a grid size larger than 256 did not improve the derived frequency
spectra. The temporal profiles are shown in the top right of the figure.
Fourier transformation yields a frequency spectrum with broader but still
discernible features.
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Figure 7.20: (a) PES (top) of scan and energy-resolved and delay-dependent
asymmetry A for ionization of S-(+)-fenchone and (b) laser spectrum of the
bichromatic field measured by Avantes AvaSpec 3648. The λ/2 for the red
pulses was set to 35◦. Delay-dependent asymmetry and frequency spectrum
after Fourier transformation each for peak 1 (observed at about 0.7 eV) shown
in (c) and peak 2 (observed at about 1.13 eV) shown in (d).
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Next, experimental data is evaluated using the developed tools. In the
experiment, different numbers of sampling points in delay were used. As can
be seen from the sample data, also for 32 sampling points the evaluation
yields quite reliable frequency spectra.

First, a scan with larger time window on (S)-(+)-fenchone for different
relative intensities used in the bichromatic field is presented. The time win-
dow extends over about 6 full oscillation periods (or equivalently about 8
fs) of the blue field. The data is the same as shown in the main part of
the thesis (see figure 5.29). First, the power of the red field was kept low
(corresponding laser spectrum is plotted in figure 7.19(b)).
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Figure 7.21: (a) PES (top) of scan and energy-resolved and delay-dependent
asymmetry A for ionization of S-(+)-fenchone and (b) laser spectrum of the
bichromatic field measured by Avantes AvaSpec 3648. The λ/2 for the red
pulses was set to 30◦.

The VMI PADs are evaluated as shown in figure 7.17. The resulting
energy-resolved and delay-dependent asymmetry is plotted in figure 7.19(a).
As the center wavelength of the blue pulse is about 388 nm, two contri-
butions to the PES show up corresponding to excitation of 3s and 3p in-
termediate resonances of fenchone (see section 4.2). The recorded PADs
were anti-symmetrized and one quadrant was angle-integrated and normal-
ized (as shown in figure 7.17). The anti-symmetrization will generate addi-
tional asymmetries if the laser propagation direction is not exactly parallel to
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one of the two axes of the camera image. In this experiment, the camera was
slightly rotated resulting in a net asymmetry observed for all delays. This
results in an offset of the delay-dependent asymmetry curve. This can be see
in the figures 7.19(a), 7.20(a) and 7.21(a).
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Figure 7.22: Graphical user interface to evaluate the energy-resolved and
delay-dependent asymmetry shown here for the data obtained for (S)-(+)-
fenchone. The colored region in the plot on the top left indicates the region,
where the Fourier analysis is applied. The data is processed as described in
the text.

The evaluation of the energy-resolved and delay-dependent asymmetry
was done using a MATLAB script (see figure 7.22) allowing for adjusting the
center energy and the energy range, over which the values are averaged, via
the sliders. The resulting temporal profile was Fourier transformed. To find
out if one of the harmonics of the blue field is dominant in the frequency spec-
trum, the center energy was moved along the axis with a small window size.
As the effect stems from interference between red and blue ionization path-
ways, it can be influenced by the relative laser intensity between both fields.
In theoretical calculations it was found that the most pronounced chiral sig-
nature is expected at the outer edge of the photoelectron distribution.[187] In
fenchone, it seems to be that a dominant 2ω frequency component can be
observed clearly when investigating the delay-dependent asymmetry if both

193



7.6. APPENDIX FOR BICHROMATIC EXPERIMENTS

fields are linearly polarized along the same axis lying in the detector plane
(as shown in figure 5.26). In this case, a quite clear dominance of the 2ω
frequency component is observed and the chosen center energy and energetic
width has no strong influence on the observed frequency spectrum.

(a) Ired/Iblue ∼ 1.24 (b) Ired/Iblue ∼ 0.12

(c) Ired/Iblue ∼ 0.44

Figure 7.23: Same as figure 5.31, but here, no filtering of the phase values
has been done.

When scanning across the energy axis with a narrow energy width for
the data obtained with crossed polarization, some contributions at 2ω were
observed, although they seemed to be not dominant in the frequecny spectra.
The temporal profile and the corresponding frequency spectrum observed for
the two peaks observed in the PES integrated over a width of 0.1 eV are shown
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in figure 7.19(c) and 7.19(d). The red vertical lines in the frequency spectrum
indicate the expected position of harmonics of 2ω, where the first line is
positioned at 2ω (∼ 0.76 PHz). Increasing the red power with respect to the
blue power results in an energy-resolved and delay-dependent asymmetry as
plotted in figure 7.20(a). In this case, ATI peaks are observed in the PES.
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Figure 7.24: Delay-dependent photoionization signal (top) and correspond-
ing frequency spectrum (bottom) each for the three relative intensities (see
captions) between red and blue fields as shown in the main part of the thesis.
The vertical red lines indicate the 2, 4, 6, 8, 10, 12ω frequencies.

The data is Fourier-analyzed the same way as before, but no dominant
2ω component was observed throughout the energy range. The Fourier ana-
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lysis is shown in figure 7.20(c) and 7.20(d). When changing the relative
power of the two colors, the relative contributions to the ionization yield are
changed. This influences the interference of the different ionization path-
ways and thereby the chiral signature.[102] If the power of the red pulses is
increased further, the resulting PES contains stronger ATI peaks as shown in
figure 7.21(a). The energy-resolved and delay-dependent asymmetry thereby
acquires additional contributions that can be evaluated. The Fourier ana-
lysis of the data was done as before scanning across the energy region, but
no pronounced 2ω component was observed. Therefore the corresponding
temporal profiles and frequency spectra of this evaluation are not shown.

As an add-on to the data shown in figure 5.31, here the same curves are
shown in figure 7.23, but here, no selection of the phase values has been
done. Next, the presence of a delay-dependent oscillation of the total signal
(photoelectron yield) was investigated. For the three intensity ratio used in
the experiment, a Fourier analysis was performed yielding the plot shown in
figure 7.24. It can be seen that not dominant 4ω was detected and thereby
the calibration of the time axis for the 2ω oscillation of the anti-symmetric
part of the PADs was not possible.

Two colors in crossed polarization - chiral molecules scan Here, the
results obtained on the additional molecules that have been scanned with the
bichromatic field in mutually orthogonal direction of red and blue field are
shown. This is an addition to the section 5.2.4 in the main part of the thesis.
The delay scans for a larger group of different chiral molecules were done over
a delay range of about 2.4 fs. Phase scans were done on (S)-(+)-fenchone,
L )-alanine, (R)-(+)-α-pinene and (S)-(−)-limonene. The evaluation of the
data was done in two ways. The first evaluation presented here was done like
explained in the previous paragraph (see figure 7.17).

The PADs were anti-symmetrized, normalized to the total signal and
transformed into polar representation. This procedure yields energy-resolved
and delay dependent asymmetries to be evaluated by Fourier analysis. The
PES is derived from the polar representation of the original PADs. The phase
scans were done on the different molecules and partly with different relative
laser powers. The resulting data are shown in figure 7.26. The frequency
spectra obtained by Fourier analysis are investigated for a narrow energy
window, while scanning across the accessible energy region. The frequency
spectra in the energy region, where contributions in the PES are observed
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Figure 7.25: (a) PES and energy-resolved and delay-dependent asymmetry
obtained for (R)-(+)-α-pinene using a bichromatic laser power of 5 mW. (b)
Example of a Fourier spectrum obtained in an energy range of ±100 meV
around the first peak observed in the PES found at about 0.55 eV.

do not show a pronounced amplitude in the 2ω region. Therefore the fre-
quency spectra are not shown for all of the molecules here. As an example,
the data obtained on (R)-(+)-α-pinene is plotted in figure 7.25(a). As can
be seen in the PES, two main contributions are observed, which might ori-
ginate from excitation of different intermediate states (see section 4.3.1). No
pronounced delay-dependent features are observed in the asymmetry land-
scape. One exception was found in the case of L-alanine, where a dominant
2ω frequency component was found although it was at an energy, where no
strong contributions in the PES were observed. To test the stability of the
signal, the opposite quadrant in the original PADs was used to derive the
energy-resolved and delay-dependent asymmetry. If the signal found before
is real, it will be found in the opposite quadrant of the PAD as well. As this
was not the case, the conclusion is that the Fourier analysis did not yield a
dominant 2ω asymmetry oscillation of the data.

The same PADs measured for the different molecules were evaluated us-
ing the pixel-wise Fourier analysis as described in the main part of the thesis
(see section 5.2.4). The evolution of the signal along the time axis contained
in the order of the PADs is Fourier transformed for each pixel in the camera
image separately.
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Figure 7.26: PES and energy-resolved, delay-dependent asymmetry obtained
for (R)-(+)-α-pinene using a bichromatic laser power of 10 mW (top row left
side), for L-alanine (top row right side), (S)-(+)-fenchone setting the λ/2
plate for the red pulses to 42◦ (middle row left side) or 38◦ (middle row
right side). Same for (S)-(−)-limonene using a bichromatic power of 5 mW
(bottom row left side) or 8 mW (bottom row right side).
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Figure 7.27: Amplitude (left side of each image) and phase (right side of each
image) obtained by pixel-wise Fourier analysis obtained at the 2ω frequency.
Data are shown for (R)-(+)-α-pinene using a bichromatic laser power of 10
mW (top row left side), for L-alanine (top row right side), (S)-(+)-fenchone
setting the λ/2 plate for the red pulses to 42◦ (middle row left side) or
38◦ (middle row right side). Same for (S)-(−)-limonene using a bichromatic
power of 5 mW (bottom row left side) or 8 mW (bottom row right side).

The evaluation yields an amplitude and a phase PAD for each frequency in
the spectrum. The amplitude and the phase PADs obtained for the different
molecules at the 2ω frequency are shown in figure 7.27. The images show the
left half of the amplitude and the right half of the phase PAD.

In the case of (R)-(+)-α-pinene, areas of similar phase are observed (see
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figure 7.27a). This area shows out-of-phase oscillation along the vertical
axis (y-axis) but it is not well defined in energy. In the case of (S)-(+)-
fenchone, areas of similar phase are observed in the energy region, where
the contributions are observed in the PES. These areas show out-of-phase
oscillation along the vertical axis (y-axis). Nevertheless, these structures are
not observed on the other side of the phase PAD (not shown here). Therefore
it might be worth, to repeat the delay scan for (R)-(+)-α-pinene and (S)-
(+)-fenchone for the same intensity setting, but a larger delay window.

Next, a bichromatic experiment using circularly polarized fields is shown.

Bichromatic fields in counter-rotating geometry
Laser parameters

Input Polarization: Horizontal
Optical components used: β-BBO (500 µm), Calcite (5 + 1 mm), λ/2
for 800 nm, super-achromatic λ/4 plate (B.Halle), f = 100 mm mirror
in chamber (see figure 5.6)

Another interesting point is if a chiral signal can be generated in the
setup developed for the bichromatic field. The laser pulses are focused by a
concave mirror, which is hit under close to 0◦ thereby counteracting phase
shifts between in and out-of-plane polarization components. When using 0◦
angle of incidence, all input polarization components of both red and blue
fields are contained in the plane of reflection or perpendicular to it for a clean
input polarization state.

The bichromatic beam was transmitted through a super-achromatic λ/4-
plate (B.Halle, 310–1100 nm) to generate circularly polarized light in a
counter-rotating state. The polarization state of each color is characterized
by using a Glan-Laser polarizer (ThorLabs GL10 ) and measuring the trans-
mitted beam with a spectrometer (Avantes AvaSpec 3648 ). The polarization
quality is then characterized by integrating the yield in the spectrum over
the foot width for each of the two colors. The spectra are measured each for
angles of 0◦, 45◦, 90◦ of the Glan-Laser polarizer. The corresponding data are
shown in figure 7.28. The relative orientation of the fast axis of the λ/4 plate
is indicated by the black line in the figure. The polarization measurement
was done for 45◦ and 135◦ setting on the λ/4 plate. It can be seen that for
both 45◦ and 135◦ setting on the λ/4 plate, the laser spectra look similar for
the different angles on the polarizer. The derived |S3| values are all close to
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Figure 7.28: Spectra measured to characterize the polarization state of the
bichromatic field. The laser field polarization of both colors in front of the
λ/4 plate is indicated at the top left. The orientation of the fast axis of the
λ/4 plate is shown in the top row. The laser spectra of both colors were
measured for different angles of a Glan-laser polarizer (ThorLabs GL10 ).
The polarizer was set to 0◦ (red), 45◦ (green) and 90◦ (blue). The measured
laser spectra are shown in the lower rows. A detailed discussion is given in
the text.

The experiment was done on (S)-(+)-fenchone and the delay was scanned
starting from temporal separation, where the red pulses precede the blue
ones, up to temporal overlap. The aim here was to investigate the effect of
the presence of a second color on a PECD measurement. For the largest tem-
poral separation in the experiment, no interference of the two-color field was
observed for Xe ionization, when both colors were linearly polarized along the
same axis lying in the detector plane. When approaching temporal overlap,
the field interference is visible in the PADs obtained for Xe ionization. To
calibrate the time axis for the experiment, first, a delay scan in the temporal
overlap region on Xe was done.

The data was evaluated as explained in detail before using a pixel-wise
Fourier analysis. The obtained amplitude and phase PAD at the 2ω fre-
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Figure 7.29: (a) Amplitude and phase PAD at 2ω obtained for Xe ionization
when both colors are linearly polarized along the same axis lying in the
detector plane. (b) Corresponding laser spectra used in the experiment.

quency is shown in figure 7.29(a). No pronounced contributions from higher
frequencies were observed, which might originate from longer pulses due to
higher amount of dispersion when using more optical components for this
experiment. The combined laser intensity of both colors for the Xe measure-
ment is about 4 × 1013 W/cm2. As in previous measurements, out-of-phase
oscillation along the polarization axis of both colors can be observed nicely in
the phase PAD. The delay between both colors was adjusted to the maximum
accessible by the FS wedges. At this setting, the red pulse preceded the blue
pulse by about 66 fs and the intensity for the (S)-(+)-fenchone measurement
was reduced to about 1 × 1013 W/cm2. The relative laser intensities were
chosen such that the blue field can ionize on its own and the red field can
ionize starting from the prepared intermediate state. The delay of about 66
fs indicates that the pulses partly overlap in time. However, no pronounced
delay-dependent asymmetry along the polarization axis was observed when
repeating the measurement on Xe for this delay setting. Therefore, no strong
influence of the red field on the ionization at the maximum delay is expected.

When ionizing (S)-(+)-fenchone with the bichromatic field, the signal
shows a small decrease when approaching the temporal region, where the
delay-dependent asymmetry was observed on Xe. The signal level as func-
tion of delay between both colors is shown in figure 7.30. When the blue
pulse precedes the red pulse (negative delay in the figure), the red pulse can
ionize starting from a prepared electronic intermediate state. The red pulse

202



7.6. APPENDIX FOR BICHROMATIC EXPERIMENTS

Figure 7.30: Integrated ionization signal yield as a function of delay between
both colors (blue diamonds referring to axis on the left hand side). Raw data
LPECD for different delays between both colors (green diamonds, referring
to axis on the right hand side). Negative delays indicate that the blue pulse
precedes the red pulse and the bichromatic interference signal, where Xe was
measured (see figure 7.29(a)) is found at about 0 delay.

needs a four-photon transition into the intermediate, whereas ionization out
of the intermediate requires only two photons. Thereby the latter process is
more favorable and the observation in the experiment suggests that at the
chosen laser intensity, the red pulse mainly ionizes from a prepared intermedi-
ate. Another important point is that scanning the delay implies introducing
material and thereby dispersion. When scanning 66 fs, 0.4 mm of glass are
introduced, which stretches both pulses in time. At time 0, both pulses ex-
perience thereby a larger amount of dispersion.

For each delay step, a pronounced PECD was observed. As both col-
ors can contribute to the photoelectron distribution and the combined field
geometry lacks cylindrical symmetry, Abel-inversion is strictly speaking not
possible. Therefore, the LPECD metric was obtained from the raw data and
is shown as a function of delay on the second y-axis in figure 7.30. The
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LPECD shows no pronounced trend depending on the delay between both
colors. The anti-symmetric part of the PECD image for a delay of -20 fs is
shown as inset in figure 7.30. The laser pulses propagate from the right to
the left hand side in the PADs.

In this paragraph it was shown that chiral signatures can be observed
when using a bichromatic field. When both red and blue pulses are cir-
cularly polarized, chiral signals can be generated by each of the pulses. A
change in ionization yield depending on delay was observed that indicates
that the ionization signal originated from a combination of both fields. It
is not clear if the observed PECD originates mainly from the blue field or
from a combination of both colors. It has been observed that PECD at 800
nm has the same sign as the one observed at 400 nm.[87] It can therefore
be expected that mixing both colors with opposite sense of rotation might
lead to reduction of the PECD if no further intermediate state is involved in
the ionization pathway of the red photons. Probably this is the case, as one
additional red photon from the 3s state leads to a region of high density of
states in fenchone. This could influence the contribution from the red field
such that PECD might also be increased. In both cases a pronounced contri-
bution of the red field to PECD should lead to a delay-dependent change in
the LPECD metric. As no systematic delay-dependent trend in the LPECD
metric was observed, this suggests that the contribution of the red photons
to PECD is only minor. Changing the relative intensity of both colors and
repeating the delay scan might provide further insight into the contribution
of both colors to the chiral signatures.

Conclusion In this section, additional measurements with the bichromatic
field were shown. When the polarization of both colors is linear and along
the same axis, a delay-dependent asymmetry along the polarization axis is
generated. This asymmetry oscillates at a frequency of 2ω and was used to
calibrate the time axis for the delay scans.

When both colors are in polarized along mutually orthogonal axes, the
resulting field resembles Lissajous curves. The field geometry is influenced
by the relative phase between the colors. A delay-dependent asymmetry in
field magnitude along the polarization axis of the blue field is generated.
Orienting the blue field polarization along the y-axis and the red field along
the x-axis (spectrometer axis, see figure 7.16(a)), this asymmetry can be re-
corded by the VMI detector (see figure 7.16(b)). This experiment provides
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also the possibility to calibrate the time axis.
When investigating chiral specimen, the blue field polarization was ori-

ented along the x-axis and the red field along the y-axis (see figure 5.25(a)).
Depending on delay, different field geometries are realized (see figure 5.27).
The chiral signals are expected to oscillate at a frequency of 2ω. During a
measurement, the delay was scanned continuously. For each delay step, a
VMI PAD was recorded by the camera. The evaluation is based on Fourier
analysis. On the one hand, the PADs were anti-symmetrized along the laser
propagation direction and transferred to polar representation. Summing over
all angles for each radius and applying energy calibration and signal conser-
vation yielded an energy-resolved asymmetry curve for each delay step. The
energy-resolved and delay-dependent asymmetry curves were subsequently
Fourier-analyzed. To derive a temporal profile for the Fourier analysis, the
asymmetry data was integrated in an adjustable energy window. A domin-
ant peak in the resulting frequency spectrum was searched. This procedure
was done in a graphical user interface providing the possibility to adjust the
center energy and the energy window width. Some 2ω contributions were
observed for (S)-(+)-fenchone.

On the other hand, pixel-wise Fourier analysis like demonstrated in the
’phase-of-the-phase’ spectroscopy[105] was applied to the data. This yields a
frequency and a phase spectrum for each pixel in the camera image. This
technique proved to be quite powerful especially to discern different frequen-
cies as observed on Xe (see figure 5.23). Applying this technique to the
delay scans for different molecules, one searches for areas of similar phase in
the energy region, where photoelectrons were observed in the corresponding
PES. For some cases, areas of similar phase were observed in the region,
where contributions in the PES were observed as well. In the case of (S)-
(+)-fenchone, for the longer delay scan, the areas of similar phase showed
indication for out-of-phase oscillation along the polarization axis of the red
field. For the shorter delay scan on (S)-(+)-fenchone, areas of similar phase
were observed that indicate out-of-phase oscillation along the polarization
axis of the red field. In the case of (R)-(+)-α-pinene, areas of similar phase
that indicate out-of-phase oscillation along the polarization axis of the red
field were observed. These areas also indicate out-of-phase oscillation along
the laser propagation direction (z-axis). However, these areas are rather dif-
fuse and thereby do not correspond to the specific photoelectron energy. To
sum up, there seem to be some indications for the chiral effect one searches
for (see main part of thesis). Further investigations need to be done to shed
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light on the chiral effect in bichromatic fields.
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7.7 Startup manual for Femtopower HE 5 kHz

During my PhD time in the group I (together with Cristian Sarpe) was in
charge of the Femtopower HE 5 kHz laser system and this section is a docu-
mentation of how to start and shut down the laser and how to do alignment
of the oscillator and the amplifier.

The startup of the Femtopower HE is quite similar to the 1 kHz system.
First of all, the chillers need to be started.

1. Open up the two valves in the corner of the laboratory, the magnetic
valve and the heat exchanger pump. Check the height of the distilled
water at the heat exchanger pump (should be around 2 cm under the
plate).

(a) (b)

Figure 7.31: Chiller for pump laser (a) and (b) cryocooler for the amplifier
crystal.

2. Switch on the main chiller for the pump laser (see figure 7.31(a)); the
chillers for the oscillator run all the time and need not to be started).
Check the amount of distilled water in the chiller of the pump laser
(’Lytron’, see red ball on the left side of the front). The water can
usually be filled up until it has contact with the plastic inset (please
use doubly distilled water). The temperature should decrease to 19◦C
after a couple of minutes.
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3. Subsequently, the oscillator can be started using the Dazzler laptop.
Execute the program ’Spectra Physics’ on the desktop. The program
will check the connection and the status of the pumplaser. If the sys-
tem is okay, the button ’System status’ will light green. Check that
the output power is set to 3.6 W and switch the laser emission to
’On’. A window will show up, asking if you really like to switch on the
pumplaser. Press ’OK’ and wait until the power reaches 3.6 W (screen
of the Dazzler laptop is shown in figure 7.32).
Switch on the multiplug beneath the table, where the ’GreenAlign’ is
situated. This will activate the Shutter box, the Pockels cell driver, the
Trigger Box, the RF generator for the Dazzler and the ’GreenAlign’.

Figure 7.32: Starting the oscillator and the Dazzler using the Dazzler laptop.

Wait a few minutes before you open the shutter. In the meantime,
activate the Shaper-PC and the multiplug close to the beam pointing
stabilization unit (BPSU) to check the spectrum. You can either use
the Avantes spectrometer software, or (for intensity calibrated spectra)
the current spectrometer program can be found in ’Desktop \Spec-
trometerControl_ ....vi’. Use the latest version of the program. An
example of the expected oscillator spectrum is depicted in figure 7.33.
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Figure 7.33: Typical spectrum of the Synergy oscillator.

Open the shutter of the pumplaser using the program and check that
the positions for x and y on the four quadrant photodiode shown on
the ’GreenAlign’ are close to zero (a deviation of ± 100 is okay). If
the shutter of the pumplaser is closed, the ’GreenAlign’ will show a
warning, as the position the QD detects, is out of range. You should
see the CW spike on the spectrometer program. Try to activate the
modelocking via the ’Start ML’ button on the ’GreenAlign’. In many
cases you will need more than one or two actuations.

4. Activate the cryostatic cooler of the amplifier by pushing the red button
on the big black box (see figure 7.31(b); the driver of the ion pump is
situated on top of it). The temperature of the amplifier crystal and the
pressure in the chamber are monitored on the Amplifier control unit
(’ACU’ see figure 7.34). The pressure should be in the region of 10−7
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mBar and the temperature ∼ 90 K without load and ∼ 110 K with
load, i.e. pump laser running and seed open.

Figure 7.34: Amplifier control unit (ACU)

5. Check that the RF generator for the Dazzler (see figure 7.35) is activ-
ated.

Figure 7.35: RF Generator for the Dazzler

6. Switch on the Beam pointing stabilization unit (see figure 7.36). Make
sure that the stabilization loops are off!

7. Afterwards, the remaining electronics (oscilloscope etc.) can be switched
on.

8. Activate the first stabilization loop (two buttons for x and y!)

9. Start the Pockels cell high voltage and turn it up to a value of 6.3 kV
(see figure 7.37).
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Figure 7.36: Beam pointing stabilization unit (BPSU)

Figure 7.37: Pockels cell driver.

10. Load and apply the corresponding phase file on the Dazzler (Currently,
’5khz 1.0mj 61nm fwhm 08072015’ will yield ∼ 25 fs on the GREN-
OUILLE).

11. When the amplifier crystal has reached the operation temperature (∼
110 K), the pump laser can be started using the red power button.
Push the shutter button, turn the laser-enable key to ’On’ and then
push the LDD drive button. Turn up the diode current to a value of
37 A (see figure 7.38).

12. Place the powermeter head outside the amplifier (Check the position
of the powermeter head with the ASE beam).

13. Unblock the seed beam and watch the display of the powermeter (for
5 kHz operation a value of ∼ 4.8 W (= 0.9 mJ) should be reached
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Figure 7.38: Pump laser controller

after around 45 min of warmup time). Cover the amplifier to improve
the stability.

14. If the power exceeds 6 W, the pump power should be decreased. This
is done by rotation of the λ/2 plate directly after the pump laser (see
figure 7.39). Caution: The polarization of the pump laser is
rotated in the warmup time of ∼ 1 h! Do not rotate the plate
earlier!!!.

Figure 7.39: Schematic beam path of the pump laser before entering the
amplifier.

15. Now you can remove the powermeter head and activate the stabilization
loop No. 2 on the BPSU.

212



7.7. STARTUP MANUAL FOR FEMTOPOWER HE 5 KHZ

16. For basic alignments of your beam paths, the ASE beam can be used
(seed of amplifier blocked). When using the ASE beam make sure
that the stabilization loop No. 2 is deactivated! Otherwise the
beam will be shifted by the Piezos and you need to start the
alignment once again when the seed beam is unblocked!

17. Activate the laser warning lamp outside the laboratory.

Shutdown of Femtopower HE 5 kHz

1. Switch off the stabilization loop No. 2.

2. Block the seed beam.

3. Apply the zero phase on the Dazzler and decrease the high voltage on
the Pockels cell to zero. Switch off the high voltage.

4. Decrease the diode current of the pump laser to zero. Press enter
(Otherwise the pumplaser will directly increase the diode current to
the given value at the next startup). Push the LDD drive button, turn
the key into disable position, press the shutter button and switch off
the pump laser driver with the red power button.

5. For the shutdown of the oscillator, switch off the stabilization loop No.
1., press the shutter button in the program, and then deactivate the
Laser emission.

6. Now you can switch off all the electronics (BPSU, oscilloscope, Dazzler
laptop, Powermeter, etc.).

7. Deactivate the cryocooler of the amplifier crystal.

8. After waiting ∼ 15 min, you can stop the chiller of the pump laser,
the heat exchanger pump and close the valves in the corner of the
laboratory.

9. Switch off the laser warning lamp.
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7.8 Laser alignment

The basic steps to do alignment of the laser system based on my experi-
ence and recommendations from others are described in the following. In
this part the alignment procedure used for the oscillator (Femtosource Syn-
ergy, Femtolasers) based on a laser training I had in 2015 with Harald Frei
and coworkers[206] and the amplifier (Femtopower HE 5 kHz, Femtolasers),
which I learned mainly from the laser engineer, who set up the amplifier[207]

is described. We start first with the oscillator, where a more detailed exper-
imental setup is depicted in figure 7.40.

Please note every alignment you do on the laser in the lab-book!
It will make life for you and the others much easier ;)

7.8.1 Oscillator alignment

Figure 7.40: Schematic layout of the oscillator Femtosource Synergy,
Femtolasers.

The oscillator is pumped by a cw laser (Spectra Physics Millenia eV )
with maximum 5 W output power, where the power used for pumping the
oscillator is 3.6 W. The laser beam propagates through a periscope and two
mirrors, before it hits a glass plate reflecting part of the beam into a four-
quadrant photodiode monitoring the position of the laser beam on the Green-
Align box. The transmitted beam is reflected by another mirror and focused
into the titanium sapphire crystal using a lens placed on a stage (S1). The
green light is absorbed by the Ti:Sa crystal and the rest impinges on the
blocker B. The mirrors M1 and M2 collect the fluorescence and reflect the
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fluorescence into the short (M2-M6-M7) or the long arm (M1-M3-M4-M5-
OC) of the cavity. The darkblue mirrors in figure 7.40 are chirped mirrors,
whereas the turquoise mirrors are high-reflective for the wavelength region
of interest. The beam path inside the cavity is closed by the output coupler
(OC). The OC is a wedge, so that the the reflex of the second glass-air trans-
ition cannot enter the cavity again. This introduces a difference in dispersion
experienced by different lateral parts of the beam. Therefore a compensation
plate (CP) with opposite wedge direction is used afterwards. The oscillator
is capable of standalone operation and therefore a pair of chirped mirrors
(CM) is installed, which are in principle not needed for seeding the amplifier.
The beam exits the oscillator box and a reflex is sent to the entrance of a
spectrometer fiber for permanent monitoring of the oscillator spectrum. The
main part of the beam is reflected by a Piezo-driven mirror (P1) coupled to
the stabilization loop number 1. The quadrant photodiode is placed inside
the amplifier box.

There are three different stages moving optical components. The stage
S1 moves the focus position of the pump beam in axial position. The stage
S2 moves the Ti:Sa crystal along the Brewster angle so that there is no need
for realignment of the cavity after moving the crystal. This stage is typically
used when there is a spot in the crystal with a small damage, which can be
indicated by the fact that the maximum CW power cannot be increased to
the usual level with alignment of the cavity. The stage S3 moves the mirror
M2 along the pump beam axis changing thereby the stability range.

The alignment of the oscillator is required if the modelocking (ML) can-
not be started anymore. There are two possibilities to start the ML. First,
pushing the "Start ML" button on the GreenAlign and second, pushing the
manual button at the end of the oscillator box. Starting the ML over the
GreenAlign usually requires good alignment of the oscillator.

The basic alignment is done solely using the OC and the endmirror of
the cavity (M7). The powermeter head can be inserted into the beam after
the glass plate generating the reflex for monitoring the spectrum. First, the
stability range screw is rotated to the maximum CW power, which is typic-
ally in the region 620–680 mW for good alignment. The typical value should
be about 630 mW. If the value is lower, the overlap of the different paths in
the cavity should be optimized by aligning the OC and the endmirror of the
cavity. First, independent alignment of both mirrors should be done. If the
basic alignment is good, the power should be easily increased by this. Oth-
erwise, beam-walking using both mirrors is required. This is done in order
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to find the global maximum in laser power and is done in the following way.
Starting at the maximum power achievable with independent alignment one
of the mirrors is moved in one direction and one tries to recover the power
by finding the maximum by alignment of the same axis on the other mirror.
This procedure can be repeated several times and is usually only required
when the oscillator has not been in operation for a longer period of time. In
most cases, independent alignment is enough to increase the output power to
the required value. If the alignment of the mirrors cannot recover the desired
output power, the crystal can be moved along the Brewster angle. If a spot
in the crystal is the problem, the movement of the crystal is accompanied by
an increase in output power. Sometimes the output power is okay, although
ML cannot be started. One of the most critical angles inside the cavity is
the one on the mirror M4. Only slight alignment of the incidence angle using
M3 can change the observed output power slightly (ca. 10 mW), but has
a strong influence on the ML. Keep in mind that the angle of incidence on
chirped mirrors changes the applied dispersion. This effect is amplified inside
a cavity, as many roundtrips are done by the pulses. The ML is started by
introducing a perturbation of the stable operation in the CW mode. If a
short pulse is formed it can start the Kerr-lens modelocking due to higher
intensity compared to the CW mode.

7.8.2 Amplifier alignment

This alignment recommendation is based on the training done by Dr. Peter
Roth[207] from Femtolasers during installation and my experience with the
laser system over the years. This description is meant to be a recommenda-
tion rather than a strict rule, how to do alignment of the amplifier.

The alignment of the 5 kHz amplifier requires—in my humble opinion in
contrast to the 1 kHz system—longer waiting time when turning the knobs
of the different mirrors. This is due to the fact that the thermal load is
much higher and therefore after turning the screw of a mirror it takes longer
to reach an equilibrium. The description here is focused on optimization of
alignment, not an alignment starting from scratch, which is harder to do.
The seed beam (oscillator beam) path is fixed by a couple of pinholes inside
the amplifier.

The schematic layout of the amplifier is depicted in figure 7.41, where the
important optics are marked with names in red inside black boxes. First, the
available power of the pump laser needs to be determined. To that end a
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powermeter head is inserted inside the amplifier box after the pump periscope
P1. Use the large powermeter head for the ThorLabs PM100 and deactiv-
ate the accelerator option in the menu (as the powermeter head is thermal
it cannot adjust to incident power as fast as the powermeter would suggest
when the accelerator option is activated). The pumplaser usually needs a
warm-up time of about one hour, so the power measurement should be done
when the pumplaser is in stable operation. The power of the pump laser
can be adjusted using the λ/2 waveplate directly after the exit of the pump
laser. The power used at the last alignment can be found in the lab-book. In
general the oscillator beam should be aligned with respect of the pump laser
beam (and not the other way round).

Alignment of the amplifier starts with the first four passes. The mirrors
M1-M3 are used to optimize amplification of the pulses monitored on an
oscilloscope. A shutter for the seed beam is installed in front of M1. The
basic idea for the alignment of the passes up to the ninth pass should be to
increase the output power as much as possible. The last pass is done to bring
the amplifier closer to saturation of the available pump power.

Two pass alignment Put in the pickup mirror in the front position of the
black amplifier plate. The plate has a small notch in the plate on the left
hand side in front of the curved mirror for the seed beam. This will reflect the
beam after two passes onto mirrors guiding the beam onto the photodiode
PD2 coupled to an oscilloscope. The last mirror in front of PD2 needs to be
aligned such that it guides the beam to the middle of PD2. This is important
as the signal height shown on the oscilloscope can be changed by alignment
or simply by the fact that the beam moves away from the photodiode. On
the oscilloscope you will see the pulses that are amplified underneath the
pump pulse envelope. Align the mirrors M1 and M2 for maximum signal
height. Usually two neutral density (ND) filters each with an optical density
of one are used. As the photodiode only gives a voltage as signal, which
changed over the years, the amplification is a better parameter to judge the
quality of alignment if you compare your alignment to previous ones. Shut
off the pump laser and place the pickup mirror such to reflect the incoming
beam onto the photodiode. The typical amplification factors for the different
repetition rates you can find in the installation report or in the lab-book.
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Four pass alignment To do four pass alignment, place the pickup mirror
in the rear position on the black amplifier plate. The mirror in front of PD2
needs to be realigned. Once again, make sure the beam is centered on the
photodiode. Now the alignment is done with the mirror M3. The mirrors M2
and M3 are part of a two mirror assembly, where only one of them is moved
by turning the knobs. For the four pass alignment usually the ND filter with
a density of 3 and one of the ND 1 filters need to be used. Increase the signal
on the oscilloscope as much as possible. Here, you can as well determine
the amplification factor when comparing the voltage after four passes to the
voltage, the incoming beam generated.

Eight pass alignment After the fourth pass the beam enters the Pock-
els cell picking pulses to deliver a repetition rate of close to 5 (or 3) kHz.
The Dazzler performs spectral phase and amplitude shaping to provide short
pulses at the exit of the amplifier box and to reduce gain narrowing.

The next four passes are aligned using the mirrors M4 and M5. To optim-
ize the output power, a pickup mirror is inserted directly behind the mirror
M6. The small powermeter head for the PM100 is inserted into the beam
reflected by the pickup mirror. Make sure the beam hits the powermeter
head in the middle! Beam walking should be done using the mirrors M4 and
M5. This procedure can take a while. When reaching a power of about 200
mW, the mirrors used previously can be used to find the best overlap of the
passes. Start with the mirror M2, continue with M3 and then M5. In most
cases the vertical alignment yields more power increase than the horizontal
alignment of the mirrors.

If the alignment of the seed beam is fine, the pump beam can be aligned.
This is done by optimizing the upper mirror of P1 followed by alignment
of the mirror PM1. The alignment of these mirrors is a critical step and
will change the measured power quite strongly. Be careful when doing this
alignment as the Ti:Sa crystal inside the chamber is placed between metallic
holders that can be burnt when exposed to the pump beam.

Nine pass alignment The alignment of the ninth pass is usually not so
critical. The powermeter head is placed in the beam path in front of the lens
in front of the mirror M7. Alignment is done using mainly the mirror M6.
In some cases, beam walking with M6 and the mirror in front of M6 needs
to be done.
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Ten pass alignment For the tenth pass alignment, the powermeter head
is placed in front of the Piezo-mirror used for the stabilization loop number
two. Alignment of the tenth pass is done using the mirrors M7 and M8.
Beam walking can be performed with these mirrors.

Sometimes, the alignment procedure has to be repeated several times to
yield the best result. The output power reached can be compared to previ-
ous values to judge the quality of alignment.

After alignment When the alignment is fine, the output beam needs to
be guided through the irises placed inside the amplifier box. Next, the mirror
guiding the beam onto the second stabilization loop (QD-2) is aligned such
that the beam is centered on the display of the beam pointing stabilization
unit.

7.9 Velocity map imaging spectrometer

The measurement apparatus was built in the PhD thesis of Marc Krug and
was equipped with an additional gas inlet during the PhD thesis of Christian
Lux. The basic layout is described in both theses and the following explana-
tions are focused on the current setup and the changes done to the machine
during my PhD work.

The vacuum chamber is evacuated using a rotary vane pump (Edwards
E2M18 ) and a turbo molecular pump (Oerlikon Leybold SL 650 ) to generate
a vacuum background pressure of typically below 1 ·10−7 mBar in idle mode.
Using a condensation trap filled with liquid nitrogen reduces the background
pressure to 2 · 10−8 mBar. The specimen can be brought into the vacuum
chamber by a reservoir outside the chamber filled with water that can be
heated. Most specimen investigated in this thesis yield a vapor pressure high
enough to enter the measurement chamber at a water temperature of about
50 ◦C.

The pressure inside the chamber can be measured at different positions to
investigate the sample distribution inside the chamber. The first tests led to
the conclusion that using a gas needle placed in the interaction region of the
spectrometer without capturing the gas in an additional chamber evacuated
with an additional turbo molecular pump or freezing the molecules to hinder
them to travel back to the interaction region, basically just floods the whole
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vacuum chamber with the gas. Therefore the contribution of the gas beam
and the ionization stemming from the gas particles traveling back cannot be
distinguished anymore. At this point it should be mentioned that this dif-
fuse gas cloud seems to have no tremendous influence on the observed PECD
effect as comparable measurements performed with supersonic beams[71] yiel-
ded comparable PECD results to those done with the effusive beam source.[69]

According to a discussion with Theofanis Kitsopoulos,[130] the imaging qual-
ity obtained with a VMI depends on the presence of stray fields reaching into
the flight path of the charged particles and might be decreased when using
non-radially symmetric objects like a gas needle between the plates. As fur-
thermore the signal magnitude was not decreased after moving the needle
out of the space between the VMI plates, the needle was placed few cm away
from the plates to reduce spurious effects that might be introduced due to
the presence of a needle set to high voltage. In the experiments reported in
the thesis of C. Lux[75] and the experiments reported herein in sections 4.1,
4.2 and 4.3, the VMI setup was the same. After that, several improvements
were made on the VMI like moving the gas needle out of the interaction re-
gion and the VMI plates were exchanged for larger ones. The plate diameter
increased from about 7 cm diameter to about 14 cm diameter. The larger
plates are made of 1.4404 (AISI 316 L), which should be non-magnetizable.
The increased plate diameter should reduce the effect of stray fields reach-
ing into the flight path of charged particles thereby improving the imaging
quality of the VMI. After he installation of the new VMI plates, the energy
resolution was improved from the previously reported[74] about 7.5% down
to about 4% (∆E/E) at a photoelectron energy of about 1.85 eV.

By adjusting the polarity of the plates, either photoions or photoelectrons
can be directed towards the detector. The detector comprises a double stack
MCP in chevron configuration and a phosphor screen deposited on a fiber-
glass optic transporting the light efficiently to a glass window from where
the light is imaged onto a CCD camera (Lumenera Lw165m). The camera
is used to capture the angular distribution of photoelectrons, while the mass
spectra can be recorded by a capacitively coupled output on an oscilloscope
(LeCroy Waverunner 640Zi).

7.9.1 Startup and operation manual for the VMI

In this section, a short startup manual and a guide, how to operate the VMI
in general is presented.
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Polarization adjustment When carrying out a VMI experiment, a few
preparatory steps are necessary. First, the laser beam used for ionization
should be guided to the machine and aligned through irises that can be
placed along the line in the breadboard in front of the machine. If the
alignment of the beam is good, the polarization of the laser beam needs
to be characterized. To that end, a Glan-Laser polarizer (ThorLabs GL10,
wavelength region 350–2300 nm, material: Calcite) mounted in a computer-
controlled motor is used. The alignment of the Glan-Laser polarizer with
respect to the incident beam is crucial and is done in the following way.
The polarizer is placed such that the beam passes through its middle. Two
angles need to be adjusted referring to the horizontal and vertical plane
of the incident light with respect to the polarizer surface. For a linearly
polarized input beam, the minimum in transmission is searched by rotating
the polarizer into blocking position using the motor. Rotating the polarizer
by 180◦ should again result in zero transmission. If the alignment is not good
enough, the transmission is not minimum in this position. The polarizer
shows a reflection off its surface and this reflex can be aligned such that
the polarizer is hit under close to 0◦. This is typically the position, where
the polarizer blocks the incident light beam for both 0◦ and 180◦ positions
around the motor axis.

input polarization

fast axis

45°

E0 sin(kx)

E0 cos(kx)
LCP

slow axis 

Figure 7.42: Scheme to generate LCP light using a λ/4 plate.

Once the polarizer is set up correctly, the λ/4 plate can be inserted to
convert LIN into LCP or RCP light. The λ/4 plate is mounted in a motor
that can be controlled by the computer. The motor is mounted on a prism
holder, which is used to reproducibly align the angles of incidence of the laser
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beam on the λ/4 plate. The λ/4 plate transmits LIN light, when its polar-
ization is either along the fast or the slow axis. To generate LCP or RCP
light, the λ/4 plate is rotated to ±45◦ with respect to the input polarization.

The scheme to generate LCP light out of LIN is shown in figure 7.42.
The incident light beam is linearly polarized and the fast axis of the λ/4
plate is oriented such that a phase shift of π/2 is introduced. The vertical
axis oscillates like a cosine and the horizontal axis like a sine function (for
simplicity shown here with same amplitudes) such that the overall electric
field rotates in a clockwise sense in the system of the photon. In the optical
convention as used throughout this thesis, the reference system is that of a
spectator looking against the propagation direction of the light (like the mo-
lecules would see the incident beam). This means that the light field shown
in figure 7.42 rotates in counter-clockwise sense in the reference system of
the molecule and is therefore LCP light.

First, the λ/4 plate is rotated around the motor axis such that the fast
axis is oriented along the fast axis of the plate. That the input polarization is
oriented along either the fast or the slow axis of the λ/4 plate is checked by the
transmission through the polarizer set to 0◦. The λ/4 plate is rotated around
the motor axis such that the transmission is at minimum. Next, the angles of
incidence on the λ/4 plate are adjusted using the prism holder. For a coarse
alignment of the angles, the λ/4 plate can be rotated to ±45◦ and the trans-
mitted power can be monitored by placing a powermeter head behind the
polarizer. The powermeter (typically an Ophir Nova II ) is connected to the
computer via a USB cable and should be set to the approximate wavelength
when using a photodiode head. One of the angles of the prism holder is
aligned such that the transmitted power for ±45◦ orientation of the λ/4 plate
is equal. The remaining angle to be adjusted is optimized for another angle
of the polarizer (e.g. 45◦ or 90◦ rotation with respect to the zero transmission
orientation). The fine adjustment is done by recording a detailed polariza-
tion scan for both LCP and RCP setting. A LabView VI was written to
that end (current path exp3_all:\Lab-View-17\ChiralMeasurementVIs\
General\RotatePolarizer_MeasurePower_QWP.vi) rotating the polarizer
with a given step size and recording the transmitted powers for both LCP
and RCP setting of the λ/4 plate. For a perfect circular polarization, the
transmitted power resembles a horizontal line when plotted against the angle
of the polarizer. This can be achieved for either LCP or RCP setting alone,
but in general not for both at the same time. When deviating from the
perfect circular field, a remaining ellipticity is observed, which is indicated
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by small oscillations around a horizontal line. The LCP and RCP polariza-
tion curves are optimized with respect to the same ellipticity oscillating in
phase. This means that both transmitted power curves are overlapped. This
is important as taking the difference between LCP and RCP PAD assumes
similar ellipticity for both settings of the λ/4 plate. If this is not the case, the
resulting PECD image will contain several structures that do not necessarily
indicate a chiral response from the molecules.

Alignment of focusing optics and starting of machine Currently two
options for focusing are possible: using a mirror or a lens. When using the
lens, it should first be made sure that the mirror inside the chamber is moved
out of the beam. If this is the case, the lens can be placed roughly in distance
f away from the middle of the VMI plates. In general, the divergence of the
incident laser beam influences the axial position of the focus. The size of the
interaction volume and its position with respect to the VMI plates will influ-
ence the quality of the electron imaging. The VMI features electron imaging
to radii defined by the momentum of the electrons independent of the point
of ionization. When increasing the interaction volume, the terms taking into
account the point of ionization in the equation for the electron flight path
become important. Thereby the electrons are imaged onto radii defined by
their momentum and their point of ionization. When using for instance the
f = 200 mm lens (as done herein), the axial focus position should be adjus-
ted with an accuracy of about 0.5 cm, as otherwise the electron PADs are
sheared or deformed. The lens can be aligned coarsely without ionization
signal and is optimized on the ionization signal afterwards. To generate ion-
ization signal, the desired measurement gas should be introduced into the
vacuum chamber. The pressure is adjusted by a needle valve to a value of
about 3×10−6 mBar inside the chamber. As currently no magnetic shielding
is installed around the VMI plates, electrons from the pressure gauge will be
imaged onto the detector so that the pressure gauge is usually turned off dur-
ing electron measurements. The gas is introduced via the needle inside the
chamber generating an effusive beam of the substances. When the operating
pressure is reached, the detector can be started. This is done by first switch-
ing on the power supply for the high voltage supplies. The polarity of the
high voltage supply for the detector should be set to positive and the voltage
can be increased up to +1900 V for the MCPs and +4900 V on the phos-
phor screen. When doing this, looking from time to time onto the detector
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is helpful. The camera should be switched on before starting the detector
so that any problems with the detector should be visible on the computer
screen. Up to now, no severe problems occurred during starting the detector
so that controlling the camera live image is just a security measure. The
voltage for MCP and phosphor screen is increased to the desired values over
about 15 minutes. This can be done by hand or by a LabView program. In
the latter case, the high voltage supply has to be connected to the computer
via an RS232 connector.

When a voltage above about +1800 V on the MCPs and a voltage above
about +4000 V on the phosphor is reached, dark count signals should be
visible on the detector. Sometimes it is easier to see the dark count signal
by eye compared to the camera live image. When the detector is on, about
30 dark counts per second are visible on the detector and the VMI plate
voltages can be set to the desired values. For imaging of ions or electrons,
the plate voltages are set to roughly the same values, but opposite polar-
ity. The best voltages for sharp imaging of electrons onto the detector are
found in the experiment via iterative optimization using e.g. xenon ionization
with the third harmonic of a Nd:YAG laser with linear polarization in the
detector plane. This procedure follows the recommendations of Theofanis
Kitsopoulos[130] and proved successful to delivering sharp electron PADs in
the experiments. It is important, to make sure that the Nd:YAG laser beam
is focused to the same spot as the femtosecond laser beam, which is ensured
by using irises for the incoming beam and proved robust in the experiment.
The procedure to find the best voltages is the following. For a fixed repeller
voltage, the extractor voltage is varied in such a way that the sharpness of
the electron PAD is increased. The sharpness is indicated by the slope of the
outermost ring seen in the electron PAD. The electron PAD will move when
changing the voltage on the extractor plate. Once the optimum voltage is
found, averaged images can be recorded by the camera program and evalu-
ated afterwards. The best voltage setting gives an energy resolution of about
∆E/E ∼ 4%, which lies in the region, what a three-plate VMI is capable of
delivering.[208] Better energy resolution requires typically a higher number of
plates to define the electron flight path in a better way. The best voltages
used for imaging photoelectrons up to about 4.3 eV kinetic energy are cur-
rently −1750 V on the repeller and −1359 V on the extractor plate.

For ion detection, the extractor voltage is reduced by about 50 V such
that the ion image is not sharp. If the ion image is sharp, saturation effects
or damage of the detector might occur. The ion mass spectra can be recorded
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using a capacitively coupled output on an oscilloscope. The out-coupler is
based on an RC circuit as explained in the thesis by C. Lux.[75] The schematic
layout of the electron and ion detection is shown in figure 7.43.

P20 screen 
MCP

camera 

I+ HV supply

+

+

+4900

Oscilloscope

R

R CC

Figure 7.43: Schematic layout of the detection of electrons and ions on the
detector of the VMI machine.

During working with the RC circuit it was discovered that an additional
resistance is included in the circuit, which looked like a cable and was there-
fore drawn as a cable in the corresponding scheme (figure B7 in the thesis of
C. Lux[75]). The additional resistance seems to improve noise filtering.

When the detector is running, coarse alignment of the lens for focus-
ing the laser beam into the interaction region of the VMI machine can be
done. The coarse alignment of the lens should be done on the ions to see if
charged particles are generated and reach the detector. The fine adjustment
of the lens is done using the electron PAD. For imaging of electrons, the coils
should be switched on, as otherwise the remaining magnetic field will shift
the electron PAD to the edge of the detector. The magnetic field magnitude
is controlled by changing the current applied on the coils. When the coils
are activated, the fine alignment of the lens position using the electron PAD
can be done. The alignment should not be done with respect to the max-
imum signal but rather to the quality of the electron PAD with respect to
roundness. When adjusting the lens it is important to do this carefully and
being aware that hitting by accident one of the VMI plates with the beam
results in strong electron signal saturating the detector. The positioning of
the lens can be done while looking at the electron PAD live image captured
by the camera. When moving the lens along the propagation direction of the
beam, a shearing of the upper and lower halves of the PAD can be observed.

226



7.9. VELOCITY MAP IMAGING SPECTROMETER

The optimal position of the lens is indicated by absence of shearing and a
nice round PAD. Once the optimal position is found, the PAD image can be
centered (if necessary) by adjusting the current applied on the coils.

The alignment procedure for the mirror inside the chamber is similar as
for the lens. The coarse alignment of the mirror should be done when the
plates and the detector are switched off. The input beam should be aligned
through the irises and the mirror should be moved into the center position on
the manipulator scale. The angle of the mirror with respect to the incoming
beam is adjusted using the two stages at the end of the vacuum manipulator.
The important thing to notice here is that the stages have to be adjusted
with the two knobs crosswise for one angle. The knobs have to be turned
in the opposite direction. The alignment is done by looking at the returning
beam. The returning beam is strongly divergent and has to be centered with
respect to the incoming beam. The axial alignment of the mirror inside the
chamber is done by using the wheel on the left hand side of the manipulator.
This alignment can be done on the ionization signal itself. The important
difference is that when using a short focal length mirror, the region of high-
quality VMI imaging is rather large when looking at the electron PADs. The
alignment of both mirror and lens should be done carefully, as the ioniza-
tion signal for negative voltages on the VMI plates can increase significantly,
when hitting a plate by accident.
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ATI Above threshold ionization. For high enough light intensities, an already
freed electron can absorb additional photons and thereby acquire higher
kinetic energy. ATI channels manifest in the PES by specific peaks
spaced by the photon energy. 9, 100, 124–126, 128–131, 135, 136, 195,
196

CD Circular dichroism. Describes the difference in absorption of LCP and
RCP light of chiral molecules. The CD can be measured in liquid, as
well as the gas phase and refers to the difference in absolute absorption.
5, 6, 10, 41, 43–46, 153, 154, 229, 231

Dazzler Also known as acousto-optic programmable dispersive filter (AOPDF).
The Dazzler uses acousto-optic interaction in a birefringent crystal (in
the IR region usually TeO2), where the axial position and the efficiency
for the scattering (between fast and slow axis of the crystal) of different
frequency components of the input pulse can be controlled. 28, 112,
208, 210, 211, 213, 219

DFT Density functional theory. Herein mostly used in the context to de-
termine energy of specific states. 63

e.e. enantiomeric excess. Describes the excess of one enantiomer over the
other one: e.e.=NS−NR

NS+NR
, where the number of molecules of S- and R-

type define the e.e. The value of e.e. is zero if the same amount of
both enantiomers is contained in a sample. The value of e.e. for e.g.
the S-enantiomer is 1 if only molecules of S-type are contained and -1
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if only R-type molecules are in the sample. 4, 5, 8, 10, 39–42, 45, 46,
57, 77, 87, 91, 102, 153

FROG Frequency resolved optical gating. Technique to characterize the
temporal structure of short laser pulse. A detailed description is given
in section 3.2. Herein, mainly the transient grating (TG) FROG was
used to characterize the laser pulses. 19, 31–34, 52, 54, 55, 117, 128,
149, 157, 230

FS Fused silica glass. Herein, fused silica means a high-quality quartz glass,
which is capable of transmitting UV light. 34, 82, 83, 112–115, 118,
120, 121, 128, 138, 149, 151, 157, 159, 183, 184, 186, 187, 202

FWHM Full width at half maximum. 14, 15, 41, 52, 53, 62–64, 72, 74, 76,
85–87, 112, 127–129, 167, 171, 180

HeI HeI decribes a transition in Helium atoms emitting light at an energy
of about 21.2 eV. These helium lamps can be used to to photoionize
atoms and molecules to record PES and assign ionization potentials
and molecular orbitals. 69, 71, 77

HHG High-harmonic generation. Tunneling ionization by a strong laser
field is used to drive electrons away and back to the ionic core generating
high harmonics of the driving laser field. By doing this, the spectrum
is shifted into the XUV region, which is accompanied by a reduction in
the pulse duration typically down to the attosecond region. 8, 102

HOMO Highest occupied molecular orbital. The highest orbital in a mo-
lecule, which contains electrons under ambient conditions. 8, 47, 53,
58, 63, 65, 70, 73, 76, 78, 80, 81, 155

IVR Intra-molecular vibrational energy redistribution. 80, 84, 96, 97

LCP Left circularly polarized light. Herein (as previously [75]), the optical
convention is used meaning that LCP light shows a counter-clockwise
rotation seen by a spectator looking in opposite propagation direction
of the light. This is how a molecule sees the sense of rotation of the
incident light field. 42–46, 55–57, 68, 83, 91, 92, 94, 95, 153, 164, 165,
167–170, 180, 222–224, 229–231
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LIN Linearly polarized light. 36, 55, 56, 58, 59, 61, 68, 71, 73, 74, 77, 83,
91, 92, 94, 95, 166–169, 222, 223

MCP Multi (or micro-) channel plate. Plate with many channels, where
a potential gradient is applied between front and back side. Incident
electrons (or ions, where their electrons are stripped off) are amplified
in imaging or time-of-flight detectors. 49, 56, 221, 224, 225

PAD Photoelectron angular distribution. Using a VMI, the electron mo-
mentum components lateral to the spectrometer axis can be measured.
The three-dimensional photoelectron momentum distribution is projec-
ted onto a two-dimensional detector, where the absolute value of the
lateral components of the momentum vector are mapped onto radial
position and the angle of the momentum vector with respect to the
propagation axis of the light beam in the plane of the detector is recor-
ded. Herein, PAD is used as a synonym for photoelectron momentum
distribution (which is the more general term for a distribution contain-
ing more than one photoelectron energy). 11, 36, 42–46, 56–61, 69–71,
73, 75, 77, 85, 92, 94, 95, 100, 103, 104, 108, 109, 120, 121, 125, 127,
128, 130–136, 138, 140–151, 157–159, 164, 166, 168–170, 179, 183, 184,
187, 188, 192, 196, 197, 199–202, 204, 205, 224–227, 231

PECD Photoelectron circular dichroism. Similar to CD, PECD is a chiro-
optical effect that manifests as a pronounced forward/backward asym-
metry in the PAD of chiral molecules. PECD is a differential effect,
where the absolute ionization signal when using LCP or RCP is un-
changed. 3, 5–11, 39, 40, 42–82, 85–99, 101, 102, 104, 107, 139, 143,
150–159, 171, 180, 181, 201, 203, 204, 231, 258, 259

PES Photoelectron spectrum. Contains energy-resolved information about
number of counts of photoelectrons and is typically derived herein from
the PAD distributions measured by VMI. 3, 5, 8, 11, 58–64, 69–81, 83–
86, 88, 90, 92–94, 97, 100, 103, 124–132, 135, 136, 138, 142, 143, 145,
146, 148, 150, 151, 155, 156, 158, 159, 169–171, 173, 181, 185, 187–192,
194–198, 200, 205, 229, 230

RCP Right circularly polarized light. Herein (as previously [75]), the optical
convention is used meaning that RCP light shows a clockwise rotation
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seen by a spectator looking in opposite propagation direction of the
light. This is how a molecule sees the sense of rotation of the incident
light field. 42–46, 55–57, 68, 83, 91, 92, 94, 95, 153, 164, 165, 167–170,
180, 222–224, 229, 231

REMPI Resonance enhanced multi-photon ionization. Ionization that ne-
cessitates absorption of multiple photons, where an intermediate res-
onance is reached during excitation. 6–8, 47–51, 62, 65–67, 70, 76, 81,
82, 89–92, 95–98, 154–156, 258

SHG Second harmonic generation. Nonlinear process based on χ(2). Details
are explained in section 2.2. 20, 32, 57, 112–114, 119, 120

THG Third harmonic generation. Generation of the third harmonic of an
incident laser field can be realized using birefringent crystals. Details
are explained in the section about nonlinear optics (2.2). 20, 119, 120

TOF Time-of-flight. TOF spectrometers separate different masses via flight
times from interaction region to the detector. 6, 8, 48, 49, 56, 57, 59,
60, 83, 85, 92, 94, 166–168, 179, 232

UV Ultra-violet light. Herein, ultra-violet light refers to the spectral region
between about 200 (photon energy 6.2 eV) and 400 nm (photon energy
3.1 eV). 47, 48, 52, 56, 67, 69, 72, 74, 75, 78–80, 82, 83, 102, 116, 119,
120, 230

vector potential When ionization of a system is driven mainly by tunnel-
ing, the electron trajectory is dominated by the vector potential A,
which is basically the integral over the electric field A =

∫
E(t)dt (see

section 2.3). 136

VMI Velocity map imaging. VMI spectrometers measure the two-dimensional
projection of a three-dimensional momentum distribution of photoelec-
trons. Details are explained in section 3.3. 0, 6, 8, 11, 35–37, 52–56,
58, 62, 68, 82, 83, 89, 91, 92, 97, 100, 101, 103, 104, 107, 109, 112, 113,
115, 120, 125–127, 131, 138, 140, 149, 150, 157, 158, 164, 165, 168–170,
187, 188, 192, 204, 205, 221, 222, 224–227, 231, 232, 258
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