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I

Abstract

Water is commonly said to be the matrix of life [1, 2]. It is built from water molecules,
which are connected via hydrogen bonds. These connections have influences on many
biomolecular systems and are the key to understand the importance of water on life.
Somehow the smallest drop of water is the water dimer and seems to be a good candidate
to study in order to understand the hydrogen bonding in water.

In the framework of this thesis, the behaviour of water dimers in electric fields have been
investigated. A cold and pure molecular beam containing 93(15) % of water dimers has
been created by spatially separating water dimers from several different water-cluster sizes
to investigate its photophysics in combination with infrared-laser radiation. Therefore,
an inhomogeneous electric field was utilized, leading to a spatial shift of the water dimer
and larger water clusters. A simulation of the vertical molecular beam profiles assuming
the water dimer to be rigid confirmed the experimental results that the water dimer is
deflecting the most, followed by the water hexamer. The initial rotational temperature of
the water dimer sample could be determined to be 1.5(5) K.

As the water dimer is known to be a non-rigid molecule, the Stark energies have been
calculated taking intermolecular vibrations into account. First, the influence of each
intermolecular motion onto the averaged electric dipole moment of the water dimer was
investigated. Second, an adiabatic approximation has been used to calculate Stark energies
of the non-rigid water dimer, assuming non-interacting intermolecular vibrational motions.
It has been shown that the adiabatic description lead to a similar vertical molecular beam
profile compared to the rigid-rotor description.

The strong-field ionization of the water dimer was investigated using a high-purity
molecular beam produced by an electrostatic deflector. The branching ratios of the water
dimer, the anisotropy parameters and the kinetic energy releases of the water dimer
fragments following single and double ionization were investigated using a velocity map
imaging spectrometer. A slicing method was demonstrated to separate the fragmentation
products of interest in time. Single ionization products of water dimer were dominated
by a neutral dissociation involving an H3O+ fragment. The double ionization creates a
Coulomb explosion preferentially into two H2O+, but also new fragmentation processes
of 2OH+ + 2H and H3O+ + O+ + H were found for the first time.
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Zusammenfassung

Wasser, welches aus Wassermolekülen besteht, wird herkömmlicherweise als Matrix des
Lebens bezeichnet [1, 2]. Diese Wassermoleküle sind über Wasserstoffbrückenbindungen
miteinander verbunden und bilden Wassercluster, welche das Verhalten von biomoleku-
laren Systemen beeinflussen. Diese zu verstehen könnte der Schlüssel zum Verständ-
nis von der Bedeutung von Wasser auf das Leben sein. Der gewissermaßen kleinste
Wassertropfen ist das Wasserdimer, welches ein guter Kandidat zu sein scheint um Wasser-
stoffbrückenbindungen in Wasser zu verstehen.

Im Rahmen dieser Arbeit wurde das Verhalten von Wasserdimeren im elektrischen Feld
untersucht. Ein kalter und reiner Molekulstrahl, der zu 93(15) % aus Wasserdimeren
besteht, wurde durch eine räumliche Trennung der Wasserdimere von größeren Wasser-
clustern erzeugt, um die Photophysik mithilfe von Infrarot-Lasern zu untersuchen. Dazu
wurde ein inhomogenes elektrische Feld erzeugt, welches zu einer räumlichen Aufteilung
von Wasserdimeren und größeren Wasserclustern führte. Eine Simulation der vertikalen
Molekularstrahlprofile unter der Annahme eines starren Wasserdimers bestätigte die ex-
perimentellen Ergebnisse, dass das Wasserdimer am stärksten ablenkt, gefolgt vom Wasser-
hexamer. Die ursprünglich Rotationstemperatur der Wasserdimerprobe von 1.5(5) K
konnte so bestimmt werden.

Da das Wasserdimer als nicht-starres Molekül bekannt ist, wurden die Stark-Energien
unter Berücksichtigung von intermolekularen Vibrationen berechnet. Als Erstes wurde der
Einfluss der intermolekularen Bewegungen auf das gemittelte elektrische Dipolmoment
des Wasserdimers untersucht. Als Zweites wurde ein adiabatischer Ansatz gewählt um
die Stark-Energien eines nicht-starren Wasserdimers zu berechnen, unter der Annahme
von nicht-wechselwirkenden intermoleuklaren Bewegungen. Es wurde gezeigt, dass
eine adiabatische Beschreibung zu ähnlichen vertikalen Molekülstrahlprofilen wie bei der
starren Beschreibung führt.

Starkfeldionization von Wasserdimeren wurde mithilfe eines Molekülstrahls mit hoher
Reinheit und einem elektrostatischem Deflektor untersucht. Die Verzweigungsverhältnisse
von Wasserdimeren, der Anisotropie Parameter und die kinetische Energiefreisetzung der
Fragmente nach einer Einfachionisation und Zweifachionisation wurden mithilfe eines
Velocity Map Imaging Spektrometers untersucht. Es wurde gezeigt, dass die genutzte
Schneidemethode die interessierenden Fragmentierungsprodukte zeitlich trennt. Die
Einfachionisationsprodukte von Wasserdimeren wurde von einer neutralen Dissoziation
und einem Zerfall in ein H3O+ dominiert. Eine Zweifachionisation hat am wahrschein-
lichsten zu einer Coulomb-Explosion in zwei H2O+ geführt. Außerdem wurden weitere
Zerfallskanäle in 2OH+ + 2H und H3O+ + O+ + H zum ersten Mal gemessen.
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1 Introduction

It is odorless, transparent and tasteless. It is ubiquitous and everyone is using it everyday.
No plant and no animal would exist without it and the Earth would look completely
different. Also our body consists of more than two thirds of it. Water. It is the most
abundant compound on Earth’s surface and it is the second most abundant molecule
after H2 in the universe. As it plays such a crucial role in life, its existence on planets and
asteroids has been linked with the possibility of extraterrestrial life [3, 4]. Water has been
the focus of many studies, where it showed exceptional properties [5, 6]. One famous
anomaly is the density anomaly, which describes that the density of water reaches its
maximum at 4� C. Due to this special property of water, lakes, rivers and the ocean on
Earth freeze from the top to the bottom such that life is able to survive at the bottom. This
is just one example of why water is commonly said to be the matrix of life [1, 2].

Earth is (so far) the only planet where water was found in all three phases: solid, liquid
and gas. Antarctica is covered with solid ice, while the oceans are filled with liquid water
and the atmosphere contains water in the gas phase. Although these phases have different
properties, they all have in common that they are built from water molecules, as depicted
in Figure 1.1. A single water molecule consists of two hydrogen atoms and a single oxygen.
Multiple water molecules interact via hydrogen bonds. These hydrogen bonds are of
universal importance in chemistry and biochemistry, as many biomolecules and proteins
are inactive in the absence of water. One of the most important models remains the water
dimer, somehow the smallest drop of water [7, 8]. The water dimer is a system of two
water molecules bound by a single hydrogen bond, as shown in the magnifying glass on
the right hand panel in Figure 1.1. As it has only one hydrogen bond, the water dimer
was chosen as candidate to study the hydrogen bonding in water in this thesis. Thereby,
the water dimer can be seen as a model system toward the understanding of complex
chemical processes, e. g. in biomolecules that are connected via hydrogen bonds with
water molecules.

Hydrogen bonds have been studied in many different molecular systems, such as
DNA [9], proteins [10] and water clusters [11]. To gain a better understanding of the
influence of solvation on biomolecules, it is important to understand single isolated
clusters. First, molecular dimers can be studied individually and, second, one molecule
can be added at a time to go toward larger cluster systems to bridge the gap between single
isolated molecules and molecules in solvation. This can be done by using supersonic
molecular beams that create clusters of various sizes at low internal temperatures of a few
Kelvin [12–14]. The compounds of a supersonic cluster beam, i.e. different cluster sizes,
can be controlled by the amount and composition of the sample prior to the supersonic
expansion. This is influenced by the temperature and pressure of the sample [15] and the
nozzle shape [15]. All of these factors lead to a different composition of molecular clusters
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Figure 1.1: Water in nature: A water droplet on a leaf consists of many water molecules
building a network of water clusters. A single water dimer is shown in the
magnifying glass on the right.

in the gas phase.

Even when the above-mentioned factors are carefully controlled, there will always be
more than one cluster size in a supersonic beam, which leads to a higher complexity
of the experimental results and low concentrations of specific species. The mentioned
rotationally cold samples can only be achieved using carrier gases, which are causing
unwanted background and decreasing the signal-to-noise ratio. Molecular beams with
a mixture of molecules require long measurement times due to the small experimental
event rates and are only feasible if the molecule under study can be disentangled.

Therefore, additional methods like spatial separation can be used to avoid unwanted
background from the carrier gas and to achieve a purer molecular beam of a single
cluster size, such as an electrostatic deflector [16]. The electrostatic deflector is based
on the Stern-Gerlach experiment [17, 18] and uses an inhomogeneous electric field to
deflect molecules according to their effective dipole-moment-to-mass ratio, as depicted
in Figure 1.2 for water clusters and water dimer and demonstrated in chapter 3. This can
lead to a separation of different compounds, such as clusters [19], conformers [20, 21],
nuclear spin states [22], but also different rotational states of the same molecule [23].

For a sufficient control of molecules one needs to accurately address the molecular
properties. While most molecules are described in a simplified way using only separated
degrees of freedom [24], this description does not apply to non-rigid molecules. In partic-
ular hydrogen bonded clusters show coupled degrees of freedom and large amplitude
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Figure 1.2: Spatial separation of water clusters using an electrostatic deflector leads to a
larger deflection of water dimers (blue) than water clusters (red).

motions. Various forms of large amplitude motions, such as internal rotation, intra- and
intermolecular vibrations, have been investigated spectroscopically [25–29]. Such dynam-
ics are relevant to molecular properties, e. g. the dipole moment, polarizability, and the
first and second hyperpolarizabilities [30] and chemical reactions.

Also the water dimer has been investigated using various spectroscopical methods [7,
8] and has been identified as a non-rigid molecule with intramolecular motions, large
amplitude intermolecular vibrations [8, 31] and tunneling effects. These motions cause a
splitting and shifting of rotational states, as compared to a rigid molecule [32, 33]. As these
vibrational modes can not be sufficiently cooled during the supersonic expansion process,
these processes must be taken properly into account, when investigating the deflection
behavior of the water dimer in an electric field.

As a full-dimensional description of molecules is often complex, an adiabatic approach is
one of the most extensively used methods to reduce the dimensionality of complex systems
by separating fast from slow degrees of freedom. Originally, the Born-Oppenheimer
approximation was introduced to separate fast electronic from slow nuclear motion [34],
but was adapted for separating different kinds of fast and slow molecular motions [35–43].
Therefore, this approach will be used in chapter 4 to investigate the importance of large
amplitude motions onto the deflection behavior of the water dimer in an electric field.

The above-mentioned and other dynamical processes, such as the proton transfer,
were modeled using potential energy surface (PES) of the neutral and ionized water
dimer [8, 44–50] and larger water clusters [51, 52]. For instance, photochemical and
photophysical processes, such as ionization and dissociation, are occurring in the Earth’s
atmosphere through the interaction with sunlight [53]. These processes can be studied in
the laboratory by using lasers of various wavelengths and intensities. Different processes
that can be triggered in molecules are shown in Figure 1.3. Starting with intensities of
about 1012 W/cm2, molecules can be controlled, e. g. molecules can be aligned along
the laser polarization axes. By increasing the laser intensity, the molecular potential
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Laser intensity (W/cm2)

Alignment Structural deformation Coulomb explosion X-ray emission

1012 1015 1018

Coulomb regime Relativistic regime

Figure 1.3: Behavior of molecules in laser fields of increasing laser intensity [55].

energy surface and, thus, the geometrical structure of the molecule are deformed. Going
further toward higher laser intensities, ionization leads to a formation of molecular ions,
including a single or several charges. In case of a multiply charged molecule, Coulombic
repulsion leads to a Coulomb explosion and molecular fragments are ejected. In the
relativistic regime, starting from intensities of 1 EW/cm2, a plasma is produced and the
plasma electrons are accelerated. This leads to an emission of bright X-rays in the range of
(0.1-10) keV, which can be used as a light-source, as is done at the LUX beamline [54].

Different laser wavelengths have been used to address various properties of the wa-
ter dimer. With microwave radiation, the structure of hydrogen bonded dimers was
investigated [56–58], while its dissociation energy [59] and vibration-rotation tunnelling
effects [60] were determined using laser light in the infrared (IR) and far-IR regime. At-
mospheric processes, such as global warming, were investigated using laser light in the
visible region simulating the interaction with sunlight [61, 62]. After photoionization in
the VUV vacuum ultraviolet (VUV) [63], IR [64] or soft X-ray [65] regime, mass spectra of
molecular beams that contain water clusters are mainly dominated by protonated water
clusters, which arise from intermolecular charge transfer after ionization followed by
fragmentation [63]. A combination of IR and X-ray in a pump probe experiment was
theoretically proposed to further improve the knowledge of the intermolecular charge
transfer [66], also called proton transfer. An unprotonated-water fragmentation channel
H2O+ +H2O+ from the water dimer was reported using soft X-ray [67]. In the framework
of this thesis, the fragmentation products of water dimers will be investigated using
strong-field ionization, as described in chapter 5.

1.1 Outline

The goal of this thesis is to understand the photophysics and photochemistry of water
dimers, including hydrogen bond formation and breaking, dissociation and fragmentation
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processes. We will demonstrate the production of pure molecular beams of water dimer,
utilizing a supersonic expansion [13, 14, 19] and an inhomogeneous electric field [16]. This
is a prerequisite to study photofragmentation products by strong-field ionization with a
velocity map imaging spectrometer [68–70].

In chapter 2, the basics about the used experimental methods are explained. This
includes the supersonic expansion, the Stark deflection of a molecule and strong-field
ionization processes. In addition, the water dimer will be introduced. Its equilibrium
geometry, vibrational motions and nuclear spin states are described, all of which play
important roles in the calculations of the Stark energies of the non-rigid water dimer.

The chapter 3 covers the production of the pure water dimer sample and the deflection
of water clusters. A first indication of the photofragmentation of the water dimer will be
investigated and a rigid-rotor approximation will be used to model the Stark interaction
and the resulting deflection behavior to prove the deflected sample was indeed the water
dimer.

As the water dimer is a non-rigid molecule, the inclusion of large amplitude motions
of the intermolecular vibrations is incorporated in chapter 4 in two different ways. First,
in Section 4.1, a simple approach will be used to describe each of the important intermolec-
ular vibrations as independent non-interacting rotations. The averaged electric dipole
moment will be calculated and used to describe each motion as a rigid water dimer with
a different dipole moment to estimate its influence on the deflection in an electric field.
Second, in Section 4.2, the Born-Oppenheimer approximation will be used to simulate the
Stark interaction and resulting deflection behavior of the non-rigid water dimer, again
neglecting the interaction and transitions of different states. The deflection behavior will
be compared to the rigid-rotor approximation.

The photofragmentation of the water dimer after strong-field ionization will be investi-
gated experimentally in chapter 5. Using a velocity map imaging technique and a pure
sample of water dimers, a slicing method will be demonstrated to improve the resolution
of the experiment. With this method, new fragmentation pathways following single and
double ionization were observed, the branching ratios estimated, the anisotropy parameter
b of the fragments and the kinetic energy releases of the Coulomb explosion channels
obtained.

Finally, future experiments to study hydrogen bonding in water dimers by using soft
X-rays and a Photoelectron-Photoion-Photoion coincidence spectrometer and how to go
toward larger systems, such as biomolecules in liquid water, to investigate solvation
dynamics will be discussed in chapter 6.
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2 Fundamental Concepts

In this chapter, the atomic geometry of small water clusters is discussed and the fundamen-
tal aspects of the water dimer, such as its floppiness, are explained in detail. An overview
of the experiments used in the framework of this thesis in order to investigate molecular
clusters is given. This includes the creation of a pure supersonic molecular sample with an
inhomogeneous electric field and the usage of an intense laser pulse to ionize and detect
molecular samples.

2.1 The Water Dimer

The water dimer has a high concentration in the earth atmosphere [71, 72] and, thus,
plays an important role in many atmospheric processes [73, 74], such as in the water
continuum absorption [75–77] and in chemical reactions [78–80]. As the water dimer
consists of two water monomers that are connected via one hydrogen bond and because
of its simple equilibrium geometry, which is discussed in the next subsection 2.1.1, the
water dimer is a good candidate to study hydrogen bonding. Nevertheless, the non-
rigidity of the water dimer makes its investigation challenging, which also influences
chemical, atmospheric and climate processes [81]. The major non-rigid effects of the water
dimer are introduced in subsection 2.1.2, which cause a splitting of the water dimer into
several nuclear spin isomers and are described in subsection 2.1.3. Also fragmentation
products can be explained due to molecular dynamics, such as the proton transfer, which
is described in subsection 2.1.4.

2.1.1 The Equilibrium Geometry

The geometry of the water dimer determines its electrical properties such as the polarizabil-
ity and the electric dipole moment (EDM). The equilibrium geometry of the water dimer
was investigated in many studies [57, 58, 82–85]. In general, the water dimer consists of
two water monomers, where one monomer acts as the hydrogen bond donor (d) and the
other monomer as an acceptor (a) molecule, bound by a hydrogen bond, see Figure 2.1.
Each water molecule consists of 3 atoms, two hydrogen and one oxygen atom. The ex-
perimentally derived values for the distances ROO between the two oxygens, the distance
between the oxygen and hydrogen atoms ROH and the angles qa, qd, y = ya = yd, cd of
the equilibrium water dimer are given in Table 2.1.

2.1.2 Non-Rigidity

The water dimer is a non-rigid molecule with hydrogen bond vibrations [86] that are
important for modeling of the electric properties of the water dimer. The water dimer
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H1
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H3 H4 Donor

Acceptor

ODOA
θd

θa

x

z

y

χd

ψd

ψa

Figure 2.1: The equilibrium geometry of the water dimer in CS symmetry and the angles
qa, qd, cd.

qa(�) qd(�) y(�) cd(�) rOH1,2(pm) ROH3,4 (pm) ROO (pm)
57 51 104.5 0 95.8 95 298

Table 2.1: Equilibrium angles and distances of the water dimer taken from [57, 58].

has twelve vibrational modes, which can be separated into six intermolecular and six
intramolecular vibrations [86]. As the major contributors to the normal vibrations of the
water dimer are the intermolecular vibrations with the smallest vibrational frequencies [87],
this thesis focuses on these motions, which are shown in Figure 2.2. Six independent
vibrational modes were found [86] and their frequencies measured [87–90].

The intermolecular vibrations can be described by applying rotations or a stretching to
the acceptor water and donor water inside the water dimer. While the oxygen-oxygen
(OO)-Stretch can be described as a stretching of the hydrogen bond between the donor
and acceptor, the other five motions can be described by the change of six Euler angles
aD,A, bD,A, gD,A as rotations around the monomers centre of mass and the axis l = z, y, x,
respectively. The torsional motion can be described by the angle d = aD � aA, with aD

being a rotation around the z-axis of the donor and aA a rotation around the z-axis of
the acceptor. The acceptor twist and the out-of-plane bend are described by rotations gA

and gD around the x-axis of the acceptor and donor water, respectively. The acceptor
wag bA and in-plane bend bD are rotations around the y-axis of the acceptor and donor,
respectively. A rotation of aD = aA describes an overall rotation around the water-dimer
z-axis. In chapter 4, this is done by using the water dimer in its equilibrium structure
from subsection 2.1.1 as a starting configuration and assuming the water monomers inside
the water dimer to be rigid.

2.1.3 Nuclear-Spin Isomers

Symmetric molecules with non-zero nuclear spins exist with different nuclear-spin isomers,
due to the indistinguishability of protons with a different spin orientation. This is also
valid for the water dimer. Assuming the water dimer to be rigid, it belongs to the point
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Torsional motion

Acceptor twist

Acceptor wag

Out-of-plane bend

In-plane bend

OO-stretch

⌫� = 88 cm�1

⌫ROO
= 143 cm�1

hµ0i = 2.63D

⌫�A
= 103 cm�1

⌫�D
= 523 cm�1

⌫�D
= 311 cm�1

⌫�A
= 108 cm�1

Figure 2.2: The six independent vibrational modes following the naming scheme of [86]
with their frequencies taken from [87].

group symmetry CS(M) and can be separated into states with nuclear spin statistical
weights (NSSW) A0 : A” of 16 : 16 [91]. Throughout this thesis A0 is called para and A”
ortho. The next higher level of symmetry would be an acceptor tunneling or acceptor
switching, which is a rotation around its C2 axis. This belongs to a molecular symmetry
group (MSG) of G4 with a NSSW B1 : A1 of 12 : 4 and B2 : A2 of 12 : 4. Taking more
vibrational modes into account the water dimer belongs to a MSG of G16. and the states
split into several sublevels. These can be assigned to spin states A±

1 , B±
1 , A±

2 , B±
2 and E±

with a NSSW of 1, 0, 3, 6 and 3 [33], respectively. A donor tunneling or bifurcation is
also possible and leads to a shift of the energy levels. An example of the splitting of
the J = 0, K = 0 state and the energy-level-diagram of the non-rigid states are shown
in Figure 2.3.

2.1.4 Proton Transfer and Fragmentation Products of the Water Dimer

The proton transfer is an intermolecular charge transfer across a hydrogen bond, as
depicted in Figure 2.4 for a water-dimer cation. The hydrogen H1 from the donor water is
moving closer to the oxygen O2 of the acceptor water and a new hydrogen bond between
O2 and H1 and a H3O+OH complex is formed. The proton transfer can occur after
ionization of a molecule, leading to fragments of protonated clusters [51, 63]. For this
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Figure 2.3: Experimental values and nuclear spin state assignment taking acceptor switch-
ing, interchange tunneling and bifurcation tunneling into account [32].

H1
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x

y

z

Proton transferred

Figure 2.4: Water dimer after a proton transfer has formed the complex of H3O+OH.

reason, mass spectra of molecular beams containing water are dominated by protonated
water clusters [63–65, 92, 93]. For a proton transfer inside the water dimer, an electron
must overcome an ionization potential (IP) of 11.2 eV [94] to create a water-dimer cation.
Depending on the ionization state, different complexes can be formed, leading to different
fragmentation products. The water-dimer cation has two low-lying electronic states 2A”
and 2 A0 with IPs of 12.1 eV and 13.2 eV [95], respectively. They form different complexes
and fragmentation products, as shown in Figure 2.5. It was predicted theoretically [96] that
an ionization into the water-dimer cationic ground state 2A” leads to a complex formation
of (H3O+)OH and a following fragmentation into H3O+ + OH. While two complexes
(H2O�OH2)+ and H2O+ �H2O can be formed after ionization into the first excited state
2 A0. Both cases lead to a fragmentation into H2O+ + H2O. These neutral dissociation
fragments were observed experimentally as well [92, 97, 98]. In addition, Coulomb
explosion (CE) channels of H2O+ + H2O+ and H3O+ + OH+ were found to occur using
soft X-ray and IR ionization [67, 99]. Further, theoretical studies have shown that these
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Figure 2.5: Theoretically predicted potential energy surface and formed complexes after
ionization of the water dimer [96].

fragmentation products could also arise from other water-dimer cationic states [44, 95, 100–
102].

2.2 Small Water Clusters n = 3� 7

The equilibrium geometry of the water dimer has been investigated extensively in ex-
periment and theory, leading toward one optimized geometry [57, 58, 82–85], as shown
in subsection 2.1.1. Water clusters instead exist as different conformers with several possi-
bilities of their geometry [82]. These conformers behave differently in electrical or laser
fields. The chosen geometries to describe these water clusters throughout this thesis are
shown in Figure 2.6. The water trimer, water tetramer and water pentamer have been
shown to have a cyclic equilibrium structure [82, 106–108]. While the water hexamer exists
most-likely as three conformers with a cage-, prism and book-like structure [109]. The
water heptamer has been described in several conformational structures. Throughout this
thesis, the two conformers shown in Figure 2.6 are used following the naming scheme
of [104].

2.3 Experimental Methods

This section covers a description of the experimental methods used in this thesis, such
as supersonic expansion, the Stark effect and time-of-flight mass spectrometry. The
interaction of strong electric fields with molecules and the following dissociation processes
are discussed.
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Figure 2.6: Possible geometries of small water clusters with the cartesian coordinates taken
from [103–105].

2.3.1 Supersonic Molecular Beams

A widely used method to create a molecular beam is the supersonic expansion technique,
where gas is expanded from a high pressure region through a small orifice into a region
of low pressure. As the diameter of the orifice is larger than the mean free path of the
molecules inside the high-pressure reservoir, many collisions are taking place while the
molecules escape through the hole, thereby leading to an adiabatic cooling of the internal
degrees of freedom. The internal energy of the molecules is transferred into kinetic energy
and leads to a direct flow of cold molecules in the forward direction with a narrow velocity
spread [110]. As the speed of the molecular beam exceeds the local speed of sound, it is
called a supersonic molecular beam. The flow velocity of the molecular beam is defined
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by the mass m and the temperature T of the carrier gas

v =

r
5kBT

m
(2.1)

with the Boltzmann constant kB [111].

Using a pulsed valve and a noble carrier gas, the translational temperature, which
is defined by the velocity distribution of the molecular beam, can be cooled to below
1 K [13, 14] with a density of 1013 molecules/cm3 [112]. While the rotational temperature
is cooled down to below 1 K, the vibrational states remain mainly unchanged and a typical
vibrational temperature of a few tens of Kelvin [12] can be achieved. At the edges of the
molecular beam the cooling is less efficient. Therefore, a skimmer can be used to select
the coldest part of the molecular beam with the highest beam density. This technique can
be used to produce a cold molecular beam of clusters [113]. Nevertheless, the cooling of
clusters is less efficient, as the binding energy of the cluster formation is transferred to a
third molecule and leads to a heating of the molecular beam.

Clustering is a complex process and is not fully understood, yet. In general, the starting
point for clustering is the formation of the dimer, which needs a three-body collision
due to energy and momentum conservation. An empirical scaling law for rare gases
and metals was found [15, 114, 115] and successfully tested for gas mixtures [116]. The
reduced scaling parameter G⇤ is describing how changing flow fields are affecting the
clustering process in a supersonic beam and is defined as

G⇤ =
p0 · d0.85

eq

T2.29
0

Kch, (2.2)

where T0 is the initial temperature of the gas, p0 the initial stagnation pressure, deq =

0.74 d
tan a the equivalent diameter of the nozzle, a the expansion half angle and d the nozzle

diameter, and Kch a parameter that depends on the type of gas [117]. The reduced scaling
parameter G⇤ is separated in three regions

G⇤ < 200 no clustering (2.3)

200 < G⇤ < 1000 cluster with less than 100 atoms per cluster (2.4)

1000 < G⇤ cluster with more than 100 atoms per cluster (2.5)

of a different mean cluster size hNi, which is defined as the mean number of atoms per
cluster N.

Depending on the mean cluster size, the cluster distributions follow different functional
forms [118]. For a cluster beam with a small mean cluster size, the distribution follows
roughly an exponential decay ⇠e�N [65], while for a large cluster regime a log-normal

distribution⇠e�
(ln N�µ)2

2s2 , with µ the logarithm of the geometric mean and s the logarithm of
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Figure 2.7: Cluster distribution of cluster beams in the a) small and b) large cluster regime.

the geometric standard deviation of the cluster distribution [119, 120]. These distributions
are shown in Figure 2.7. In the intermediate regime, a mixture of the two distributions are
measured [118].

Other studies have shown that the number of three-body collisions can be increased
with decreasing initial temperature and increasing number density, initial stagnation
pressure and nozzle diameter d [115, 121, 122]. For large water and ammonia clusters,
the scaling law was adapted by taking the different number of degrees of freedom into
account [119]. Moreover, carrier gases and the nozzle shape [15] also have an influence
on the cluster formation. An overview can therefore be found in [123]. In short, carrier
gases with larger masses are slower and provide more time for the aggregation process
and larger clusters can be formed. The conical nozzle provides a cluster beam with a
larger averaged cluster size. Nevertheless, the molecular beam most-likely contains more
than one cluster size and additional techniques are needed to separate different molecular
clusters, as discussed in the next subsection 2.3.2.

2.3.2 Size Separation

The electrostatic deflector is a tool to spatially separate different molecular species and clus-
ters according to the difference of their effective dipole moments. A detailed description
can be found in [16]. The electrostatic deflector was used elsewhere to separate different
conformers [20, 21], nuclear spin isomers [22] and molecular clusters [19, 124, 125]. The
general working principle of such a deflector is to shift the energy of a molecular system of
interest by interacting the system with an external inhomogeneous electric field produced
by a number of electrodes. Molecules in the electric field experience a force

�!
F

�!
F = µeff(e)

�!re (2.6)
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proportional to the effective dipole moment µeff

µeff = �
∂E
∂e

, (2.7)

causing a spatial motion of the molecule, with energy E of a single state of a molecule.
This effect, known as the Stark effect, can be described by a Hamiltonian HStark

HStark = ��!µ ·�!e = �ez Â
g=x,y,z

µgFZg , (2.8)

with the dipole moment �!µ , the electric field vector �!e , the dipole moment components
µg along the molecule-fixed axes x, y, z, the direction cosines FZg of the x, y, z axes in
reference to the space-fixed axes X, Y, Z of the laboratory-frame and the electric field ez

along the laboratory Z axis. The time-independent Schrödinger equation, describing the
coupled system of molecular clusters and the electrostatic deflector,

EY = HY, (2.9)

with the wave function Y and the Hamiltonian operator H in the center-of-mass frame,
are solved by replacing H with the Hamiltonian

Hrot,e = Hrigid + Hd + HStark, (2.10)

assuming the molecules to be rigid with a compensation factor Hd for non-rigidity in-
cluding centrifugal distortions. The eigenvalues can then be calculated by diagonalizing
the Hamiltonian in the basis of the asymmetric top wave functions using the CMISTARK

software package [126].

As a supersonic molecular beam contains many clusters, the Stark effect can be used to
spatially separate clusters according to their effective dipole moment-to-mass ratios. The
calculated Stark energy and the effective dipole moments µeff for the rotational ground
state J = 0 of water clusters up to n = 7 are shown in Figure 2.8 as a function of the applied
electric field. The reported minimum energy structures, shown in Figure 2.6 of Section 2.2,
were used to calculate Stark energies of water clusters. The rotational constants, dipole
moments and centrifugal distortion constants that are used in these simulations are taken
from the literature [104–109, 127–131] and summarized in Table A.1 of Section A.

All water clusters in the ground state show a decrease of energy with increasing elec-
tric field strengths, also called high-field seeking. The molecules are deflected toward
larger electric field strength and downwards on the y-axis in the experimental setup,
see Figure 2.8 b). The water hexamer in prism and book-like structure experience the
biggest energy shift followed by the water dimer. Assuming the water clusters to be in
the ground state, the water hexamer would be expected to have the largest spatial shift.
In the experiment, more states are populated and, thus, a change of the measured spatial
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Figure 2.8: a) Stark Energy and effective dipole moment µeff in dependence of the electric
field strength of the ground state of water (blue), water dimer (red), water
trimer (green), water tetramer (yellow), water pentamer (orange), water hex-
amer (cyan) in cage- (solid), prism- (dotted) and book-like (dashed) structure
and water heptamer (magenta) conformer 1 (solid) and conformer 2 (dotted).
b) The simulated electric field strength inside the electrostatic deflector. The
cross-sections of the pair of electrodes are shown in dark blue. The molecular
beam is indicated by the black dashed circle.

molecular beam profiles are expected from the simulated ground state. As the dipole
moments of the water trimer and the water tetramer are zero, their energy stays constant
in the electric field.

Non-Rigid Molecules in an Electric Field

The above-mentioned method is used for the approximation of a rigid molecule, but the
water dimer is a non-rigid molecule with large amplitude motions, which needs to be
included in the simulations. In this thesis, an adiabatic approximation was used to separate
slow translational motions from fast rovibrational motions solving the time-dependent
Schrödinger equation (TDSE)

ih̄
∂Y(q, R, t)

∂t
= HY(q, R, t) (2.11)

with the total wave function Y(q, R, t) depending on the time, the rotational and transla-
tional coordinates. The Hamiltonian H is describing the motion of the nuclei in a molecular
system

H = Trot(q) + HStark(q, R)| {z }
Hq

+Ttr(R), (2.12)

which can be separated into a kinetic energy operator Trot, translational energy operator Ttr

and the Stark interaction with the electrical field HStark = �µ(q)e(R) with the Euler angles
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q, which are defining the orientation of the molecules, and R the Cartesian coordinates in
the center of mass of the polar molecule with respect to the space-fixed laboratory frame.
One can separate the translational from the rovibrational motion by using the adiabatic
theorem and the Ansatz

Y(q, R, t) = Â
k

kk(R, t)fk(q; R) (2.13)

with the adiabatic basis fk, where ”; ” denotes a parametric dependence, and the time-
dependent wave function kk. The adiabatic basis fk(q; R) solves then the time-independent
Schrödinger equation

Hqfk(q; R) = Ek(R)fk(q; R), (2.14)

with a discrete rovibrational energy spectrum Ek(R). The translational Schrödinger equa-
tion can be solved by taking the classical limit into account and one obtains

m
∂2R
∂t2 = �rRE. (2.15)

The electric field is assumed to be a slow perturbation on the rotational Hamiltonian, such
that the two motions are assumed to be completely decoupled.

This approach is implemented in RichMol [132] and was used in Section 4.2 to calculate
the rotational energies and eigenfunctions of the water dimer in an external electric field
taking intermolecular vibrations into account.

2.3.3 Detection

The size of molecules is in the range of a few hundred picometer up to ten nanometers [133]
and are, thus, not visible by eye or optical microscopes. Instead, spectroscopy, diffraction
or mass spectrometry are often used to detect molecules indirectly. In this thesis, a time-
of-flight (TOF) mass spectrum (MS) was used in combination with a velocity map image
(VMI) technique to measure strong-field ionization (SFI) effects.

Strong-field dissociative ionization processes of molecules can be studied using an
intense femtosecond laser pulse. In the case of an infrared laser with a wavelength around
800 nm, the photon energy of a single photon is below the ionization energy. Thus, the
molecule cannot be vertical ionized by a single photon, but other ionization pathways
can occur. This includes three major ionization processes: multiphoton, tunnel and
over-the-barrier ionization [134]. An indicator to separate these regimes is the Keldysh
parameter [135]

g =

s
Ei

2Up
, with Up =

I
4w2 . (2.16)

Up is the ponderomotive potential, Ei the ionization energy, w the angular frequency of the
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Figure 2.9: Ionization processes in a molecule

laser field and I the laser intensity. The Keldysh parameter is only clearly defined for the
two regions of g� 1 and g⌧ 1. At a low laser intensity and short wavelength/high fre-
quency, ionization occurs through the absorption of many photons simultaneously, which
is called the multiphoton regime with g� 1. For large intensities and low frequencies, the
IP is perturbed more than in the multiphoton regime and the electron within the molecule
can tunnel through the barrier, which leads to tunnel ionization with g⌧ 1. At very high
field strengths, the electric field suppresses the Coulomb barrier such that the electron can
overcome the barrier through the so-called over-the-barrier ionization. These processes
are depicted in Figure 2.9. In the intermediate regime g = 1, the picture becomes blurry
and both tunneling and multiphoton ionization can occur. As many studies are using
laser intensities and wavelengths in the intermediate regime, it has become of interest to
differentiate multiphoton from tunnel ionization processes differently [136, 137].

The ionization of a molecule simultaneously forms two wave packets: one from the
electron and one from the nuclear vibrational wave packet of the molecular ion. While the
electron is set free, the vibrational wave packet is moving on its PES to find its energetic
minimum. This can lead to dissociative states and the molecule is fragmented into several
particles. The different processes inside a diatomic molecule AB are depicted in Figure 2.10.
A detailed description of the molecular hydrogen H2 can be found in [138].

A diatomic molecule AB in the ground state (black curve in Figure 2.10) can reach an
excited state in the event of resonant absorption (green). Ionization of the molecule into
an ionization state ABn+ (blue and purple curve) can be written as

AB + hn! ABn+ + ne� (2.17)

and can include several number of charges and kicked out electrons n. Both of these
processes can lead to a fragmentation of the molecule. Either a dissociation state (red,
purple) is reached or the molecule is ionized including several charges and a CE (purple)
happens. The potential minimum of the dissociation state lies in the region of large
internuclear distances such that it is more favorable to break apart. It forms a neutral B
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Figure 2.10: Potential energy of a diatomic molecule and the different strong-field pro-
cesses. The molecule AB in the electronic ground state (black) can go to a
stable excited state AB⇤ (green) or an unstable state with a following dissoci-
ation A+ + B (red). Strong-field ionization into ABn (blue) or ABqn are also
shown, where an ionization with n = 2 leads to a Coulomb explosion into
A+ + B+ (purple).

and an ionized fragment A+

AB⇤ ! A+ + B (neutral dissociation), (2.18)

which is also called neutral dissociation. A CE occurs instead, when several charges are
created inside the ionized molecule as they feel a Coulomb repulsion and the molecule
explodes into several charged particles:

AB2+ ! A+ + B+ (Coulomb explosion) (2.19)

In all processes that leads to a fragmentation, the excess internal energy of the molecule
is released as translational energy of the fragments. The sum of the fragmental energies is
called kinetic energy release (KER) and can give some insight into the energetics of the
transient molecular ion. Using the diatomic molecular ion as an example again, the KER
from a CE looks as follows [139–141]:

KER =
p2

A
2mA

+
p2

B
2mB

, (2.20)

with pA, pB being the momenta and mA, mB the masses of the fragments A and B. Assum-
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ing a Coulomb explosion of a double ionized parent molecule, the distance of the two
charges inside the parent ion can be calculated according to Coulombs law in vacuum

R =
1

4pe0

qAqB

KER
, (2.21)

with the charges qA, qB of the fragmental ions and the electrical permittivity of the free
space e0. Thus, the charge separation distance is given by [139, 142]

R ⇡ 14.4
KER

. (2.22)

The width of the KER distribution represents the probability distribution of the molecule
to be in the ground state at its equilibrium bond length.

The KER can be indirectly measured using a TOF-MS . In general, a TOF-MS consists
of three electrodes producing a constant electric field e to accelerate ions toward a multi-
channel plate (MCP) detector and a field-free drift region with a distance d [143]. As the
flight time t of the molecular ion depends on its mass-to-charge ratio m/q, the composition
of a molecular beam and the constituents of a fragmentation process can be determined.
The relation of the mass-to-charge ratio to the flight time of the ion is then given by

m
q
= C(tm � t0)

2, with C =
2e

d2 , (2.23)

where the measured flight time tm has an offset of t0 to the real time t = tm � t0. This
simplified equation can be used for a calibration of the TOF spectrum by comparing the
calculated masses with the actual mass values of a calibration sample or the seeding
gas. The calibration is improved by using two calibration masses. One method is to
use educated guessing, where two peaks are assumed to correspond to a certain m/q
ratio. Therefore, the shortest flight time is often given by the proton and, as second
mass, the seeding gas can be used. The obtained spectrum has to be compared to the
measured masses such that all peaks are assigned. Also simulating the ion trajectories
for a given spectrometer voltage is an option, e. g. with SIMION [144]. The resolution of
the spectrometer is given by the width of the arrival times at the detector, caused by a
variation of the initial position, timing and kinetic energy at the point of formation of the
ions.

Combining the MCP with a phosphor screen and a camera, not only the mass spectra,
but also the velocities and, thus, the kinetic energies of the created molecular ions can be
measured. Therefore, the voltage ratio of the spectrometer electrodes must be optimized
such that ions with the same velocity vector hit the same spot on the MCP detector [68].
The created ions are expanding spherically from the point of creation and form a three-
dimensional Newton sphere. Only a projection into two-dimensions can be measured,
but the full information can be extracted by a reconstruction of the detected VMI. This
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transformation is called Abel transformation.

From the reconstructed VMI one can gain some information about the dependence of
the angular distribution I(q) on the laser polarization, which is given by the anisotropy
parameter b. Originally, it was introduced for electrons [145]

I(q) =
1

4p
(1 + bP2(cos q)), (2.24)

and has been adapted for ions [146]

ds

dW
=

s

4p
(1 + bP2(cos q)). (2.25)

The angular distribution of ions ds
dW is defined via the second Legendre polynomial

P2(cos q) = 1
2 (3 cos2 q � 1) with the angle q between the fragmented ion and the po-

larization axes of the laser. The b parameter lies in the range between -1 and 2. It describes
the degree of anisotropy of the angular distribution. In the case of b = 0 the distribution is
fully isotropic, while b = �1 is perpendicular and b = 2 indicates a parallel distribution
in reference to the laser polarization axis.

2.4 Experimental Setup

In this chapter, the experimental setup used in this thesis is discussed. A differential
pumping system was used to separate the source, deflection and detection chambers with
a vacuum of 10�8 mbar, 10�10 mbar and 10�9 mbar maintained within those chambers,
respectively. Only skimmers with diameters of 3.0 mm and 1.5 mm were connecting
the different chambers. A schematic drawing of the experimental setup is shown in Fig-
ure 2.11.

The source chamber involved a pulsed Even-Lavie valve to create a rotationally-cold
water-cluster sample [14] and a skimmer 6.5 cm behind the nozzle. Inside the valve, a filter
paper soaked with one droplet of deionized water was placed and heated up to 100� C.
With a valve repetition rate of 250 Hz and a valve opening time of 19.5 µs, a molecular
beam of water clusters was created using helium as a seeding gas with a pressure of
100 bar.

The molecular beam was skimmed by a second skimmer with a diameter of 1.5 mm to
reduce the size of the molecular beam and so reduce the number of collisions with the
deflector electrodes, that were placed 4.4 cm behind the second skimmer. An electrostatic
deflector with two parallel rods, also called a b-type deflector [147], of 154 mm in length
and maximum field strength of 50 kVcm�1 was used to spatially separate the water dimer
from the seeding gas and other water clusters inside the molecular beam.

A third skimmer 3.6 cm behind the deflector connected the deflection and detection
chamber. By optimizing its position, the coldest part of the molecular beam can be selected,
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Figure 2.11: Schematic of the general experimental setup consisting of a pulsed valve,
a deflector and a time-of-flight mass spectrometer/velocity map imaging
spectrometer.

as it is usually the part of the beam that is deflecting the most. In the detection chamber,
a VMI that can also be used as a TOF-MS and a MCP detector were placed 134.5 cm
downstream from the nozzle. In the center of the TOF-MS, the molecular beam was
ionized by a laser pulse with a full width at half maximum (FWHM) of 30 fs, a wavelength
centered around 800 nm and a linear laser polarization parallel to the detector. The laser
was focussed by a 500 mm focal length lens to a FWHM-spot size of (40 x 40) µm2 with a
pulse energy of around 170 µJ. The molecules were strong-field ionized and the created
ions were accelerated toward the MCP detector, which was combined with a phosphor
screen and a camera to record VMIs.

The valve, skimmers and the deflector were placed on motorized stages. By moving
them vertically through the ionization laser area, the vertical molecular-beam-density
profiles were measured. A further improved apparatus by using a knife-edge to cut
unwanted molecules and increase the number density of the interested sample was
introduced in [148].
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3 A Pure Beam of Water Dimer*

3.1 Introduction

Hydrogen bonding between water molecules plays an important role in aqueous systems,
e. g., for biomolecules that are surrounded by solvents. It is responsible for the unique
properties of water, such as its high boiling point [149]. While hydrogen bonds have
been studied extensively in many different molecular systems [26, 150–155], one of the
most important models remains the water dimer, somehow the smallest drop of water.
Numerous studies have been conducted on this benchmark system and its structure with
a single hydrogen bond is well known [57, 58, 84, 156].

Water molecules and water clusters have been studied using various techniques to
describe dynamics such as proton motion [157] or chemical processes, e. g., reactive colli-
sions [158]. For investigations of ultrafast molecular dynamics, such as energy and charge
transfer across hydrogen bonds in molecular systems, photoion-photoion coincidence
measurements at free-electron lasers are developing as a powerful tool [155, 159, 160]
and this approach was also used to study hydrogen bonding in the water dimer at a syn-
chrotron [67]. Other spectroscopic techniques utilizing synchrotron facilities [161, 162] or
table-top laser-systems [26, 52, 153, 163] further improved the knowledge about hydrogen
bonding in water and water clusters.

Most of these experiments investigating the dynamics of hydrogen-bonded systems
would benefit from samples of identical molecules in a well-defined initial state. The
widely used supersonic expansion technique provides cold molecular beams down to
rotational temperatures of < 1 K [13, 14, 19]. However, cluster expansions do not produce
single-species beams, but a mixture of various cluster stoichiometries. Hence, only low
concentrations of specific species can be achieved. In the case of water molecules, super-
sonic expansion produces a cold beam of various water clusters [150] with a water dimer
concentration of only a few percent [67, 164]. This leads to small experimental event rates
and requires long measurement times, e. g., in coincidence detection schemes [67, 160].
These experiments with a mixture of molecules in a molecular beam are only feasible if it
can be disentangled which molecule was actually measured. Therefore, these mixtures
severely limit the applicable techniques. A pure beam of water dimers would significantly
speed up the measurements, when unwanted backgrounds from carrier gas and larger
water clusters are avoided, or simply enable such experiments.

The electrostatic deflector is an established method to spatially separate the molecules
of interest from the carrier gas and to separate different species within a cold molecu-

*This chapter is based on the publication: Pure Molecular Beam of Water Dimer, by Helen Bieker, Jolijn Onvlee,
Melby Johny, Lanhai He, Thomas Kierspel, Sebastian Trippel, Daniel A. Horke, Jochen Küpper. My
contribution was to perform the experimental measurements, data analysis, simulations, to discuss the
results and to prepare the draft of the manuscript, including preparation of the figures.
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lar beam [16]. This includes the separation of molecular conformers [20, 21, 165, 166],
individual quantum states of small molecules [22, 167], as well as specific molecular
clusters [19, 23, 168]. The deflector was previously utilized in investigations of water,
e. g., to determine the rotational temperatures of “warm” molecular beams of water [169],
to separate its para and ortho species [22], and to measure the dipole moment of small
water clusters [170]. Alternatively, separation by the cluster species’ distinct collision cross
sections, i. e., by the transverse momentum changes due to scattering with a perpendicular
rare-gas beam, was demonstrated [97]; this method is especially amenable to larger cluster
sizes [171]. Such spatially separated single-species samples enable, for instance, advanced
imaging applications of water clusters using non-species-specific techniques, as well as the
study of size-specific effects and the transition from single-molecule to bulk behavior.

3.2 Experimental Methods

Here, the electrostatic deflector was used to spatially separate water dimers from water
monomers as well as larger water clusters in a molecular beam formed by supersonic
expansion. The experimental setup was described previously [16, 148]. Briefly, liquid
water was placed in the reservoir of an Even-Lavie valve [14], heated to 55 �C, seeded
in 100 bar of helium, and expanded into vacuum with a nominal driving-pulse duration
of 19.5 µs and at a repetition rate of 250 Hz. The produced molecular beam was doubly
skimmed, 6.5 cm (? = 3 mm) and 30.2 cm (? = 1.5 mm) downstream from the nozzle,
directed through the electrostatic deflector [147] of 154 mm length and with a nominal field
strength of 50 kV/cm with an applied voltage of 8 kV across the deflector, before passing
through a third skimmer (? = 1.5 mm). The deflector was placed 4.4 cm behind the tip of
the second skimmer. In the center of a time-of-flight (TOF) mass spectrometer, 134.5 cm
downstream from the nozzle, molecules were strong-field ionized by a 35 fs short laser
pulse with a central wavelength around 800 nm and a pulse energy of 170 µJ. Focusing
to 65 µm yielded a peak intensity of ⇠1014 W/cm2. The generated ions were accelerated
toward a microchannel-plate detector combined with a phosphor screen and the generated
signal was recorded with a digitizer. The valve, skimmers, and deflector were placed on
motorized translation stages, which allowed movement of the molecular beam through
the ionization laser focus and the recording of vertical molecular-beam-density profiles
without moving the laser focus, resulting in fixed imaging conditions [172–174].

While the employed strong-field ionization is a general, non-species specific ionization
technique, it can also lead to fragmentation of molecules, such that recorded mass spectra
(MS) do not directly reflect the composition of the molecular beam. In combination with
the species-specific deflection process, however, this can be disentangled and, thus, even
allows for the investigation of strong-field-induced fragmentation processes of a single
species.
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Figure 3.1: TOF-MS in the center of the molecular beam as depicted in Figure 3.2 with
a deflector voltage of 0 kV (black, red) and at a position of +3 mm with a
deflector voltage of 8 kV (blue). For mass/charge (m/q) ratios of 0 . . . 30 u/e,
to the left of the dashed red line, the TOF-MS has been scaled by 0.1. The inset
shows the region of m/q = 0 . . . 40 u/e enlarged; see text for details.

3.3 Results and Discussion

TOF-MS of the direct and the deflected beams are shown in Figure 3.1. The spectrum
of the undeflected beam shows water-cluster ions (H2O)+n up to n = 2 and protonated-
water-cluster ions (H2O)nH+ up to n = 10. Even larger clusters were likely formed in the
supersonic expansion, but were not observed in the recorded TOF interval. We point out
that all clusters that reach the interaction region are neutral clusters of the type (H2O)n,
and protonated clusters must result from the interactions with the femtosecond laser, i. e.,
due to fragmentation during or after the strong-field-ionization process.

Vertical molecular-beam-density profiles for water ions (H2O)+, water-dimer ions
(H2O)+2 , and protonated-water-cluster ions (H2O)nH+ up to n = 4, with a potential
difference of 8 kV applied across the deflector, are shown in Figure 3.2. For comparison, a
field-free vertical profile for the water ion with 0 kV across the deflector is also shown. The
vertical molecular-beam-density profiles have been normalized to the area of the field-free
spatial profile of the water ion. For visibility the water-dimer profile has been scaled by a
factor of 100 after normalization. While the field-free molecular beam profile is centered
around 0 mm, application of a voltage of 8 kV to the deflector shifted the peak of water
ions, water-dimer ions, and protonated- water-cluster ions by +0.5 mm, as indicated by
the red arrow in Figure 3.2. In addition, water-dimer ions showed a broadening and an
increase of signal at around +3 mm, indicated by a black arrow in Figure 3.2.
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Figure 3.2: Normalized measured vertical molecular-beam-density profiles (dashed lines)
of water cation (H2O)+ (blue), water-dimer cation (H2O)+2 (red), and
protonated- water-cluster ions (H2O)nH+ up to n = 4 (yellow, green, cyan,
orange) with deflector voltages of 0 kV (black circles) and 8 kV (squares).
Simulated vertical molecular-beam-density profiles of the undeflected water
monomer (grey) as well as of the deflected water monomer (light blue) and
water dimer (dark red) with a deflector voltage of 8 kV are shown as solid
lines. The shaded (dark red) area depicts the error estimate of the water-dimer
simulation due to the temperature uncertainty, Trot = 1.5(5) K; see text for
details. The black arrow indicates the position in the deflected beam where the
TOF-MS shown in Figure 3.1 was measured. The inset shows the deflection
region enlarged with a magnification factor of 5 applied to the (H2O)+2 and
(H2O)nH+ signals.

In the inset of Figure 3.2 the region around +3 mm is shown enlarged with a magnifi-
cation factor of 5 applied to (H2O)+2 and (H2O)nH+ with n = 1 . . . 4. The corresponding
TOF-MS in the deflected part of the beam at a position of +3 mm is highlighted in Figure 3.1
by the blue line. Not just water-dimer ions, but also hydronium ions, H3O+, and water
ions, H2O+, showed an increased signal in the deflected beam. The shape of the vertical
beam profiles for these ions matched the water-dimer profile in the region of 2.8–3.5 mm,
indicating that they originated from the same parent molecule.

The water-dimer ion was the largest non-protonated cluster measured in this setup.
To verify that the water-dimer ion was originating from the water dimer, the deflection
behaviour of water clusters inside the electrostatic deflector was simulated. Therefore, the
Stark energies and effective dipole moments of water monomers and water clusters were
calculated with the freely available CMISTARK software package [126] using rotational
constants, dipole moments, and centrifugal distortion constants from the literature [57, 127–
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130], see Suppl. Inf. Table A.1; contributions of the polarizability to the Stark effect could
safely be ignored [147, 175]. The rotational constants of the water dimer are significantly
smaller than for the water monomer, leading to a larger effective dipole moment for the
water dimer than for water and a larger acceleration in the electric field in the deflector,
see Figure A.3 and Table A.1 of the Suppl. Inf. for further information.

The simulated vertical molecular-beam-density profiles of the water monomer and the
water dimer are shown in Figure 3.2. The deviations between the measured and simulated
undeflected vertical beam profiles are ascribed to imperfect alignment of the experimental
setup, which was not taken into account in the simulations. Due to the rotational-state
dependence of the Stark effect, the deflection of a molecular beam in an electrostatic field
depends on the rotational temperature of the molecular ensemble [16] and the best fit for
the profiles of the water monomer and the water dimer at a deflector voltage of 8 kV was
obtained assuming a Boltzmann population distribution of rotational states corresponding
to 1.5(5) K.

Not only deflection of water clusters measured as a mass of 36 amu, but also of water
clusters detected as protonated clusters have been measured, for instance, for (H2O)+2 , as
indicated by the red arrow and symbols in Figure 3.2. Trajectory simulations for water
clusters (H2O)+n with n = 3 . . . 7 using a rotational temperature of Trot = 1.5(5) K were
performed to understand the origin of this deflection behavior. For the water hexamer
three and for the water heptamer two conformers have been simulated, assuming an equal
population of the conformers. These showed that, based on the different effective dipole
moments, a different deflection is expected for different water clusters, see Figure A.5
of the Suppl. Inf.. Since the detected protonated water clusters arose from the strong-
field fragmentation of larger neutral clusters in the interaction region, the measured
vertical protonated-cluster-density profiles are a superposition of several neutral-water-
cluster density profiles. Thus, it is not possible to compare the individual simulated
molecular-beam-density profiles of neutral clusters directly with the measured protonated-
water-cluster density profiles. Instead, at each position of the deflection profile the signal
from all water clusters has been summed up, both for the simulated and the measured
molecular-beam-density profiles. The result yields a comparable amount of deflection for
simulated and measured molecular-beam-density profiles, see Suppl. Inf. Figure A.6. The
shift of 0.5 mm can, therefore, originate from the superimposed molecular-beam-density
profiles from different larger clusters due to fragmentation into smaller water clusters.
The same shift is visible for H2O+ and (H2O)+2 , which indicates that water clusters are
also fragmenting into H2O+ and (H2O)+2 . Nevertheless, the simulation for water clusters
n = 1 . . . 7 shows that the water dimer deflected the most, reaching a position of +3 mm
and above, see Suppl. Inf. Figure A.4 and Figure A.5. Of all the other clusters considered,
only the water hexamer in its prism and book forms reaches to a position up to 3.2 mm
with the falling edge of the profile. In our experiments the water hexamer and higher
order clusters have only been measured as fragments, such that the concentration and
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size distribution of neutral clusters in the molecular beam is unknown. However, the
measured fragment distributions strongly suggest that significantly larger clusters are not
present, since the ion signals decay exponentially and it is known that clusters primarily
fragment through loss of single water molecules [63, 92, 176].

The TOF-MS in the deflected part of the beam, shown in Figure 3.1, contains peaks
corresponding to H+, O+, OH+, H2O+, and H3O+, in addition to the water-dimer ion.
As mentioned before the short-pulse ionization can lead to fragmentation. For the water
dimer, two fragmentation channels were reported for electron-impact ionization with
70 eV electrons [92]: either an H3O+ ion and a neutral OH are formed or a H2O+ ion and
a neutral water monomer H2O. Using a size-selection method and infrared spectroscopy,
H2O+ has been reported as a fragment of the water dimer [97]. Comparison of the vertical
molecular-beam-density profiles of the deflected molecules allowed further investigation
of the fragmentation channels of the water dimer. The measured vertical molecular-beam-
density profiles of these molecules showed a similar deflection behavior in the region of
2.8 to 3.5 mm as the water dimer, see Figure 3.2 and Suppl. Inf. Figure A.1. The observed
constant ratio of those fragments over this spatial region indicates that all these fragments
originated from the water dimer.

Comparing the intensity of the fragments of the water dimer, H2O+ and H3O+ and
(H2O)+2 , in the deflected beam, the fragmentation ratios of the intact water dimer were
estimated. These showed that 46(7) % of the water dimer fragmented into one ionized
water molecule, while 46(4) % of the water dimer underwent most likely proton transfer
and formed a hydronium ion. Only 8(2) % of the water dimer present in the molecular
beam stayed intact after ionization.

The actual number of water-dimer molecules per shot in the deflected molecular beam
was estimated to ⇠0.8 within the laser focus using the known fragmentation ratios of
H2O+ and H3O+, while the fragmentation channels of H+, O+, OH+ have not been
included. Taking the known fragmentation channels into account, the fraction of the water
dimer within the molecular beam was evaluated. Comparing the ratios between the water
dimer and all other species visible in the TOF, a water-dimer fraction of 3.9(6) % in the
center of the undeflected beam and of 93(15) % in the deflected beam, at a position of
+3 mm, was achieved. Thus, using the electrostatic deflector the fraction of the water
dimer within the interaction region could be increased by nearly a factor of 24.

3.4 Conclusions

In summary, a high-purity beam of water dimers was created using the electrostatic deflec-
tor, which spatially separated water dimers from other species present in the molecular
beam. The resulting water dimer sample had a purity of 93(15) %. The fragmentation
products and ratios of the water dimer following strong-field ionization using a 35 fs laser
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pulse with a wavelength centered around 800 nm and peak intensity of ⇠1014 W/cm2

were studied, with 46(4) % of the water dimer found to form a hydronium ion and 46(7) %
fragmenting into one water cation and one neutral water monomer, while 8(2) % of the
water dimer stayed intact. The deflection profiles could be simulated using a rigid-rotor
model and an initial rotational temperature of 1.5(5) K.

The produced clean samples of water dimers are well suited for non-species-specific
experiments, e. g., reactive-collisions, diffractive imaging, or ultrafast spectroscopies [158,
172, 177]. Even for experiments that can distinguish different species, for example
photoion-photoion coincidence measurements [155, 178], the produced clean beams will
enable significantly faster measurements of this important hydrogen-bonded model sys-
tem, e. g., because unwanted backgrounds are avoided. Furthermore, the electrostatic
separation technique can be used to separate different conformers [16], which could be
highly interesting in the purification and studies of larger water clusters that exhibit
multiple conformers [106].
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4 Non-Rigidity of Water Dimer

In chapter 3, the water dimer was treated as a rigid rotor to calculate the Stark energies
and to simulate the vertical molecular-beam-density profiles of the water dimer in an
electric field. But at room temperature the water dimer is a non-rigid cluster with large
amplitude motions, which are changing the structure of the water dimer, its EDM and
its behavior in an electric field. Thus, the rigid rotor approximation might not be valid
anymore. In this chapter, the importance of the non-rigidity of the water dimer and its
influence onto the Stark energies are investigated. First, a simple model is used to obtain
the averaged dipole moment of each internal vibration of the water dimer to calculate
the Stark energy of each vibrational mode using the rigid-rotor approximation. In the
second part of this chapter, these calculations are improved by using a more accurate and
more efficient way to calculate the Stark energies of the non-rigid water dimer. Therefore,
the water dimer is modeled using an ab-initio variational approach to simulate the Stark
energies using a Born-Oppenheimer-like approximation. Both simulations, which are
neglecting the interaction between different vibrational modes and, thus, are only valid
in case of low-field gradients and well-separated rotational states, are compared to the
results of the rigid-rotor approximation of chapter 3.

4.1 A Simple Description of the Intermolecular Motions and
their Effect on the Stark Energies †

In this section, the intermolecular motions of the water dimer are modeled assuming
the water monomers inside the water dimer to be rigid with a fixed EDM. With this
approximation, it is shown that only the acceptor wag, in-plane bend and torsional motion
changes the water dimer EDM. For these three motions, the potential energy and the
averaged EDM were modeled by solving the Schrödinger equation. Therefore, a Hamilto-
nian and a periodic potential were set-up, which describes the important intermolecular
motions to calculate the averaged EDM. The Stark energies were calculated using these
averaged EDMs of each motion treating the water dimer as a rigid rotor again.

The experimentally observed equilibrium geometry is discussed in subsection 2.1.1
and shown in Figure 2.1. However, the water dimer is a non-rigid molecule with large
amplitude motions, which are changing the positions of the atoms inside the water
dimer. As discussed in subsection 2.1.2, the major vibrations of the water dimer are the
intermolecular vibrations and can be described by six Euler rotations with the angles
aj, b j, gj with j = A, D for the acceptor water and donor water, respectively, around the
z, y and x-axis, respectively, and by a hydrogen bond stretching along the z-axis changing

†This chapter was done in collaboration with Boris Sartakov from the Russian Academy of Sciences in
Moscow.
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Figure 4.1: a) The torsional motion d is a rotation of the water monomers inside the water
dimer around the z-axis. It can be described as a rotation of the donor around
aD and the acceptor aA in opposite directions. The donor D is rotating twice as
much as the acceptor A. b) The acceptor wag and in-plane bend are rotations of
the acceptor with an angle bA and of the donor with an angle bD, respectively,
around the y-axis.

the distance ROO of the two oxygens. In first order approximation, we can describe these
vibrational modes as independent and not interacting. The EDM of the water dimer is
assumed to be a vector sum of the EDMs of the two water monomers, which are assumed
to be rigid. The orientation of the EDM of the water monomers is then fixed to the water-
monomer orientation. With these assumptions, the overall rotation of the water dimer,
the OO-Stretch ROO, the acceptor twist gA and the out-of-plane bend gD do not influence
the direction of the EDM of the water monomers and the overall EDM of the water dimer.
Thus, only the torsional motion, the acceptor wag and the in-plane bend, which are shown
in Figure 4.1, are changing the water-dimer EDM.

The torsional motion with an associated angle d describes the rotation of the donor
oxygen with an angle aD and the acceptor oxygen with an angle aA around the z-axis in
opposite directions, see Figure 4.1 a). The overall angle of the torsional motion is then
given by d = aD � aA, where the donor angle aD is twice as much as the acceptor aA. The
in-plane bend with the associated angle bD describes the rotation of the donor and the
acceptor wag bA the rotation of the acceptor around the y-axis, as shown in Figure 4.1 b).

The influence of the internal vibrations on the EDM can be obtained by solving the
Schrödinger equation and by afterwards calculating the averaged EDM of the water dimer
for each individual vibration. Each of these three internal motions can be described
as a rotation, which can be characterized by the appropriate moment of inertia and a
2p-periodicity of its effective potential U(b).
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Solving the Schrödinger Equation for the Torsional Motion

In the framework of this chapter, the rigid rotor approximation was used except for the
torsion between the two water molecules. Thus, the Hamiltonian Ĥ to solve the time
independent Schrödinger equation

Ĥym(d) = Eym(d) (4.1)

can be described by independent rotations of the acceptor A and donor D with an interac-
tion potential. As the mass of the oxygen is larger than the hydrogen, the rotations are
assumed to be around the OO-axis. As the H1-atom is on a line with the two oxygen-
atoms of the acceptor (OA) and donor (OD), the rotation of the donor can be described in
analogy of a linear molecule [179], where the H1-atom is rotating around the OO-axis. The
rotation of the acceptor is described as a rotation of the two hydrogen H3 and H4 around
the OO-axis. Thus, the Hamiltonian can be written as

Ĥ = BDL̂2
D + BA(L̂� L̂D)

2 + U(d) (4.2)

with the angular momentum operator L̂D = �i ∂
∂aD

of the donor, the total angular momen-
tum operator L̂ = L̂D + L̂A = �i ∂

∂d and the angular momentum operator L̂A = �i ∂
∂aA

of
the acceptor. The first term in Equation 4.2 describes the rotation of the donor and the
second term the rotation of the acceptor. Thus, the Hamiltonian can be rewritten as

Ĥ = BD
∂2

∂a2
D
+ BA(

∂

∂d
� ∂

∂aD
)2 + U(d). (4.3)

As the torsional vibration is treated as an angular rotation, the effective potential can be
characterized by a 2p-periodicity using a periodic model potential

U(d) =
Vmax,d

2
(1� cos d), (4.4)

as a first-order approximation with a maximum of the angular potential Vmax,d, while the
true potential would be more complex [180, 181]. The basis functions

ym(d) =
1p
2ip

e�imd (4.5)

can be used as a basis set to solve the time independent Schrödinger equation for the
Hamiltonian in Equation 4.3 with an integer m. The rotational constants of the water
monomers were calculated to be BD = 14.36 cm�1 for the donor and BA = 17.22 cm�1 for
the acceptor.
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Solving the Schrödinger Equation for the Acceptor Wag bA and the In-Plane Bend bD

The acceptor wag bA and the in-plane bend bD are rotations of a single water monomer
around the y-axis, see Figure 4.1 b), and around the principal axes of inertia of the water
monomers. Thus, the rotational constants of the water monomer C = 9.3 cm�1 [182] can
be used as rotational constant Bb of these b-motions and for computing the eigenvalues.
The corresponding Hamiltonian in the basis set of a free rotor can be modeled in analogy
to the torsional motion as

Ĥ = �Bb
∂2

∂b2 + U(b) (4.6)

with the first-order approximation periodic potential

U(b) =
Vmax,b

2
(1� cos(b)) (4.7)

where Vmax,b is the maximum of the angular potential. The basis function

ym(b) =
1p
2p

e�imb (4.8)

was used to solve the time-independent Schrödinger equation for the Hamiltonian in Equa-
tion 4.6 with an integer m.

The Potential Energy and the Averaged EDM

After solving the Schrödinger equation for the three vibrational modes, the potential
energy curves, wave functions and resulting energy levels were analyzed. The potential
energy curve describes the potential energy of the water dimer in dependence of the
rotation according to the angles bD, bA and d. The modeled potential energy and wave
functions of the ground and first excited states of the torsional motion and of the in-plane
bend and acceptor wag are shown in Figure 4.2 a), b) and in Figure 4.2 c), respectively.
The maximum of the angular potential Vmax,h with h = d, bA, bD was chosen such that the
difference of the first and second eigenvalue E2,h � E1,h fits to the experimental observed
frequencies nh , which are listed together with the used parameters and the corresponding
measured frequencies in Table 4.1.

The influence of the three vibrational motions onto the EDM can be calculated in
dependence of the corresponding Euler angles. The overall EDM of the water monomer
is µmonomer = 1.857 D [127] and assumed to be fixed for rotations around its principal
axes of inertia, as done in the torsional motion, acceptor-wag and in-plane bend. The
water-dimer EDM is then given by a vector sum of the water-monomer EDMs with the
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Figure 4.2: The potential energies of the a) torsional motion d, b) acceptor wag bA and c)
in-plane bend bD of the water dimer and the squares of the respective wave
functions |Yh |2 of the ground and the first excited states with energies E1,h , E2,h
with h = d, bA, bD. The difference of the eigenvalues E2,h � E1,h is given by the
experimentally observed frequencies listed in Table 4.1.

Name Frequency
nh(cm�1)

Fitted Frequency
nh,fit(cm�1)

Vmax
(cm�1)

Bacceptor
(cm�1)

Bdonor
(cm�1)

Torsional motion d 88 88 293 17.22 14.36
Acceptor twist gD 103 - - 14.5 -
Acceptor wag bA 108 108 1310 9.3 -
OO-stretch ROO 143 - - - -
In-plane bend bD 311 311.039 10569 - 9.3
Out-of-plane bend gA 523 - - - 14.5

Table 4.1: Experimentally observed frequencies [87], fitted frequencies and rotational con-
stants of the corresponding vibrational motion used for the model.

water-monomer-EDM vector �!µ monomer = µmonomer
�!n and the unity vector

�!n =

0

BBBB@

cos a sin b

sin a sin b

cos b

1

CCCCA

using the Euler angles a and b describing the rotations of the water monomers inde-
pendently. For sake of simplicity using aA = 0 and aD = d leads to the following
water-dimer-EDM vector

�!µ dimer = µmonomer

0

BBBB@

cos d sin(p � qa � c + bD) + sin(p + qa � bA)

sin d sin(p � qa � c + bD)

cos(p � qa � c + bD) + cos(p + qa + bA)

1

CCCCA
(4.9)
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Figure 4.3: EDMs µ of the water dimer for the vibrational modes of the torsional motion
(blue), acceptor wag (green) and in-plane bend (orange) with rotation angles
h = d, bD, bA. The calculated equilibrium EDM is shown as a black solid line.

with the angles qa and c of the water monomers inside the ground state water dimer, as
discussed in subsection 2.1.1. The results for the EDM of the water dimer for different
rotation angles h = d, bA, bD are shown in Figure 4.3. Using vector addition, the EDM
for the water dimer in the equilibrium structure is determined to be 2.27 D, while the
measured EDM of water dimer is µdimer, exp = 2.63 D [57]. The permanent EDM for the
torsional motion takes values between 2.2 D to 3.7 D for various angles d, while the EDM
of the acceptor wag and the in-plane bend varies between 0 D and 3.7 D for angles bA and
bD, respectively.

The expectation value of the EDM hµdimer,hi of each vibrational motion h gives an
estimation how much the EDM of the water dimer is changing from the ground state. It
can be calculated using the obtained eigenfunctions yi of the potential energy U(h) with
h = d, bA, bD. The expectation value of the EDM of the water dimer is then given by

hµdimer,hi =
D

yi,h

��� µdimer,h

���yi,h

E
=

Z p

�p
yi,hµdimer,h(h)yi,hdh, (4.10)

integrating over the whole range of h = bD, bA, d for the first excited state i of the
vibrational mode h with µdimer =

q
µmonomer(n2

x + n2
y + n2

z). As in a cold beam probably
only the lowest torsional states are populated, the integration goes over all three angles
with using the orthogonality of eigenfunctions of U(h), therefore, only one angle of
interest is left. The obtained averaged dipole moments are listed in Table 4.2 for each
vibrational motion. Comparing the expectation values of the EDM hµdimer,hi to the EDM
of the equilibrium. These numbers suggest that all vibrations are small amplitude motions.
Nevertheless, the expectation values of the EDM of the torsional motion, the acceptor
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Name EDM hµdimer,hi (D) Scaled EDM hµdimer,hi (D)
Equilibrium 2.27 2.63
Torsional motion d 2.67 3.1
Acceptor twist gA 2.27 2.63
Acceptor wag bA 2.4 2.6
OO-stretch ROO 2.27 2.63
In-plane bend bD 2.2 2.55
Out-of-plane bend gD 2.27 2.63

Table 4.2: The expectation values of the EDMs and the scaled EDMs such that the equilib-
rium EDM fits the measured water-dimer EDM of 2.63 D [57].

Name Rotational Constants (MHz) Centrifugal Distortion constants (MHz)
A B C DJ DJK DK dJ dK

Torsion d 190327 6124.008 6124.008 [31, 129] 0.043 0 0 0 0 [31]
Acceptor wag bA 190327 6127.966 6127.966 [31, 129] �0.0147 0 0 0 0 [31]
In-plane bend bD 190327 6162.762 6133.741 [130] 0.044 4.01 0 0 0 [57]

Table 4.3: Rotational constants and centrifugal distortion constants of water dimer in
different vibrational modes used in the Stark effect calculations.

wag and the in-plane bend were used to calculate the corresponding Stark energies.
As the expectation values of the EDM of the equilibrium structure is different to the
measured EDM of the water dimer, see Table 4.2, the calculated EDMs were linearly scaled
such that the averaged equilibrium EDM fits the measured water dimer EDM for a better
comparison of the Stark energies.

Afterwards, the Stark energies of the torsional motion, acceptor wag and in-plane bend
were calculated with the freely available CMISTARK software package [126] using the
averaged water dimer EDM hµdimer,hi of each vibrational mode in the first excited state i
as the permanent EDM of the water dimer treating the water dimer as a rigid rotor. The
rotational and centrifugal distortion constants were taken from the literature [31, 129]
and are listed in Table 4.3. The calculated Stark energies for |J, Ka, Kc, Mi-states up to
J = 5 with field-free energies up to 7.5 cm�1 of the torsional motion, acceptor wag, in-
plane bend and of the rigid water dimer are shown as a function of the electric field
strength in Figure 4.4. For a better visibility the rotational states J = 0 . . . 5 are shown in
different subfigures from the bottom to the top. As only states with field-free energies
up to 7.5 cm�1 only Ka-states up to 1 are shown. All states up to J = 3 were strong-field
seeking and, hence, accelerated toward regions of stronger fields. States of J = 3� 5
have low and high-field seeking states. The discontinuous change of the Stark energy
for the acceptor wag at an electric field strength around 32 kV/cm and the torsional
motion at an electric field strength around 28 kV/cm is ascribed to an avoided crossing of
the |J, Ka, Kc, Mi = |5, 0, 5, 0i and |1, 1, 0, 0i states, which did not occur in the rigid rotor
approximation and lead to a different gradient of the |5, 0, 5, 0i of the acceptor wag and
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the torsional motion compared to the rigid rotor approximation and the in-plane bend.
At electric field strengths of 74 kV/cm and 79.5 kV/cm avoided crossing were occurring
between |J, Ka, Kc, Mi = |4, 0, 4, 0i and |1, 1, 1, 0i and between |2, 1, 2, 0i and |1, 1, 0, 0i for
the torsional motion only. Due to the larger averaged EDM, the torsional motion had
a larger gradient of the Stark energy than the rigid rotor approximation, the acceptor
wag and in-plane bend. Thus, the torsional motion differed the most from the rigid-rotor
approximation and, therefore, had the largest effect on the behavior of water dimer in
strong fields. From this first approach, it can be seen that all the intermolecular motions
affected the Stark shift only slightly, while the torsional motion had the biggest effect on
the Stark energies of the water dimer.

4.2 Adiabatic Molecular Dynamics Simulation of the Non-Rigid
Water Dimer

In the previous Section 4.1, it is shown that the effect of internal vibrations of the water
dimer onto its behavior in strong electric fields is small, describing the water dimer as a
semi-rigid rotor and assuming the water dimer EDM to be a vector sum of the two water
monomers with a fixed EDM of the water equilibrium structure. However, for an accurate
simulation, it is important to take these motions into account. Thus, in this section, all
intermolecular motions are described in a more accurate and more efficient way using a
variational approach instead of describing each motion one by one. This might become
even more relevant for the implementation of larger clusters and non-adiabatic effects
that are known to play a role on the behavior of the molecules in strong electric fields,
such that it will be easier to adapt to that afterwards. Therefore, a similar procedure to the
Born-Oppenheimer approximation, which was used to separate the motion of nuclei from
the motions of the electrons [34], was used to separate the slow translational from the fast
rovibrational motions for the non-rigid water dimer, see subsection 2.1.2 for further details.
As the translational motion is a slowly acting perturbation on the fast rovibrational motion,
they can be separated and described independently. Mixing of states and coupling terms
of the translational and rovibrational systems were neglected. The electric field is then
a slowly acting perturbation compared to the rotation, which means the rovibrational
system remains in its initial eigenstate.

First, the field-free energies of rovibrational states of the non-rigid water dimer were
calculated by the group of Edit Mátyus of the Eötvös Loránd University using an ab-
initio variational approach, see [183] for a similar calculation of the methane-water dimer.
The rigid simulation in chapter 3 lead to an initial rotational beam temperature of 1.5 K.
Rotational states up to J = 5 with a field-free energy up to 7.5 cm�1 account for 99.8 % of
the population at this temperature and, therefore, excluded higher states from the non-
rigid simulations. Thus, only states in A±

1 , B±
1 and E± spin states with a NSSW of 1, 0 and
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3 were used, see subsection 2.1.3. Using these field-free energies the eigenvalues and Stark
energies in an electric field with a nominal field strength of 50 kV/cm were computed
using RichMol [132], a general variational approach for rovibrational molecular dynamics
in external electric fields, by Andrey Yachmenev and Yahya Saleh [184]. These results were
used to calculate the trajectories through the whole experimental setup of 107 molecules for
each set of quantum state |J, Ka, Kc, Miwith an initial Boltzmann distribution and an initial
spread of the transverse velocities and positions of 10 m/s and 2 mm [174]. In chapter 3,
the alignment of the experimental setup was imperfect and was not taken into account in
the simulations. Here, the simulations were further improved by including the alignment
of the experimental setup in both the rigid and non-rigid simulations, leading to an initial
rotational temperature of 2.5 K of the molecular beam instead of 1.5 K. For a temperature
of 2.5 K, states with field-free energies up to 7.5 cm�1 make a population of 96.9 % and,
therefore, the vertical molecular-beam-density profiles are slightly less accurate, but good
enough to compare the rigid and non-rigid simulations. For the electrostatic deflector
a length of 154 mm and a nominal field strength of 50 kV/cm was used, which are the
same settings as of chapter 3. The electric field was modeled using a zero-gradient over
the length of the deflector in the flight direction of the molecules, thereby neglecting the
variation of the electric field at the edges of the deflector.

The calculated Stark energies and simulated vertical molecular-beam-density profiles
for single rotational states |J, Ka, Kc, Mi up to J = 5 using the rigid and non-rigid approxi-
mation are shown in Figure 4.5 on the left- and right-hand side, respectively. For a better
visibility, the rotational states J = 0 . . . 5 are shown in different subfigures from the bottom
to the top. For the non-rigid case, the three nuclear spin states A1, B1, E1 and, for the rigid
simulation, the two spin states A0, A” are shown. While rotational states with the same
J-state in the the rigid rotor approximation had the same field-free energy, this did not
apply for non-rigid states due to the splitting of the energy levels based on the nuclear
spin, see subsection 2.1.3. Overall the Stark energies of the E1-states showed a similar
gradient as a function of the electric field as the rigid water dimer in A0 and A” states
for all shown J-states. Just the field-free energies were shifted toward larger energies for
E1- states. The A1- and B1-states had no corresponding states in the rigid simulation. For
J = 1 and J = 2, the rigid simulation contained states that shifted above 7.5 cm�1 in the
non-rigid simulation and were, therefore, not included in the non-rigid simulation. On
the right-hand side the normalized vertical molecular-beam-density profiles of the rigid
and non-rigid simulations neglecting the rotational temperature are shown. For visibility
these were averaged for states with the same J-state. A clear similarity of the vertical
molecular-beam-density profiles of the non-rigid E1 and the rigid states is visible. Also
A1- states with J = 0, 1 underwent a similar deflection as the rigid-rotor states. The spatial
shift of the B1-states differed the most from the rigid rotor approximation, but as the NSSW
is zero, see subsection 2.1.3, it had no influence on the overall deflection profile.

The overall vertical molecular-beam-density profiles of the experiment, the rigid and
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non-rigid simulation with an initial rotational temperature of 2.5 K are shown in Figure 4.6.
Both simulated vertical molecular-beam-density profiles reached up to 3.6 mm. Here, the
experimental vertical molecular-beam-density profiles were clipped by the first spectrom-
eter plate, which were taken into account in the simulations as well. The rigid and the
experimental vertical molecular-beam-density profiles had a maximum at 0.6 mm, while
the non-rigid simulation had a maximum at 0.4 mm. In the region of 2.2 mm to 3.3 mm,
the experimental and the non-rigid vertical-molecular-beam-density profile had a plateau.

Overall, the rigid-rotor and non-rigid descriptions of the water dimer lead to similar
vertical molecular-beam-density profiles and a reasonable description of the experimental
measured vertical molecular-beam-density profile of the water-dimer cation. The similarity
of the two simulations was due to the similar gradients of the Stark energies of the E1-
spin-states and the states from the rigid-rotor model. However, a slight difference of
the simulations was due to the different nuclear spin assignment and weighting of the
rotational states. The difference of the left-hand side edge in Figure 4.6 was larger for the
non-rigid than for the rigid simulation. The left-edge mainly contained A1-states in the
non-rigid and A0-states in the rigid simulation. The experiment had a larger intensity in the
maximum than the rigid and non-rigid simulations. This might be due to a contribution
from larger water clusters fragmenting into water dimer cations. As only J = 0, 1-states
deflect up to a position of 3.2 mm and higher rotational states usually deflect less, taking
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higher rotational states than J  5 and larger field-free energies than 7.5 cm�1 into account
could lead to a smaller contribution of the ground and first excited state and to a different
initial rotational temperature.

The adiabatic approximation breaks down in case of dense rotational states or large field
gradients and high translational velocities. These effects are called nonadiabatic and lead
to a transition of states inside the electric field. These are expected to occur especially at
the borders of the deflector, as the fields are rapidly changing. For future simulations, the
changes of the electric field at the edge of the deflector and the nonadiabatic effects are
planned to be taken into account to study the influence of non-rigid effects.
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5 Photophysics of Pure Water Dimer
following Strong-Field Ionization‡

5.1 Introduction

Investigating biological systems, such as proteins and DNA, is highly important to under-
stand, inter alia, the human body and to find new cures for diseases. As many biological
molecules are inactive in the absence of water, it is highly important to understand their
properties and interactions in the presence of water [51, 63, 176]. One of the key aspects to
understand the effect of solvation on biomolecules is hydrogen bonding, which is still not
well understood even for the much simpler case of pure water clusters. Understanding
hydrogen bonding in water itself, is an important step toward understanding solvation
of biomolecules. As the water dimer is the smallest water cluster, it is a favorable model
system to study its hydrogen bonding and fragmentation behavior.

One way to study hydrogen bonding is the usage of strong-fields, such as free-electron
lasers and femtosecond lasers, which offer new opportunities to study these systems
and their ultrafast dynamics. The interaction of molecules with strong-fields can lead to
fragmentation and dissociation of molecules [185–193]. As these methods are not size or
isomer specific, it is important to either sort the molecular system by size and isomer prior
to the interaction with the field, or detect all fragmentation products in coincidence to
determine the corresponding parent system.

As cluster expansions do not produce single-species beams, but a mixture of various
cluster stoichiometries, it is challenging to study a specific cluster in molecular beams.
Hence, only low concentrations of specific species can be achieved. In the case of water
molecules, supersonic expansion produces a cold beam of various water clusters [150]
with a water dimer concentration of only a few percent [67, 164]. This leads to small
experimental event rates and requires long measurement times. These experiments with a
mixture of molecules in a molecular beam are only feasible if it can be disentangled which
molecule was actually measured. Therefore, these mixtures severely limit the applicable
techniques. Using a pure molecular beam of water dimer instead can help to disentangle
its fragmentation pathways in more detail. An established method to spatially separate
molecules of interest from different species within a cold molecular beam is the electrostatic
deflector [16]. Alternatively, separation by the cluster species’ distinct collision cross
sections, i. e., by the transverse momentum changes due to scattering with a perpendicular
rare-gas beam, was demonstrated [97] and has shown that in fact a fragmentation product

‡This chapter is based on a preliminary version of the manuscript: Photophysics of pure water dimer following
strong-field ionization, by Helen Bieker, Jolijn Onvlee, Melby Johny, Sebastian Trippel, Daniel A. Horke,
Jochen Küpper. My contribution was to perform the experimental measurements, the data analysis, to
discuss the results and to prepare the draft of the manuscript, including preparation of the figures.
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of H2O+ is involved in the water dimer fragmentation pattern [97].

The fragmentation patterns depend on the specific ionization states, which each exhibit
different dynamics. Which ionization states are addressed can be achieved using specific
wavelength and laser intensities. The water dimer cation has shown a dissociation process
following single ionization of H3O+ + OH using vacuum ultraviolet radiation [63], while
electron-impact ionization revealed that the water dimer cation is favored to decay into
H3O+ + OH but that it also breaks up into H2O+ + H2O with 15 % probability [63, 92].
After double ionization of the water dimer, fragmentation pathways resulting in H2O+ +

H2O+ and H3O+ + OH+ were identified experimentally using synchrotron and infrared
radiation [67, 99]. Further, a branching ratio of 0.081 ± 0.003 of H3O+ + OH+ to H2O+ +

H2O+ for the double ionization of water dimer was measured using strong-field ionization
and infrared radiation [99]. With these values, a proton transfer rate of 0.032± 0.005 fs�1 of
the ground state (H2O)+2 using the Ammosov-Krainov-Delone model was determined.

Here, an electrostatic deflector [16] was used to create a high-purity water dimer sam-
ple [194]. This allowed to investigate the fragmentation of the water dimer after strong-
field ionization. Moreover, it enabled us to calculate the branching ratios after single
and double ionization using a velocity map imaging spectrometer with a slicing method.
Further, this lead us to investigate the kinetic energy release and the anisotropies of the
individual fragments.

5.2 Experimental setup

The experimental setup was described elsewhere [194]. Briefly, water was placed in the
reservoir of an Even-Lavie valve [14], which was heated to 55 �C. The molecules were
seeded in 100 bar of helium, and expanded into vacuum with a repetition rate of 250 Hz.
The molecular beam was directed through three skimmers (? = 3 mm, ? = 1.5 mm,
? = 1.5 mm) and an electrostatic deflector behind the second skimmer [147]. We have
previously demonstrated that this produced a molecular beam containing 93 % of water
dimers [194]. A VMI spectrometer was placed 134.5 cm downstream from the nozzle,
where molecules were strong-field ionized by a 35 fs laser pulse with a central wavelength
of 800 nm and a pulse energy of 170 µJ. Focusing to 40 µm FWHM yielded a peak intensity
of ⇠4⇥ 1014 W/cm2. The generated ions were accelerated toward a microchannel-plate
detector combined with a phosphor screen and a high-voltage switch (Behlke Power
Electronics GmbH), which was used to gate the detector for measuring ions with a specific
mass-to-charge ratio. The generated signal was recorded with a CMOS-camera. Normally,
we use a pulse duration of 80 ns for the high-voltage switch to mass-gate the detector.
However, since the timing resolution from the HV-switch was insufficient to distinguish
water (m/z 18) from hydronium (m/z 19), we alternately measured VMI images with
pulse durations of 80 ns and 90 ns and subtracted the measured signals from each other
to achieve a temporal resolution of 10 ns, which we call gate-subtraction method in the
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Figure 5.1: a) A measured TOF of b) ions originating from single ionization and c) double
ionization. Each point contains ions with an arrival time width of 80 ns (orange),
90 ns (blue) and 10 ns (green). The green curve was obtained by subtracting
the TOF with 80 ns pulse width from the TOF with 90 ns pulse width.

following.

5.3 Results and Discussion

5.3.1 Improved Timing Resolution for Mass Spectra and Ion Images

A MS is shown in Figure 5.1 a) for a pulse duration of 80 ns (orange), 90 ns (blue) and
10 ns (green). The arrival time on the x-axis is defined here as the mean between the start
and end time of the gate of the HV-switch. A second x-axis on the top is showing the
corresponding TOF-MS (m/q) in units of u/e. The TOF was extracted by counting the
number of ions in the measured VMIs at different arrival times of the ions at the detector.
The 10 ns pulse duration was achieved by subtracting the two measurements with a pulse
duration of 80 ns and 90 ns, such that each data point of the resulting TOF contains data for
a 10 ns gate only. Four local maxima are shown in Figure 5.1 a) for a TOF with 90 ns pulse
width (PW) (blue), which are shifted by ⇠10 ns to later arrival times for the 80 ns PW. The
underlying peaks are not well separated and it is not possible to define the mass-to-charge
ratio properly. Using the gate-subtraction method, well-separated maxima at masses of
16 u/e, 17 u/e, 18 u/e and 19 u/e, corresponding to O+, OH+, H2O+ and H3O+ become
visible (green). This method thereby allows us to distinguish the signals from the different
fragments after strong-field ionization of the water dimer.
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The measured VMIs were converted to momentum. These momentum map images
(MMI) of H2O+ with a PW of a) 80 ns and b) 10 ns are shown in Figure 5.2. A PW of 10 ns
was achieved by subtracting the MMI using a PW of 80 ns from the MMI using a PW of
90 ns. Both MMIs show a maximum intensity in the center with low momenta and a ring
at high momenta with a maximum around 80 ukm/s.

SFI of a molecule can cause a fragmentation into several neutral molecules and ions that
belong to a specific dissociation process, which can be identified using a pure sample of
water dimer. Depending on the number of charges initially created in the water dimer,
the momenta of fragments with the same masses differ from each other [195]. Here,
the detected ions can be sorted to originate from two initial processes of single and
double ionization of the water dimer defined by the minima of the Abel-inverted images
of Figure 5.2, shown as black circles.

A TOF for ions arriving in the single ionization region (inside the solid circle) or in the
double ionization region (between the solid and dashed line) are shown in Figure 5.1 b)
and c), respectively. To obtain the TOF, the Abel-inverted MMIs have been integrated
over the single ionization area for each timing corresponding to a momentum of up to
⇠60 ukm/s, as depicted by the solid circles in Figure 5.2. In case of a PW of 80 ns (orange)
and 90 ns (blue) maxima occurred that were not well separated. Using the gate-subtraction
method, two well-separated ion maxima at 18 u/e and 19 u/e occurred in Figure 5.1 b)
corresponding to low-momentum H2O+ and low-momentum H3O+. For a TOF of ions in
the high-momentum region and after gate subtraction shown in Figure 5.1 c) (green), the
maximum is at 18 u/e and three additional local maxima occurred at 16 u/e, 17 u/e and
19 u/e, which couldn’t be identified without the gate-subtraction method. To verify the
result after gate-subtraction, a simulated TOF using SIMION [144] is shown in Figure B.1
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Figure 5.3: MMIs (left) and its Abel inversion (right) of a) O+, b) OH+, c) H2O+ and d)

H3O+. The polarization axis is along the y-axis (red arrow). The black rings
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ionization (dashed line) at ⇠110 ukm/s.

of the supplemental information (Suppl. Inf.). The MMIs for a) O+, b) OH+, c) H2O+

and d) H3O+ and their Abel-inversion using the Maximum Entropy Velocity Legendre
Reconstruction (MEVELER) method from Bernhard Dick [196] are shown on the right and
on the left halves of Figure 5.3 a)-d), respectively.

For O+, a rather smooth distribution with an anisotropic angular distribution in the
y-direction and a slight maximum in the center is shown in Figure 5.3 a) (left). After
inversion (right), a second maximum forming a ring with a stronger anisotropic angular
distribution was visible. The OH+ had a spot in the center and a ring at 80 ukm/s
in Figure 5.3 b) with an anisotropic distribution in the y-direction along the polarization
axis, shown as a red arrow in Figure 5.3 a). The H2O+ is shown in Figure 5.3 c) and had a
maximum intensity in the center (black circle) of the MMI and also a ring at 80 ukm/s with
an anisotropic distribution in the y-direction. The H3O+ in Figure 5.3 d) had a maximum
intensity in the center and a weak ring at 80 ukm/s was appearing after inversion.

5.3.2 Fragmentation Pathways

The radial distributions of the inverted images for O+ (orange), OH+ (dark blue), H2O+

(light blue) and H3O+ (green) are shown in Figure 5.4 a). The radial distributions of
all fragments show two local maxima with varying intensities and momenta. Ions with
low momenta up to ⇠60 ukm/s predominantly originated from single ionization of the
water dimer followed by a neutral dissociation into one ion and a neutral molecule. Ions
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with momenta in the region between ⇠60 ukm/s to ⇠110 ukm/s belonged to processes
occurring following double ionization of the dimer. Thus, two detected ions in the regime
of the double ionization must belong to one fragmentation process.

The relative ion yields of the measured fragments of single and double ionization
are listed in Table T1 and the branching ratios were calculated. For a single ionization,
previous publications [92] using electron impact ionization have shown, that the neutral
partner for a fragmentation of a water dimer into H2O+ is an H2O and for H3O+ is a
neutral OH. As a neutral H3O is unlikely, one option for a fragmentation following single
ionization involving OH+ is a fragmentation process of OH+ + H + H2O. For an O+ the
corresponding masses for the rest must add up to an H4O, while the real neutral partners
are unknown. But assuming neutral partners H2O + H could be an option. This gives the
following possible single ionization fragmentation pathways:

(H2O)2 + hn! (H2O)+2 + e� ! H3O+ + OH + e�, (5.1)

(H2O)2 + hn! (H2O)+2 + e� ! H2O+ + H2O + e�, (5.2)
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(H2O)2 + hn! (H2O)+2 + e� ! OH+ + H2O + H + e�, (5.3)

(H2O)2 + hn! (H2O)+2 + e� ! O+ + H2O + 2H + e�. (5.4)

Due to the high purity of the molecular beam, we can exclude that H2O+ in the single ion-
ization region can come from a single ionized H2O from the molecular beam, which would
have a different momentum distribution. A covariance map, which will be discussed in
the next paragraph in more details for a double ionization process, of ions in the region of 0
to 60 ukm/s has shown that there were no correlations available for H2O+. This supports
our findings that H2O+ ions with low momenta up to 60 ukm/s were fragments from a
single ionization process. Contrary to the results in [99], that there was no contribution
from a single ionized H2O+, we measured that 24 % of the measured water came from a
dissociation after single ionization of water dimers.

Fragmentation processes that originated from a Coulomb explosion following a double
ionization had two charged fragments involved. As the detection method allowed to
measure only ions with the same mass in coincidence, it was not possible to identify
correlations of two ions with different masses, such as OH+ and H3O+ as theoretically
predicted in [102] and measured in [99]. Nevertheless, a covariance map can identify
whether a fragmentation into ions of the same mass were created, such as H2O+ + H2O+.
Covariance maps of the angle q of OH+, H2O+ and H3O+ are shown in Figure 5.5, where
q is the angle between the detected ion in respect to the laser polarization axis. Only
laser shots, where two ions with a momentum in the Coulomb explosion range between
⇠60 ukm/s to⇠110 ukm/s were created within one laser pulse, were taken into account.

These covariance maps allow to investigate the correlation of two measured ions. The
shape of the lines can also give information about the axial recoil and molecular align-
ment [197]. The covariance map of OH+ showed two blurred lines, marked as red ellipses
in Figure 5.5 a), while H2O+ and H3O+ showed two distinct lines. In Figure 5.5 b) for
H2O+, also two blurred regions, marked by black circles, were visible, which arise due to
false coincidences.

The distinct lines in Figure 5.5 b) of H2O+ and c) of H3O+ were correlated ions. As the
lines have a small width, these ions flew apart axially from each other with an angle of
around 180� between the momentum vectors of the fragmental ions. The length of the
lines can give some information about the alignment of the molecular ions [197]. As the
lines have a broader length, the molecules were not aligned. The correlated H2O+ resulted
from a Coulomb explosion following double ionization of the water dimer into

(H2O)2 + hn! (H2O)++
2 + 2e� ! 2H2O+ + 2e�. (5.5)

As the lines in Figure 5.5 a) for OH+ were broader than for H2O+, these were correlated
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red ellipse marks the regions of correlated ions and the black ellipse false
coincidences.

ions that flew apart axially but with an angle below 180�. As the mass of two OH+ does
not add up to the mass of a water dimer, another ion must be involved in the fragmentation
process. The momenta of the missing ions can be calculated by subtracting the momenta
of two correlated ions that end up on the areas marked by the red ellipses in Figure 5.5 a),
which were of the order of ⇠20 ukm/s. Thus, for a fragmentation process of water dimer
involving two OH+, two H-atoms would be expected as additional partners with each
having a momentum of ⇠10 ukm/s. This lead to the following fragmentation process:

(H2O)2 + hn! (H2O)++
2 + 2e� ! 2OH+ + 2H + 2e�. (5.6)

The fragmentation channel involving two H3O+, must be a product from a larger water
cluster as the sum of the masses had a larger mass than water dimer. Deflection simulations
have shown, that the impurity of the water dimer beam could be caused by a water
hexamer [194]. Thus, ions of H3O+ that ended up on the lines in Figure 5.5 c) won’t
be involved in the following analysis. These made a contribution of 0.8 % of H3O+ in
the double ionization regime which came from larger water clusters, which is below the
estimated impurity of the molecular beam given in [194].

From the covariance map, it can be seen that H2O+ came from a double ionization
process fragmenting into H2O+ + H2O+. The ratio between correlated and uncorrelated
ions can be used to investigate wether the fragmentation channel of H2O+ + H2O+ was
the only double ionization process containing H2O+. This ratio was calculated to be
0.85, neglecting the contribution from larger water clusters and taking laser pulses into
account, where only two created ions per laser shot were detected in the area of double
ionization. This made a maximal contribution from another process than H2O+ + H2O+

of around (15.5 ± 0.5) % of the measured H2O+ in the double ionization regime, which
will be neglected in the following. Instead, we assume that all measured H2O+ in the
marked area of double ionization belong to the H2O+ + H2O+ process.

A fragmentation channel of H3O+ + OH+ following SFI was reported by [99]. Due
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H3O+ (green) originating from double ionization. The contribution of the OH+

corresponding to a process of OH+ + OH+ + 2H has been deleted from the
OH+ signal to compare the momenta with H3O+.

to our detection method, a direct correlation of H3O+ with another ion could not be
measured. But momentum comparison can help to confirm the fragmentation process.
The radial distributions of O+ (orange), OH+ (darkblue), and H3O+ (green) in the region
of double ionization are shown in Figure 5.6. From the covariance analysis, the radial
distribution of OH+ from OH+ + OH+ + 2H could be obtained and subtracted from
the radial distribution of OH+ in Figure 5.4 a), such that Figure 5.6 shows the radial
distribution of not correlated OH+ to compare the momenta with H3O+. All maxima of
O+, OH+ and H3O+ were located at the same momentum, which lead to the following
decay channels of

(H2O)2 + hn! (H2O)++
2 + 2e� ! H3O+ + OH+ + 2e� (5.7)

and
(H2O)2 + hn! (H2O)++

2 + 2e� ! H3O+ + O+ + H + 2e�. (5.8)

Using the covariance map analysis and the momentum comparison of the measured
ions, we could reveal that we have measured fragments from a Coulomb explosion
following a double ionization into H3O+ + OH+, H3O+ + O+ + H, OH+ + OH+ + 2H
and H2O+ +H2O+. While the two fragmentation pathways into 2H2O+ and H3O+ +OH+

were reported previously using SFI [99], the fragmentation channels into H3O+ +O+ +H,
OH+ + OH+ + 2H have not been reported before.
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Fragmentation process Branching ratio
single ionization 0.76
O+ + H4O 0.04
OH+ + H3O 0.05
H2O+ + H2O 012
H3O+ + OH 0.79
double ionization 0.24
OH+ + OH+ + H + H 0.11
H2O+ + H2O+ 0.67
H3O+ + O+ + H 0.14
H3O+ + OH+ 0.08

Table 5.1: Branching ratios of the single and double ionization of water dimer. The branch-
ing ratios of single and double ionization processes were calculated indepen-
dently. The ratio of all single to all double ionization processes is 0.76, while the
double ionization contribution is 0.24.

5.3.3 Branching Ratios

With the previous analysis and the ion yields in Table B.1, the branching ratios Pi of the
fragmentation process i were calculated by

Pi =
Ni

Âi Ni
, (5.9)

with Ni as the ion yield of the fragmentation process i divided by the sum of the contri-
bution of all single or double ionization processes, as the branching ratios of single and
double ionization were calculated independently. For the double ionization, the ion yields
of H2O+ were reduced by (15.5± 0.5) % coming from larger water clusters and by a factor
of two, taking into account that two H2O+ were involved in the fragmentation process.
Also the ion yield of H3O+ resulting from a dissociation of a double ionized dimer, was
adapted and reduced by 0.8 % expecting to come from larger water clusters. The ratio
between OH+ to O+ from double ionized water dimer was used as a reference for the
ratio of H3O+ + OH+ to H3O+ + O+ + H. The branching ratios are listed in Table 5.1.

Overall, the ratio of single to double ionization was 0.76:0.24. After single ionization,
the most dominant break-up was into H3O+ + OH followed by a break-up into H2O+ +

H2O. Fragmentation after double ionization was dominated by a break-up into H2O+ +

H2O+. A ratio of 0.081 ± 0.003 of NH3O++OH+/(NH2O++H2O+ + NH3O++OH+) was reported
by [99], while we achieved a ratio of 0.12. The difference can occur due to the missing
fragmentation pathways in [99], where they neglected the single ionization of H2O+ and
the double ionization channels into 2OH+ + 2H and H3O+ + O+ + H.

5.3.4 Anisotropies

In general, the angular distributions for the ionic products of doubly ionized water dimer
is anisotropic. This angular distribution can be described by the anisotropy function [145,
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Fragment b

single ionization
O+ 0.7 ± 0.8
OH+ 0.8 ± 0.6
H2O+ 1.1 ± 0.4
H3O+ 0.4 ± 0.3
double ionization
O+ 1.0 ± 0.6
OH+ 1.0 ± 0.5
H2O+ 1.3 ± 0.3
H3O+ 0.6 ± 0.7

Table 5.2: Anisotropy parameter of the water dimer fragments in the region of single and
double ionization.

146]:

P(q) µ
1

4p
(1 + bP2(cos q)), (5.10)

with �1 < b < 2 being the recoil anisotropy parameter and P2(cos q) the second-order
Legendre polynomial with q being the angle between the recoil velocity of the fragment
and the laser polarization vector. A b value of 0 results from an isotropic recoil, while
�1 < b < 0 stands for a perpendicular and 0 < b < 2 for a parallel recoil of the fragments
with respect to the laser polarization axis [197].

The anisotropy parameter b for O+ (orange), OH+ (dark blue), H2O+ (light blue) and
H3O+ (green) are shown in Figure 5.4 b). All ions showed a maximal b parameter and a
recoil parallel to the laser polarization axis at around (80-95) ukm/s with b values between
0.5 and 2. For lower momenta, the anisotropy parameter was varying much more, but it
was overall more isotropic than for the high-momentum region with values between -0.6
to 2.0 for O+, -0.5 and 1.6 for OH+, 0 to 1.5 for H2O+ and -0.2 to 0.5 for H3O+.

To obtain the anisotropy parameter for the fragments after single and double ionization
of water dimer, the b-parameter were calculated by integrating over the marked areas of
the single and double ionization regimes in Figure 5.4. These anisotropy parameter b are
listed in Table 5.2 and the corresponding angular distributions are shown in Figure B.2
of the Suppl. Inf.. The OH+ and H3O+ from single ionization had a mainly isotropic
distribution, while O+ and H2O+ showed an isotropic to parallel recoil to the laser
polarization axes. For a double ionization process, all fragments originated from a mainly
parallel recoil to the laser polarization axis. This axial recoil was the strongest for OH+

followed by H2O+.

The recoil anisotropy b depends from the angle dependence of the cross section, the
dissociation time and the axial recoil. Thus, if the alignment axis of the molecule is known,
it can give some estimation about the dissociation lifetimes of the specific dissociation
channels. As the water dimers were isotropic distributed, only a qualitative discussion can
be given here. O+, OH+ and H3O+ resulting from a dissociation after single ionization
had an isotropic distribution. As ions in the center region of the MMIs have a smaller
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Figure 5.7: Kinetic Energy Release of the fragmentation channels H2O+ + H2O+ (light
blue) and OH+ + OH+ + 2H (dark blue).

momentum and, thus, a slower velocity than ions from a Coulomb explosion follow-
ing double ionization, the isotropic distribution might arise due to a slow dissociation
time compared to the molecular rotation period of the parent ion [195, 198, 199]. The
H2O+ fragment as a result from a single ionization showed a parallel recoil to the laser
polarization axis. This might occur due to the symmetric break-up of the single ionized
water dimer into H2O+ + H2O, while the break-up into other fragmental ions lead to a
non-symmetric break up and to a non-axial recoil. The double-ionized water dimer lead
to fragmental ions of O+, OH+ and H2O+ with a large anisotropy parameter and an axial
recoil, which might be explained due to a faster dissociation process. Only H3O+ had a
mainly isotropic distribution, which again might result from a non-symmetric break-up of
the water dimer based on its geometry.

5.3.5 Kinetic Energy Release

Furthermore, we have analyzed the KER for the fragmentation processes of H2O+ +

H2O+ and OH+ + OH+ + 2H, which resulted from a Coulomb explosion process, shown
in Figure 5.7. The KER of correlated H2O+ (light blue) had a maximum at 3.8 eV with a
FWHM of 1.2 eV. In case of a break-up OH+ + OH+ + 2H (darkblue), the contribution of
the not detected two H was estimated by subtracting the kinetic energies of two correlated
ions to be at most 0.1 eV. A maximum of the KER had been measured at 4.2 eV with a
FWHM of 1.4 eV.

From the KER, the distance R of the positive charges of the ionized water dimer can
be estimated using the Coulomb explosion model [139]. In case of H2O+ + H2O+, this
corresponds to a charge distance of R = 380 ± 70 pm. As the correlation information
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would get lost after inverting the MMIs, the ion signals of the original measurement were
used for this calculation to identify the fragments that belong to one Coulomb explosion
process and to sum up their energies. Thus, the projection of a 3D-sphere onto a 2D image
has not been taken into account, leading to a rather long tale toward smaller energies.
In a previous experiment, a charge separation of 339 pm (6.4 a.u.) using COLTRIMS
with SFI [99] was estimated also using the Coulomb explosion model for the process of
H2O+ + H2O+, which is in the range of our given error bar.

To verify the location of the charges inside the water dimer, the obtained distances can be
compared to the positions of the atoms inside the water dimer. Assuming a charge location
at the lone-pair orbitals of the two oxygen atoms and a direct vertical double ionization
of the water dimer, one would expect to measure an OO distance that is close to the OO
distance of a neutral water dimer. In case of a synchrotron experiment using 43 eV photon
energy [67], a charge distance of 290 pm was measured for the water dimer before a break
up into H2O+ + H2O+, expecting an ICD process, which fits the experimental observed
OO distance of the neutral water dimer of 298 pm [56–58]. However, ICD is a fast process,
while SFI is sensitive for many ionization states and also sequential double ionization can
occur due to the laser pulse length of 30 fs. Both leading to a difference of the measured
OO distance of the neutral water dimer. Theoretical calculations have shown that the OO
distance can vary for different ionization states. For the water dimer cation in the ground
state 2 A”, an OO distance between 219.5 pm and 281.6 pm was calculated, while for the
first excited state, a distance up to 320 pm was predicted [96]. These values are smaller
than our measured charge distance. As the Coulomb repulsion model does not take the
shielding of other electrons into account, a difference in the calculated charge separation
is expected. However, the charges of the water dimer might also not be located at the
oxygen atoms, but instead at the hydrogen atoms. Previous studies, have investigated
the equilibrium geometry of the water dimer [57, 58]. From this, the distances between
the two outermost hydrogen atoms can be calculated with an OO distance of 298 pm, a
distance from the donor oxygen to the outer hydrogen of ROH = 24 pm and a distance of
the acceptor of ROH = 52 pm to be RHH = 374 pm, which is close to our measured charge
separation distance.

The KER of a break up into OH+ + OH+ + 2H corresponds to a charge distance of
343 ± 50 pm and let us assume to originate from a higher ionization state.

5.4 Conclusions

A pure sample of water dimer was used to study the fragmentation pathways following
strong-field single and double ionization with a laser intensity of 4⇥ 1014 W/cm2. We have
furthermore demonstrated a slicing method that has been used to improve the resolution
of the experiment. With this method, new fragmentation pathways that have not been
previously observed containing a single charge of O+, OH+, H2O+ and H3O+, as well
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as a Coulomb explosion into OH+ + OH+ + 2H and H3O+ + O+ + H were observed.
It was shown that single ionization was with a ratio of 0.76 to double ionization more
likely than a double ionization process, which was dominated by a proton transfer with
a break-up into a H3O+ + OH and a branching ratio of 0.79. Double ionization lead
most often to a Coulomb explosion into H2O+ + H2O+ with a branching ratio of 0.67. In
addition, the anisotropy parameter was calculated and shown that a single ionization was
resulting in an isotropic to parallel recoil of the fragments, while the Coulomb explosion
following a double ionization lead to a parallel recoil of OH+ and H2O+. The obtained
covariance maps of the fragmentation processes of OH+ + OH+ + 2H and H2O+ + H2O+

have further shown, that the two H2O+ experienced an axial recoil with an angle q of
around 180�, while the two OH+ have an axial recoil with an angle below 180�. Further,
the kinetic energy release of the Coulomb explosion channels could be investigated and
the charge separation distance of the ionized water dimer modeled with a Coulomb
repulsion method to be around R = 380 ± 130 pm for H2O+ + H2O+ and 395 ± 155 pm
for OH+ +OH+ + 2H. The described experiment in combination with a time- and position
sensitive detector, such as Timepix [200–203], and a double sided VMI, also measuring
electrons in coincidence, or a reaction microscope can clarify which ionization states are
causing which fragmentation products. Further, this can be used to study site-specific
ionization using soft X-ray in the photon energy range of the donor or acceptor oxygen.



59

6 Conclusion and Outlook

The following chapter contains a summary of the main results in Section 6.1 and an out-
look in Section 6.2. The outlook covers the future perspectives on the research of water
dimers using especially X-rays and coincidence detection schemes, such as Photoelectron-
Photoion-Photoion coincidence (PEPIPICO) and a description how larger biomolecules
and water clusters could be investigated, in future, based on the results obtained through-
out this thesis, to understand the connection of liquid water and life.

6.1 Conclusion

The goal of this thesis was to understand the photophysics and photochemistry of the
water dimer, including hydrogen bond formation and breaking, dissociation and frag-
mentation processes. To this end, the behavior of water dimers in electric fields was
investigated experimentally and theoretically. Further, the behavior of the water dimer in
an electric field taking non-rigid vibrations into account was modeled and the fragmenta-
tion processes, the branching ratios of the water dimer and the anisotropy parameters and
the kinetic energy release of the water dimer fragments were experimentally investigated
using SFI.

The experimental techniques employed for that purpose were presented and explained
in Section 2.4, these includes techniques to generate, study and image a pure size-selected
water-dimer beam. Using these techniques, a sample containing 93(15) % water dimer
was created by using an inhomogeneous electric field in chapter 3. With a simulation of
the deflection behavior of the water dimer, the initial rotational temperature of the water
dimer sample could be determined to be 1.5(5) K.

As the water dimer is known to be a non-rigid molecule, the Stark energies were calcu-
lated taking intermolecular vibrations into account, in chapter 4. First, in Section 4.1, the
influence of each motion was investigated and it has been shown that the torsional motion
had the biggest effect on the averaged electric dipole moment of the water dimer. Second,
in Section 4.2, an adiabatic approximation was used to calculate the Stark energies of the
non- rigid water dimer, assuming non-interacting intermolecular vibrational motions. It
has been shown that the adiabatic description leads to similar deflection profiles of single
states, but that different nuclear spin weightings are slightly changing the overall vertical
molecular beam profile. Nevertheless, the experimental results have shown that the rigid
rotor approximation, as used by CMISTARK, is a good approximation to calculate the
Stark interaction of the non-rigid water dimer.

In chapter 5, the pure sample of water dimer was used to study strong-field ionization
processes. Single and double ionization were detected leading to the same fragmentation
products with different kinetic energies, such that the fragmentation pathways could be
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inferred and new fragmentation process of OH+ + OH+ + H2 was found.

6.2 Toward a Molecular Movie of Water-Clusters Networks

Femtosecond multiphoton or tunneling ionization was used in this thesis and the work
of others [63, 64, 99] in order to investigate photophysical processes and fragmentation
dynamics of the water dimer. However, radiation in the X-ray regime could lead to a better
understanding of relaxation [204, 205], charge redistribution [204, 206] and interatomic
Coulombic decay (ICD) [67, 207] processes. Combining the generation of a pure size-
selected water-dimer beam with X-rays and with coincidence detection schemes, such
as a PEPIPICO spectrometer [208] or reaction microscopes (COLTRIMS) [209, 210], even
fragmentation channels could be identified by measuring ions and electrons. Therefore,
one way to detect ions and electrons in coincidence is a double sided VMI spectrometer,
which allows for 2D and 3D momentum detection of electrons and ionic fragments.

This combination of X-ray radiation and PEPIPICO was already employed [192, 211–215]
in previous beamtimes by Controlled Molecule Imaging (CMI). At the synchrotron facility
Petra III in 2017 and 2018, we investigated the photophysics and charge redistribution
of pure samples of indole, indole-water, pyrrole, pyrrole-water and water dimer. Due
to technical reasons, only data for a short amount of time could be recorded for water
dimer and, therefore, it was not possible to record high-quality data. A Photoion-Photoion
coincidence (PIPICO) spectrum of a molecular beam containing water clusters is shown
in Figure 6.1. Different areas of the PIPICO map are marked with blue and black circles.
These are assigned to fragmentation channels from water and water dimers, respectively.
For water, coincidences between OH+ and H+ and very few coincidences between O+

and H+
2 were detected. Coincidences for water dimer contained fragmentation products of

H3O+ + OH+ and a few of H2O+ + H2O+. Using a pure molecular beam of water dimer
with a larger statistic could help to identify the fragmentation products and to determine
the branching ratios of the water dimer.

Dynamical processes can be triggered via site-specific ionization of molecules using
X-rays due to their element selectivity [216, 217]. The difference in the ionization potential
for the two oxygen atoms inside the water dimer is in the order of 1 eV [218]. Thus, using
the above described experimental setup of a pure molecular beam of water dimer and
a PEPIPICO spectrometer, the fragmentation pathways after ionizing the oxygen O(1s)
of the donor and acceptor water molecule inside the water dimer could be studied by
scanning the X-ray energy in the regime of 550 to 600 eV [219], such that the role of the
hydrogen bond during relaxation and fragmentation processes via site-specific ionization
could be investigated.

Further, dynamics of molecules can be studied using coherent nonlinear X-ray spec-
troscopy [220] or X-rays in a pump-probe experiment. At LCLS in 2017, we investigated
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Figure 6.1: Coincidence spectra between the mass-to-charge ratio m1/q1 of the first and
second m2/q2 detected ion per event using a molecular beam containing water
clusters interacting with soft X-ray pulses with photon energies of 600 eV. The
circles mark areas that belong to parent ions of H2O (blue) and (H2O)2 (black).

the charge transfer inside an indole-water cluster by using a pump pulse of 266 nm and
an X-ray probe pulse of 480 eV and 550 eV ionizing the nitrogen and the carbon atom in
indole and the oxygen atom of the water molecule, respectively. This allowed us to study
the charge transfer from indole to water and from water to indole. This setup could be
adapted for investigating the water dimer using an IR-pump and an X-ray probe to induce
relaxation dynamics and to study the proton transfer dynamics inside the water dimer, as
suggested in [66].

The hydrogen bonding is involved in many dynamical processes of molecular sys-
tems [221–223]. Due to its single hydrogen bond, the water dimer is an ideal model system
to investigate these processes. Therefore, a molecular movie [224–228], measuring the
molecular motions in time, could help to track the dynamics of electrons and atoms inside
molecules to reveal the dynamics around a hydrogen bond.

Moving toward larger water-cluster systems step by step could help to understand
the influence of additional hydrogen bonds on the dynamics of larger systems, such as
proteins, biomolecules and dipeptides, and to investigate the importance of water for
life.

The creation of pure samples of large water clusters could be challenging using an
electrostatic deflector, as the water dimer would be distributed over the whole vertical
molecular beam profile. In addition, the water trimer, tetramer and pentamer have most
likely a dipole moment of 0 D and, thus, can not be separated from the seeding gas or from
each other, as shown in chapter 3. However, the number of unwanted water clusters can



62 6 Conclusion and Outlook

still be reduced by the electrostatic deflector, making it easier to study larger water clusters.
Therefore, water clusters could be investigated by coincidence measurements [229] using
a time- and position sensitive detector, such as Timepix [230, 231], which would allow to
disentangle fragmentation pathways and, thus, the parent ion of the measured fragments.
In combination with an electrostatic deflector, fragments could be measured at different
positions of the vertical molecular beam profile and the contributions from different
water clusters could be disentangled by comparing the experimentally measured vertical
molecular beam profiles with the simulations. Therefore, the simulations of the Stark
energies and of the vertical molecular beam profiles must be calculated very accurately.
Therefore, the development of general variational approaches for the modeling of the
interaction of rovibrational motions and external fields for arbitrary polyatomic molecule
is of high demand. As the adiabatic approximation, which is used in Section 4.2, is only
valid for small field gradients and well-separated rotational states, it breaks down in case
of large and non-rigid molecules with coupled degrees of freedom. In particular, at the
edges of the electrostatic deflector large field gradients occur and increase the probability of
non-adiabatic dynamics, such as transitions between rotational states. These non-adiabatic
effects could further be simulated by using a Tully surface hopping algorithm [232], as
done in CMI by Yahya Saleh [184], which could help to understand the behavior of large
water clusters and other non-rigid molecules in electric fields in more details.

For a useful description of non-rigid molecules, it is important to understand the time-
dependent structural changes going on inside molecules, which could be measured by us-
ing time-resolved X-ray diffraction [233] or laser induced electron diffraction (LIED) [234–
236]. These allow for a high spatial and temporal resolution. In combination with a
pump-probe system, snapshots of molecular clusters could be measured at different times
and, thereby, used to create a molecular movie. As molecules are destroyed during the
measurement process and an averaging over many molecules is required to obtain enough
information, a strong control over the molecular sample, such as the isomer, quantum state,
the alignment and orientation is required. Thereby, the anisotropy of the polarizabilities is
defining whether a molecule is able to be aligned and oriented. While water monomers
was aligned when confined in beryl single crystals to keep the dipole-dipole interaction
intact and the hydrogen bonding suppressed [237], water-cluster polarizabilities were
investigated theoretically [238, 239] and the possibility to align and orient water clusters
could be further investigated to check wether these are useful candidates for measuring a
molecular movie.

To bridge the gap between single isolated molecules and molecules in solvation, one
could go toward larger cluster systems. Therefore, several techniques are available to
enable cold molecular samples of large molecules, such as a laser-induced acoustic des-
orption (LIAD) [240–243] or a laser desorption setup [244–247]. By combining supersonic
expansion with a laser desorption setup and an electrostatic deflector [248] the two con-
formers of the dipeptide Ac-Phe-Cys-NH2 have been separated [21], such that we were
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able to investigate their photofragmentation patterns at a beamtime at the electron laser
facility FLASH in 2018. As a next step, the influence of water onto biomolecules could be
investigated by adding one water molecule at a time to this or other molecules, as done for
indole- water [148] and pyrrole-water [19]. Further, biologically relevant proteins could
be studied embedded in water clusters, water droplets and aqueous solutions to bridge
the gap between gas-phase water complexes and aqueous solutions.

Understanding the role of water as a biological solvent is still a riddle, which could be
solved by studying electronic and geometric structural changes in real-time. Synchrotrons
allow to measure dynamical effects down to hundreds of picoseconds, while with free
electron laser facilities dynamics of around tens of femtoseconds can be resolved. Until
now most proteins are measured as crystals in X-ray diffraction experiments, which are
not comparable to their natural behavior and, thus, should be measured in its natural
environment: water. Several X-ray spectroscopy [249] and X-ray scattering [250] methods
could be combined to investigate the structural and electronic changes of water complexes
in different thermodynamic phases [251, 252]. Also optical measurements such as transient
absorption spectroscopy using THz pulses [253] or time-resolved photoelectron and
photoion spectroscopy using high-order harmonic generation (HHG) sources [254] could
complement X-ray studies to gain a full molecular picture on structural dynamics to
understand how proteins and water interact with themselves and with each other.

Not only the interaction of water onto biomolecules under normal conditions, but also
understanding water under extreme conditions is of great interest [255, 256] for the un-
derstanding of waters exceptional anomalies [257]. The above described experimental
methods could be adapted for a broad range of temperatures and pressures also in the
supercooled and -pressurized regimes. Investigating water samples in different thermo-
dynamical phases could help to understand the complex polymorphism of crystalline
and amorphous ice, which could finally reveal the connection between the low- and
high-density amorphous ice and the low- and high-density liquid water [258].

The presented studies helped to further investigate the photophysical and photochemi-
cal processes of the smallest drop of water, the water dimer, and is the first step to resolve
the mystery of the influence of water on life. Therefore, the suggested experiments could
be used to study larger cluster systems in combination with water to investigate solvation
dynamics.
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A Supplemental Information for chapter 3

Fragmentation correction of measurements

The strong-field-ionization technique employed in this work can lead to fragmentation,
such that clusters from the molecular beam contributed to smaller masses in the mass
spectrum (MS). For example, the water-monomer and the water-dimer signals at m/q =

18 u/e and 36 u/e, respectively, contained contributions due to fragmentation of larger
water clusters in the molecular beam. Therefore, measured intensities needed to be
corrected for these fragmentation channels. In addition, background water inside the
chamber was measured at 18 u/e and needed to be corrected for.

For the latter, background measurement were permanently performed during the exper-
iments using the higher repetition rate of the laser compared to the valve. Laser pulses
were arriving in the interaction region at the same time as the molecular beam and between
two molecular beam pulses, such that for each data point a background measurement was
performed. The background signal was subtracted from the measurements.

The fragmentation ratios of the water dimer into smaller masses could be estimated
and used for the calculation of the fraction of the water dimer in the deflected and
undeflected molecular beam [19]. In Figure A.1 the deflection profiles measured at masses
corresponding to H+, O+ and OH+ are shown. In the region of 2.8 to 3.5 mm the deflection
curves look identical to those for the water dimer, indicating that at these positions those
are fragments from the water dimer. The ratios of the water dimer to H+, O+ and OH+ at
a position of 3 mm are 0.3, 0.8, and 0.7, respectively. For the calculation of the fraction of
the water dimer in the molecular beam for the undeflected beam, these ratios were used
to estimate the amount of the water dimer inside of the beam.

For larger clusters, only fragments were measured, such that the measured signal was
not solely due to a specific cluster stoichiometry and the overall shape of the molecu-
lar beam profile arose from several larger water clusters. All protonated-water-cluster
ions recorded showed the same deflection behavior, see Figure A.2. An estimate of the
exponential decay of the measured protonated-water-clusters distribution showed that
protonated water clusters n = 1� 10 contained 99.6 % of the overall intensity.

Trajectory Simulations

The Stark energies and effective dipole moments µeff of water clusters n = 1 . . . 7 were
calculated using the freely available CMISTARK software package [126], which were then
used to perform trajectory simulations [174] to verify the measured deflection profiles
of water clusters. The rotational constants, dipole moments and centrifugal distortion
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molecule dipole moment µ (D) rotational constants (MHz) Centrifugal Distortion constants (kHz)
µa µb µc A B C DJ DJK DK dJ dK

H2O 0 �1.86 0 [127] 835840.29 435351.72 278138.70 [128] 3.759⇥ 104 �1.729⇥ 105 9.733⇥ 105 1.521⇥ 104 4.105⇥ 104 [128]
(H2O)2 2.63 0 0 [129] 190327.0 6162.76 6133.74 [130] 0.044 4010 0 0 0 [57]
(H2O)3 0 0 0 [106] 6646.91 6646.91 0 [131] � � � � �
(H2O)4 0 0 0 [106] 3149.00 3149.00 1622.00 [108] � � � � �
(H2O)5 0.93 0 0 [106] 1859.00 1818.00 940.00 [107] � � � � �
(H2O)6 book 0.17 2.46 0.16 [105] 1879.47 1063.98 775.06 [105] � � � � �
(H2O)6 cage 1.63 0.32 1.13 [105] 2163.61 1131.2 1068.80 [109] � � � � �
(H2O)6 prism 2.41 0.88 0.42 [105] 1658.22 1362.00 1313.12 [105] � � � � �
(H2O)7 1 1.0 1.0 0.0 [104] 1304.44 937.88 919.52 [104] 0.457 �0.342 0.842 0.0377 0.63 [104]
(H2O)7 2 1.0 0.0 1.0 [104] 1345.16 976.88 854.47 [104] 0.044 0.000 0.000 0.0000497 0 [104]

Table A.1: Dipole moments, rotational constants and centrifugal distortion constants of
water clusters used in the Stark-effect calculations

constants from the literature are summarized in Table A.1.

Three conformers for the water hexamer in prism-, book- and cage-like form [105]
and two conformers of the water heptamer following the naming scheme of [104] were
included.

For these simulations the water clusters were assumed to be rigid rotors. Since the
water dimer is known to be a floppy molecule with large amplitude motions [58, 130], the
corresponding energy spectra and the description of the interaction of the states would
significantly complicate further analysis. Using a rigid rotor assumption enables an easier
and faster description and it has been shown previously that this model can be used to
describe the dynamics of indole(H2O) in strong-electric- and laser-field alignment and
orientation experiments [23, 259] and to fit pure rotational transitions of the water dimer
to experimental measurements [57].

For the rotational states J = 0 . . . 2 of the water monomer and the water dimer the Stark
energies and the corresponding µeff as a function of the electric field strength are shown
in Figure A.3. For the water dimer all relevant states are strong-field seeking and, hence,
accelerated toward regions of stronger fields. For a nominal field strength of 50 kV/cm
the µeff of the water dimer are significantly larger than for the water monomer, except
from the |J, Ka, Kc, Mi = |2, 0, 2, 0i , |2, 1, 1, 1i states, leading to a larger acceleration in
the electric field. All the shown states have a small asymmetry splitting, see Table A.1,
resulting in a fast rise of µeff at small electric field strength. The discontinuous change of
µeff at an electric field around 30 kV/cm is ascribed to an avoided crossing of the |2, 2, 0, 2i
and |3, 2, 2, 2i states.

The trajectories of the molecules inside the electrostatic deflector were simulated using
the calculated µeff [174]. For quantum states J = 0 . . . 10, 107 trajectories were calculated
for each set of J states and used to simulate the spatial profiles using a weighting factor
based on the thermal distributions of the state for a given temperature. Those temperature-
weighted simulated vertical molecular-beam profiles were scaled to the area under the
curve of the corresponding experimental profile to compare the deflection profiles. The
simulations include the nuclear-spin-statistical weights for the water monomer and the
water dimer. For para- and ortho-water a room-temperature distribution of 1 : 3 was used.
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Figure A.3: Calculated Stark energy and effective dipole moments for the J = 0 . . . 2 states
of the water monomer (blue) and the water dimer (red, orange, yellow). J = 0
are shown in blue (water) and yellow (water dimer), J = 1 in light blue (water),
red (water dimer), J = 2 in dark blue (water) and orange (water dimer) and
the |3, 2, 2, 2i state in dark red for the water dimer. States where Ka < Kc are
indicated by dashed lines, Ka > Kc by solid lines and Ka = Kc by dotted lines.

The water dimer in its equilibrium geometry is isomorphic with the permutation-inversion
point group D4h including tunneling splittings [33]. Neglecting tunneling splittings and
acceptor switching, the rigid water dimer belongs to the symmetry group CS(M), yielding
nuclear-spin-statistical weights of para:ortho of 16 : 16 [91].

The simulated profiles for the water dimer at different rotational temperatures Trot

including rotational states J = 0 . . . 10 are shown in Figure A.4. An initial-beam temper-
ature of Trot = 1.5(5) K reproduced the experiment the best. At this temperature the
water monomer in the para nuclear spin state has 100 % of its population in its absolute
rotational ground states |J = 0, Ka = 0, Kc = 0, M = 0i, while ortho-water populates the
|J = 1, Ka = 0, Kc = 1, M = 0, 1i state to equal amounts. 99.9 % of the para-water dimer
and 99.9 % of the ortho-water dimer population is within J = 0 . . . 10.

Trajectory simulations were performed for water clusters up to n = 7. Based on the
estimated water-cluster distribution, vide supra, this covers 97.8 % of the water clusters in
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Figure A.4: Simulated deflection profiles for the water dimer at temperatures of 1.0 K,
1.5 K and 2 K compared to the corrected pure water-dimer profile at 8 kV (red,
dots).

the molecular beam, while ⇠2.2 % of the molecules in the beam are from water clusters
n � 8. The simulations for water clusters including J = 0 . . . 2 and using the same
rotational temperature Trot = 1.5(5) K of the water dimer are shown in Figure A.5. We
note that at this temperature rotational states up to J = 10 might be populated in the
molecular beam and the rotational temperature can differ from the one of the water dimer.
Thus, the simulations give just an estimate of the amount of deflection. Based on the
simulations the water dimer is deflecting the most of all water clusters, followed by the
water hexamer in prism- and book-like form, which reaches to a position of +3.2 mm.

Since for larger clusters only fragments have been measured and, therefore, the shape
of the recorded beam profiles is the result of a superposition of several neutral cluster
distributions in the molecular beam, it is not possible to compare the single deflection
profiles directly with simulations. Therefore, at each position of the deflection profile
the signal of the measured protonated water clusters for n = 2 . . . 10 have been summed
up. The H3O+, n = 1, contained also signal from the water dimer and has not been
included. For the computationally derived profiles n = 3 . . . 7 were summed up for each
position. As for the hexamer and heptamer several conformers have been simulated, each
profile of the hexamer has been divided by 3 and for the heptamer by 2. This is shown
in Figure A.6. These simulations assume a rather low temperature of 1.5 K and did not
include the needed nuclear spin statistical weighting for larger-clusters. In addition, the
decaying water-cluster distribution in the molecular beam was not taken into account,
resulting in a slightly different shape of the vertical molecular-beam-density profiles than
the measured ones. However, comparing the simulated and the measured deflection
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profiles, the deflection is on the same order of magnitude and the right-hand side tail of
the simulated deflection profile is reaching up to a position of +3.2 mm.
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B Supplemental Information for chapter 5

Simulation of a TOF to confirm the gate subtraction method

A simulated TOF using SIMION [144] and assuming a PW of 90 ns (blue) and 80 ns
(orange) is shown in Figure 5.1. As input parameters the masses of 14 u/e to 19 u/e with
velocities in the range of (0-5) mm/µs were used, which are equal to the measured velocity
ranges. The two simulations were subtracted from each other (green), such that each data
point of the resulting TOF contained data for 10 ns only (green). The arrival time of the
simulated ions had an offset of 0.27 ± 0.01 µs compared to the experiment, caused by a
not accurately placed laser focus in between the spectrometer electrodes and an unknown
temporal offset between the actual arrival time of the laser in the interaction zone of the
VMI spectrometer with respect to the laser trigger. For a PW of 90 ns (blue), local maxima
are not well separated from each other and are shifted for a gate width of 80 ns (blue).
After subtraction (green), four local maxima occur at 16 u/e, 17 u/e, 18 u/e and 19 u/e,
corresponding to O+, OH+, H2O+ and H3O+.

In Figure 5.1 b) and c) only ions in a specific momentum range, as depicted by the
black circles in Figure 5.3 in the main paper, were taken into account. For the low-
momentum region, which corresponds to fragments resulting from a dissociation after
single ionization, four separated local maxima occur in Figure 5.1 b) for a time window
of 10 ns (green) at 16 u/e, 17 u/e, 18 u/e and 19 u/e. For the high-momentum region
in Figure 5.1 c), which are ions resulting from a Coulomb explosion following double
ionization, the local maxima are shifted with respect to Figure 5.1 b) and are located at
15.9 u/e, 16.9 u/e, 17.9 u/e and 18.9 u/e.

The structure of the measured TOF in Figure 5.1 in the main paper and simulated TOF
in Figure 5.1 are in good agreement. The shift of the arrival times between the simulated
TOF in Figure 5.1 b) and in Figure 5.1 c) can be explained by the larger velocity of ions
that end up between the solid and dashed line in Figure 5.3 in the main paper, which
can not be resolved in the measurement due to the overlap of the single and double
ionization spheres. The separation of the fragments of O+, OH+, H2O+ and H3O+ after
gate subtraction can be verified and their arrival times identified to be at 2.165 µs, 2.235 µs,
2.305 µs and 2.375 µs, respectively.

Ion yield

The relative ion yields of O+, OH+, H2O+ and H3O+ following single and double ioniza-
tion were calculated by integrating the ion yields over the single and double ionization
regions, depicted as solid lines in Figure 5.4. The relative ion yields are listed in Table B.1,
which were normalized to one. Overall, single ionization was the favored process. The
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Figure B.1: a) A simulated time-of-flight of b) ions originating from single ionization and
c) double ionization. Each point contains ions with an arrival time width of
80 ns (orange), 90 ns (blue) and 10 ns (green). The green curve was obtained by
subtracting the TOF with the 80 ns pulse width from the TOF with the 90 ns
pulse width.

major fragmentation observed is the production of H3O+ following single ionization of
the dimer, followed by the production of H2O+ originating from a double-ionization break
up. Ions from single ionization can be assumed to belong to independent fragmentation
processes, as their partner were neutral molecules. An ion resulting from a double ion-
ization process has another ion as a partner, such that two measured ions must belong to
one double ionization process, which reduces its contribution in the actual branching ratio
calculation.

Angular Distribution

The angular distribution of O+ (orange), OH+ (dark blue), H2O+ (light blue) and H3O+

(green) for fragments formed following a) single ionization and b) double ionization of the
water dimer are shown in Figure B.2. The angular distribution for O+, OH+ and H3O+

resulting from single ionization are mainly isotropic, while O+, OH+ (dark blue), H2O+

from double ionization and H2O+ show an anisotropic distribution with a recoil along
the laser polarization, depicted as a red arrow. For fragments resulting from a double
ionization, OH+ and H2O+ had the largest anisotropy, which broadens for O+ and H3O+.
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Fragmentation process Relative ion yields
single ionization 0.61
O+ + n 0.02
OH+ + n 0.03
H2O+ + n 0.08
H3O+ + n 0.49
double ionization 0.39
O+ + c 0.03
OH+ + c 0.06
H2O+ + c 0.24
H3O+ + c 0.05

Table B.1: Relative ion yields of the fragments of water dimer and of the ionization process
with n as a neutral molecule and c as an ion, which were normalized to 1.
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Figure B.2: Angular distributions (dots) of O+ (orange), OH+ (dark blue), H2O+ (light
blue) and H3O+ (green) and the fitted second Legendre polynomial (lines)
resulting from a) a dissociation of a single ionized water dimer and b) a
Coulomb explosion of a double ionized water dimer. The red arrow represents
the direction of the laser polarization.
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C Creation of a Molecular Beam of Water
Clusters

Clustering is a complex process, which is influenced by many parameters during the
supersonic expansion, as discussed in subsection 2.3.1. As cluster expansion leads to a
mixture of various cluster stoichiometries, only low concentrations for specific species
can be achieved. Cold supersonic beams of water clusters [150] contain a water dimer
concentration of only a few percent [67, 164]. This leads to small experimental event rates
and requires long measurement times, e. g., in coincidence detection schemes [67, 160].
To increase the concentration of water dimers in the molecular beam, the vapor pressure
needs to be controlled. A vapor pressure diagram of water is shown in Figure C.1. As the
vapor pressure of water is decreasing with decreasing temperature, the formation of large
clusters could be suppressed leading to an enhanced ratio of small water clusters, such as
water dimer, trimer and tetramer, to larger water clusters. In this chapter, the influence of
various parameters, such as the temperature, the pressure and the seeding gases, on the
supersonic expansion process will be investigated. Moreover, the cluster distribution of a
supersonic molecular beam containing different water clusters will be studied.

A similar experiment as described in Section 2.4 with a changing set of conditions and
distances was used. An Even-Lavie valve [14] was used to expand water into vacuum
with a nominal driving-pulse duration of (25 to 30.5) µs and at a repetition rate of 10 Hz.
The Even-Lavie valve can run at room temperature and above. Therefore, a reservoir,
shown in Figure C.2, containing the water sample was built and installed in front of the
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Figure C.1: Calculated vapor pressure diagram of water (blue [260, 261], orange [262]).
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Figure C.2: A water reservoir containing the water sample was installed in front of the
Even-Lavie valve.

valve with a temperature range of �20 �C to 20 �C. The molecular beam was created using
helium, argon or neon as a seed gas with various stagnation pressures. The produced
molecular beam was skimmed 7.4 cm (? = 2 mm) downstream the nozzle. In the center
of a TOF spectrometer, molecules were strong-field ionized by a 35 fs short laser pulse
with a central wavelength around 800 nm, focussed to 70 µm FWHM with varying peak
intensities between ⇠(0.9� 2.6) ⇥ 1014 W/cm2. The generated ions were accelerated
toward a MCP detector combined with a phosphor screen and the generated signal was
read out by the MCP through a decoupling box and a digitizer.

A TOF of the molecular beam using helium (dark blue) with a pressure of 85 bar, argon
(purple) and neon (orange) with 10 bar as seed gases with a reservoir temperature of 20 �C
and a laser intensity of ⇠1.8⇥ 1014 W/cm2 is shown in Figure C.3. The TOF is normalized
to the maximum of the water signal. The grey dashed lines indicate the positions of water
clusters with n = 1 . . . 10 monomers per water cluster. The intensity decreases with n and
the contribution from protonated cluster was larger than for water clusters. Water, water
dimer and protonated water clusters were measured for all seeding gases. Protonated
water clusters (H2O)nH+ were measured for helium up to n = 10 and neon n = 19,
while argon most likely formed even larger protonated water clusters. Argon clusters
Ar+m and argon-water clusters ArmH2O+

n were formed in case of argon as a seeding gas.
The arrival times of these argon-water clusters were in some cases similar to the arrival
time of water clusters and protonated water clusters and were hard to distinguish. Thus,
only a contribution from water clusters up to n = 8 have been taken into account in the
following analysis.

To investigate the contribution of water dimers, the maxima in the TOF of water clusters
and protonated water clusters were integrated, the water dimer-to-water clusters ratio
and the water dimer-to-protonated water cluster ratio with clusters up to n = 8 were
calculated and compared under different temperatures, laser intensities, seeding gases
and pressures, as shown in Figure C.4. With a laser intensity of 1.8⇥ 1014 W/cm2, a
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Figure C.3: A TOF of a molecular beam containing water clusters and protonated water
cluster using helium (dark blue), argon (purple) and neon (orange) as a seeding
gas.

maximal water dimer concentration of 13.4 % was achieved using a reservoir temperature
of 20 �C. Using argon at 5 bar instead, a maximal water dimer concentration of 9.6 %
could be achieved with a reservoir temperature of �10 �C. With helium, we achieved a
maximal contribution of 2.9 % at 85 bar, a temperature of �20 �C and a laser intensity of
1.3⇥ 1014 W/cm2. With neon a maximal dimer contribution of 2.5 % could be achieved
with a pressure of 10 bar and 20 �C and a laser intensity of 1.8⇥ 1014 W/cm2. For argon
with 5 bar, a reservoir temperature of �10 �C were favorite leading to a water dimer
contribution of 9.8 % at a laser intensity of 1.8⇥ 1014 W/cm2. Using helium with 60 bar,
a maximal water dimer concentration of 2.6 % was achieved using a laser intensity of
1.3⇥ 1014 W/cm2. For neon at 5 bar, 2.2 % water dimer was found in the molecular beam
at 0 �C and a laser intensity of 1.8⇥ 1014 W/cm2.

Overall, the largest water dimer contribution could be achieved using argon with 10 bar
and a temperature of �20 �C for all used laser intensities, followed by argon at 5 bar at
temperatures of �10 �C and 10 �C. Helium and neon lead to the same order of magnitude
of the water dimer concentration. For helium, a pressure of 85 bar was favorite for the
water dimer formation, but for both pressures a temperature of �20 �C lead to the largest
water dimer contribution for all laser intensities. For neon at 10 bar, an increasing water
dimer ratio was measured toward larger temperatures. While for a pressure of 5 bar, a
temperature of 0 �C was favorite for the water dimer-to-cluster ratio.

Conclusively, the change of the seeding gas gave the largest change of the cluster
distribution, followed by the stagnation pressures. The changes of the water-cluster ratio
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c) 1.8⇥ 1014 W/cm2 d) 2.6⇥ 1014 W/cm2 .

with varying temperatures in the range of �20 �C and 20 �C were small. The temperature,
where the water dimer formation is supported and the larger cluster formation suppressed,
depend from the seeding gas species and the used stagnation pressures. The diagram
in Figure C.1 revealed that the temperature changes from 20 �C to �20 �C lead to a
vapor pressure decrease of only one order of magnitude, such that a larger temperature
difference could be investigated to measure a larger change of the water dimer-to-cluster
ratio in the molecular beam.
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D Dissociation Processes from Water
Clusters

In chapter 3, we observed mainly protonated clusters, water and water-dimer ions us-
ing SFI and a TOF spectrometer. Also literature reported mainly about the observation of
protonated water clusters after ionization of a molecular beam. It has been shown that
most often only water and water dimer ions could be found in the mass spectra [63–65].
Further studies have shown that using argon as a seed gas lead to argon-water clus-
ters ArmH2O+

n that fragmented into unprotonated water clusters (H2O)+n with n > 2 as
well [93]. In [263], the fragmentation into unprotonated clusters has been explained by an
evaporative cooling of argon atoms following photoionization, which removed the inter-
nal energy of water clusters and suppressed the fragmentation reaction of water clusters
using VUV light. In this chapter, dissociation processes of water clusters following SFI
will be investigated using a VMI spectrometer and a molecular beam containing several
sized water clusters.

A similar experiment as described in Section 2.4 with a changing set of conditions and
distances was used. Briefly, liquid water was placed in the reservoir of an Even-Lavie
valve [14] at 20 �C, seeded in 10 bar of argon, and expanded into vacuum with a nominal
driving-pulse duration of 24.5 µs and at a repetition rate of 10 Hz. The produced molecular
beam was triple-fold skimmed, 7.4 cm (? = 2 mm), 15.7 cm (? = 1 mm) and 25.9 cm
(? = 1.5 mm) downstream the nozzle. In the center of a VMI spectrometer consisting
of two plates [264, 265], molecules were strong-field ionized by a 35 fs short laser pulse
with a central wavelength around 800 nm and a pulse energy of 130 µJ. Focusing to 70 µm
FWHM yielded a peak intensity of⇠1⇥ 1014 W/cm2. The generated ions were accelerated
and velocity mapped toward a MCP detector combined with a phosphor screen and the
generated 2D signal was recorded with a camera.

A TOF of the molecular beam with n = 1 . . . 10 monomers per water cluster is shown
in Figure D.1. The TOF is normalized to the maximum of the argon signal Ar+. The argon
signal caused a ringing signal of the detector. Maxima of protonated water clusters are
clearly visible (dark blue), while the water clusters signals were too low to resolve in
this TOF. Also argon Ar+m (black) and argon-water clusters ArmH2O+

n (red) were formed
during the supersonic expansion.

However, using a VMI spectrometer the contribution from water clusters could be
resolved as well. These VMIs were converted into momentum and are shown on the right
half and their inversion using the Maximum Entropy Velocity Legendre Reconstruction
(MEVELER) method from Bernhard Dick [196] on the left half in Figure D.2 and Fig-
ure D.3, Figure D.4 for water clusters (H2O)+n with n = 1 . . . 6, 8 . . . 10, for protonated
water clusters (H2O)nH+ with n = 1 . . . 10 and for fragments O+ and OH+, respectively.
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Figure D.1: TOF-MS of the molecular beam of unprotonated (H2O)+n and protonated water
clusters (H2O)nH+ for n = 1 . . . 10. The TOF is normalized to the maximum
of the argon signal and zoomed in.

For all water clusters, the maximum intensities were measured in the center of the
MMI with low momenta. After inversion, several rings appeared in the MMI of (H2O)+n
for n = 2 . . . 6, 8 . . . 10. The MMIs of protonated water clusters show a mainly smooth
distribution over the detector with a slight maximum in the center region. After inversion,
several rings appeared. Also the MMIs of O+ and OH+ show a smooth momentum
distribution over the whole images. After inversion, a lower intensity in the center region
and a ring structure became visible.

Radial distributions converted to energy of the measured water clusters (H2O)+n with
n = 1 . . . 10 are shown in Figure D.5 a), for protonated water clusters (H2O)nH+ in Fig-
ure D.5 b) and for O+ and OH+ in Figure D.5 c). The radial distributions of water clusters
(H2O)+n with n = 1 . . . 6, 8 . . . 10 had a maximum or a local maximum at 0.006 eV. For
clusters with n = 3 . . . 6, 8 . . . 10 another local maximum were found at around 0.2 eV.
For (H2O)+3 additional maxima occurred at 0.03 eV and 0.07 eV. Another local maximum
at 0.07 eV was found for (H2O)+4 . The radial distributions of H2O+ and (H2O)+2 were
smoothly decreasing toward larger energies.

For protonated water clusters (H2O)nH+ with n = 1, 2, 4, 7, a maximal intensity close
at an energy of 0.006 eV was measured. For protonated clusters with n = 3, 5, 6, 8, 9, 10,
a maximal intensity at an energy of 0.03 eV were found. Additional local maxima were
arsing at an energy of ⇠0.2 eV for protonated water clusters with n = 4 . . . 10. A decrease
of intensity toward larger energies is shown with n = 1 . . . 3 monomers per protonated
cluster.
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Figure D.2: Momentum map (left side) and MEVELER inverted (right side) images of a)
H2O+, b) (H2O)+2 , c) (H2O)+3 , d) (H2O)+4 , e) (H2O)+5 , f) (H2O)+6 , g) (H2O)+8 ,
h) (H2O)9 and i) (H2O)+10.

A plateau between 0.08 eV and 0.18 eV was found for O+, while the radial distribution
of OH+ had a maximal intensity at an energy of 0.03 eV and local maxima at an energy of
0.006 eV and 0.22 eV.

Overall, after inversion many rings are shown in the MMIs in Figure D.2, Figure D.3
and Figure D.4 for water clusters, protonated water clusters and smaller fragments,
respectively. The radial distributions of H2O+, (H2O)+2 , H3O+, (H2O)2H+ and (H2O)3H+

in Figure D.5 show long tails toward larger energies. Water clusters with different numbers
n might undergo fragmentation processes following SFI that have at least one fragment
with the same mass-to-charge ratio m/q involved. These fragments have different energies
and momenta based on their fragmentation partners and the number of charges involved.
All these fragments would be detected as an ion with the same mass, but with a different
momenta and a different origin. An overlap of different ionization spheres would then
be measured, which lead to a structure of many rings on the detector after inversion. An
identification of the original parent ion is complicated and not reliable using a molecular
beam containing several-sized water clusters. Instead, looking at the momenta and
energies of the measured ions can help to disentangle the fragmentation process they
originate from.
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In analogy to chapter 5, the origin of ions in the radial distributions can be separated
into parent ions (black line), neutral dissociation (black to dashed line) and Coulomb
explosion (from dashed line) based on the minima and maxima of the radial distributions,
as depicted by the black lines in Figure D.5. Ions with low energies between 0 eV and
0.01 eV were parent ions, while ions with energies between 0.01 to ⇠0.15 eV can be
described by a neutral dissociation process. Ions with energies above 0.15 eV came from a
high-order ionization process. The two maxima in Figure D.5 b) might be a hint that only
single and double ionization processes were measured and no higher order processes.

The ratios
r =

Nx,p

Nx,parent + Nx,neutral + Nx,Coulomb
(D.1)

of the measured ion x and the process p after ionization (parent), neutral dissociation
(neutral) or Coulomb explosion (Coulomb) are listed in Table D.1. Assuming protonated
water clusters to be created in a molecular beam, they would be charged already before
they reach the laser interaction point. Due to the spectrometer settings, those ions would
not be able to reach the laser interaction point. This means that protonated water clusters
can not be parent ions and must originate from a fragmentation process of an ionized
water cluster. Thus, the contribution of protonated ions in the region of 0 eV and 0.01 eV
were assumed to belong to a neutral dissociation process. But it has to be noted, that the
maximal intensity of protonated water clusters at an energy of around 0.006 eV, might
arise due to an overlap of the ionization spheres with a neighboring water cluster, which
will be ignored in the following analysis. O+ and OH+ were also assumed to be fragments
without a contribution from a parent ion.

All protonated water clusters, O+ and OH+ mainly originated from a neutral disso-
ciation process following single ionization of a water cluster. H2O+ and (H2O)+2 were
predominantly products from a direct ionization of H2O and (H2O)2, respectively, and sec-
ond most often arising as a product from a neutral dissociation. The water trimer (H2O)+3
originated mainly from a neutral dissociation process, followed by a direct ionization



86 D Dissociation Processes from Water Clusters

0

101

ev
en

ts
 p

er
 sh

ot

H2O
+

(H2O)2
+

(H2O)3
+

(H2O)4
+

(H2O)5
+

(H2O)6
+

(H2O)10
+

(H2O)8
+

(H2O)9
+

(H2O)H+

(H2O)2H
+

(H2O)3H
+

(H2O)4H
+

(H2O)5H
+

(H2O)6H
+

(H2O)10H
+

(H2O)9H
+

(H2O)7H
+

(H2O)8H
+

0
0

E (eV)

ev
en

ts
 p

er
 sh

ot

0.1 0.2 0.3

a)

b)

0.4

10-1

0

10-1

10-1

ev
en

ts
 p

er
 sh

ot

c)

OH+
O+

Figure D.5: Radial distribution from VMIs of a) water clusters (H2O)+n and b) protonated
water clusters (H2O)nH+ for n = 1 . . . 10 and c) of fragments O+ and OH+.



87

Ion parent ion neutral dissociation Coulomb explosion
O+ - 0.6398 0.2413
OH+ - 0.6559 0.1297
H2O+ 0.4998 0.3586 0.0498
(H2O)+2 0.9104 0.0517 0.0148
(H2O)+3 0.2728 0.4161 0.2153
(H2O)+4 0.3487 0.1709 0.44196
(H2O)+5 0.1829 0.2066 0.5281
(H2O)+6 0.1911 0.2263 0.5237
(H2O)+8 0.2607 0.1452 0.5234
(H2O)+9 0.2458 0.1760 0.5197
(H2O)+10 0.1487 0.2369 0.5032
H3O+ - 0.7409 0.1461
(H2O)2H+ - 0.8092 0.085
(H2O)3H+ - 0.8596 0.0396
(H2O)4H+ - 0.8817 0.0283
(H2O)5H+ - 8549 0.04409
(H2O)6H+ - 0.8671 0.022
(H2O)7H+ - 0.8184 0.0616
(H2O)8H+ - 0.8567 0.0475
(H2O)9H+ - 0.8151 0.0816
(H2O)10H+ - 0.8305 0.0823

Table D.1: Ratios of the measured protonated water clusters and water clusters. Single
and double ionization processes are weighted independently from each other.

(H2O)3 and only a small contribution were formed after a Coulomb explosion. All other
water clusters n = 4 . . . 6, 8 . . . 10 were mainly formed by a Coulomb explosion. While the
water tetramer n = 4, octamer n = 8 and nonamer n = 9 were considered to have their
origin from a parent ion, the water pentamer n = 5 and water hexamer n = 6 were mainly
formed after a neutral dissociation.

It has been shown, that the VMI technique can be used to identify the number of charges
that were involved in the fragmentation processes leading to water cluster cations and
protonated water clusters. It has been shown, that water clusters were partially parent ions
but also fragments from larger clusters, while protonated water clusters were fragments.
The separation of a parent ion and a neutral dissociation process could be improved by
using a laser polarization axis parallel to the detector plane and by decreasing the overlap
of ionization spheres, for e. g. using the slicing method as described in chapter 5. As
shown in chapter 3, the separation of water clusters using an electrostatic deflector might
be challenging as the deflection behavior in an electric field might be similar, but still a
purer molecular beam of a specific water cluster in combination with a time- and position
sensitive detector could help to disentangle the fragmentation partners of the identified
fragments.
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[147] J. S. Kienitz, K. Długołęcki, S. Trippel, and J. Küpper, “Improved spatial separation
of neutral molecules”, J. Chem. Phys. 147, 024304 (2017).

http://dx.doi.org/10.1088/1361-6633/ab2bb1
http://dx.doi.org/10.1088/1361-6633/ab2bb1
http://dx.doi.org/10.1088/1361-6633/ab2bb1
http://www.jetp.ac.ru/cgi-bin/dn/e_020_05_1307.pdf
http://www.jetp.ac.ru/cgi-bin/dn/e_020_05_1307.pdf
http://dx.doi.org/10.1364/OE.27.006471
http://dx.doi.org/10.1364/OE.27.006471
http://dx.doi.org/10.1103/PhysRevA.94.053405
http://dx.doi.org/10.1103/PhysRevA.94.053405
http://dx.doi.org/10.1007/978-3-319-32046-5_3
http://dx.doi.org/10.1007/978-3-319-32046-5_3
http://dx.doi.org/10.1007/978-3-319-32046-5_3
http://dx.doi.org/10.1002/jms.164
http://dx.doi.org/10.1002/jms.164
http://www.iiserpune.ac.in/~bhasbapat/bapat_files/thesis-amrendra.pdf
http://www.iuac.res.in/atmol/~safvan/mridulathesis/thesis.html
http://dx.doi.org/10.1021/ed051p437
http://dx.doi.org/10.1021/ed051p437
http://dx.doi.org/10.1063/1.1715212
http://dx.doi.org/10.1063/1.1715212
http://simion.com
http://simion.com
http://dx.doi.org/10.1063/1.1668742
http://dx.doi.org/10.1063/1.1668742
http://dx.doi.org/10.1063/1.1668742
http://dx.doi.org/10.1103/PhysRevB.17.1692
http://dx.doi.org/10.1103/PhysRevB.17.1692
http://dx.doi.org/10.1103/PhysRevB.17.1692
http://dx.doi.org/10.1063/1.4991479
http://dx.doi.org/10.1063/1.4991479


100 Bibliography

[148] S. Trippel, M. Johny, T. Kierspel, J. Onvlee, H. Bieker, H. Ye, T. Mullins, L. Gumprecht,
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[191] F. Canon, A. Milosavljević, G. van der Rest, M. Réfrégiers, L. Nahon, P. Sarni-
Manchado, V. Cheynier, and A. Giuliani, “Photodissociation and dissociative pho-
toionization mass spectrometry of proteins and noncovalent protein–ligand com-
plexes”, Angew. Chem. Int. Ed. 52, 8377 (2013).

[192] D. T. Ha, M. A. Huels, M. Huttula, S. Urpelainen, and E. Kukk, “Experimental and
ab initio study of the photofragmentation of DNA and RNA sugars”, Phys. Rev. A
84, 033419 (2011).

http://dx.doi.org/10.1063/1.3149789
http://dx.doi.org/10.1063/1.3149789
http://dx.doi.org/10.1063/1.1703330
http://dx.doi.org/10.1063/1.1703330
http://dx.doi.org/10.1063/1.1703330
http://dx.doi.org/10.1039/C6CP03062A
http://dx.doi.org/10.1039/C6CP03062A
http://dx.doi.org/10.1039/C3CS60444F
http://dx.doi.org/10.1039/C3CS60444F
http://dx.doi.org/10.1002/mas.20214
http://dx.doi.org/10.1002/mas.20214
http://dx.doi.org/10.1002/mas.20214
http://dx.doi.org/10.1021/ja4029654
http://dx.doi.org/10.1021/ja4029654
http://dx.doi.org/10.1021/ja4029654
http://dx.doi.org/10.1021/ja505217w
http://dx.doi.org/10.1021/ja505217w
http://dx.doi.org/10.1021/ja505217w
http://dx.doi.org/10.1103/PhysRevE.78.051916
http://dx.doi.org/10.1103/PhysRevE.78.051916
http://dx.doi.org/10.1039/B315763F
http://dx.doi.org/10.1039/B315763F
http://dx.doi.org/10.1039/B315763F
http://dx.doi.org/10.1002/anie.201304046
http://dx.doi.org/10.1002/anie.201304046
http://dx.doi.org/10.1103/PhysRevA.84.033419
http://dx.doi.org/10.1103/PhysRevA.84.033419
http://dx.doi.org/10.1103/PhysRevA.84.033419


104 Bibliography

[193] E. Sarantopoulou, Z. Kollia, A. Cefalas, S. Kobe, and Z. Samardžija, “Photodissocia-
tion dynamics of DNA bases”, Journal of Biological Physics 29, 149 (2003).

[194] H. Bieker, J. Onvlee, M. Johny, L. He, T. Kierspel, S. Trippel, D. A. Horke, and
J. Küpper, “Pure molecular beam of water dimer”, J. Phys. Chem. A 123, 7486 (2019).

[195] J. Zhang, Y. Yang, Z. Li, S. Zhang, and Z. Sun, “Dissociative photoionization of
1,2-dichloroethane in intense near-infrared femtosecond laser field”, Chem. Phys.
Lett. 667, 238 (2017).

[196] B. Dick, “Inverting ion images without abel inversion: Maximum entropy recon-
struction of velocity maps”, Phys. Chem. Chem. Phys. 16, 570 (2014).

[197] L. Christensen, L. Christiansen, B. Shepperson, and H. Stapelfeldt, “Deconvoluting
nonaxial recoil in Coulomb explosion measurements of molecular axis alignment”,
Phys. Rev. A 94, 023410 (2016).

[198] B. Liu, Y. Yang, H. Sun, and Z. Sun, “Dissociative ionization and coulomb explosion
of molecular bromocyclopropane in an intense femtosecond laser field”, Molecules
23, 3039 (2018).

[199] Y. Yan, J. Long, and Y. Liu, “Study on photodynamics of furan via strong field
multiphoton ionization by velocity map imaging technique”, Chem. Phys. 530,
110611 (2020).

[200] X. Llopart, R. Ballabriga, M. Campbell, L. Tlustos, and W. Wong, “Timepix, a 65k
programmable pixel readout chip for arrival time, energy and/or photon counting
measurements”, Nucl. Instrum. Meth. A 581, 485 (2007).

[201] A. Roberts, P. Svihra, A. Al-Refaie, H. Graafsma, J. Küpper, K. Majumdar,
K. Mavrokoridis, A. Nomerotski, D. Pennicard, B. Philippou, S. Trippel, C. Tourama-
nis, and J. Vann, “First demonstration of 3D optical readout of a TPC using a single
photon sensitive Timepix3 based camera”, J. Instrum. 14, P06001 (2019).

[202] A. Zhao, M. van Beuzekom, B. Bouwens, D. Byelov, I. Chakaberia, C. Cheng, E. Mad-
dox, A. Nomerotski, P. Svihra, J. Visser, V. Vrba, and T. Weinacht, “Coincidence
velocity map imaging using Tpx3Cam, a time stamping optical camera with 1.5 ns
timing resolution”, Rev. Sci. Instrum. 88, 113104 (2017).

[203] A. Al-Refaie, M. Johny, J. Correa, D. Pennicard, P. Svihra, A. Nomerotski, S. Trippel,
and J. Küpper, “PymePix: A python library for SPIDR readout of Timepix3”, J.
Instrum. 14, P10003 (2019).

[204] B. K. McFarland, J. P. Farrell, S. Miyabe, F. Tarantelli, A. Aguilar, N. Berrah, C. Bost-
edt, J. D. Bozek, P. H. Bucksbaum, J. C. Castagna, R. N. Coffee, J. P. Cryan, L. Fang,
R. Feifel, K. J. Gaffney, J. M. Glownia, T. J. Martinez, M. Mucke, B. Murphy, A. Natan,

http://dx.doi.org/10.1023/A:1024436608035
http://dx.doi.org/10.1023/A:1024436608035
http://dx.doi.org/10.1021/acs.jpca.9b06460
http://dx.doi.org/10.1021/acs.jpca.9b06460
http://dx.doi.org/https://doi.org/10.1016/j.cplett.2016.12.003
http://dx.doi.org/https://doi.org/10.1016/j.cplett.2016.12.003
http://dx.doi.org/https://doi.org/10.1016/j.cplett.2016.12.003
http://dx.doi.org/10.1039/C3CP53673D
http://dx.doi.org/10.1039/C3CP53673D
http://dx.doi.org/10.1103/PhysRevA.94.023410
http://dx.doi.org/10.1103/PhysRevA.94.023410
http://dx.doi.org/https://doi.org/10.3390/molecules23123096
http://dx.doi.org/https://doi.org/10.3390/molecules23123096
http://dx.doi.org/https://doi.org/10.3390/molecules23123096
http://dx.doi.org/https://doi.org/10.1016/j.chemphys.2019.110611
http://dx.doi.org/https://doi.org/10.1016/j.chemphys.2019.110611
http://dx.doi.org/https://doi.org/10.1016/j.chemphys.2019.110611
http://dx.doi.org/10.1016/j.nima.2007.08.079
http://dx.doi.org/10.1016/j.nima.2007.08.079
http://dx.doi.org/10.1088/1748-0221/14/06/p06001
http://dx.doi.org/10.1088/1748-0221/14/06/p06001
http://dx.doi.org/10.1063/1.4996888
http://dx.doi.org/10.1063/1.4996888
http://dx.doi.org/10.1088/1748-0221/14/10/P10003
http://dx.doi.org/10.1088/1748-0221/14/10/P10003
http://dx.doi.org/10.1088/1748-0221/14/10/P10003


Bibliography 105

T. Osipov, V. S. Petrovic, S. Schorb, T. Schultz, L. S. Spector, M. Swiggers, I. Tenney,
S. Wang, J. L. White, W. White, and M. Gühr, “Ultrafast x-ray auger probing of
photoexcited molecular dynamics.”, Nat. Commun. 5, 4235 (2014).

[205] M. N. Piancastelli, R. Guillemin, T. Marchenko, L. Journel, O. Travnikova, T. Marin,
G. Goldsztejn, B. C. de Miranda, I. Ismail, and M. Simon, “New achievements
on relaxation dynamics of atoms and molecules photoexcited in the tender x-ray
domain at synchrotron SOLEIL”, Journal of Physics B: Atomic, Molecular and
Optical Physics 50, 042001 (2017).

[206] B. Erk, D. Rolles, L. Foucar, B. Rudek, S. W. Epp, M. Cryle, C. Bostedt, S. Schorb,
J. Bozek, A. Rouzee, A. Hundertmark, T. Marchenko, M. Simon, F. Filsinger, L. Chris-
tensen, S. De, S. Trippel, J. Küpper, H. Stapelfeldt, S. Wada, K. Ueda, M. Swiggers,
M. Messerschmidt, C. D. Schroter, R. Moshammer, I. Schlichting, J. Ullrich, and
A. Rudenko, “Ultrafast charge rearrangement and nuclear dynamics upon inner-
shell multiple ionization of small polyatomic molecules”, Phys. Rev. Lett. 110, 053003
(2013).

[207] U. Hergenhahn, “Interatomic and intermolecular coulombic decay: The early years”,
J. Electron. Spectrosc. Relat. Phenom. 184, 78 (2011), advances in Vacuum Ultraviolet
and X-ray Physics.

[208] J. H. D. Eland, “The dynamics of three-body dissociations of dications studied by
the triple coincidence technique PEPIPICO”, Mol. Phys. 61, 725 (1987).

[209] J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L. P. H. Schmidt, and H. Schmidt-
Böcking, “Recoil-ion and electron momentum spectroscopy: Reaction-microscopes”,
Rep. Prog. Phys. 66, 1463 (2003).

[210] J. Ullrich, R. Moshammer, R. Dörner, O. Jagutzki, V. Mergel, H. Schmidt-Böcking,
and L. Spielberger, “Recoil-ion momentum spectroscopy”, J. Phys. B 30, 2917 (1997).

[211] C. Bomme, R. Guillemin, T. Marin, L. Journel, T. Marchenko, D. Dowek, N. Trcera,
B. Pilette, A. Avila, H. Ringuenet, R. K. Kushawaha, and M. Simon, “Double mo-
mentum spectrometer for ion-electron vector correlations in dissociative photoion-
ization.”, Rev. Sci. Instrum. 84, 103104 (2013).

[212] R. Guillemin, C. Bomme, T. Marin, L. Journel, T. Marchenko, R. K. Kushawaha,
N. Trcera, M. N. Piancastelli, and M. Simon, “Complex decay patterns in atomic
core photoionization disentangled by ion-recoil measurements”, Phys. Rev. A 84,
063425 (2011).

[213] D. Dowek, A. Haouas, R. Guillemin, C. Elkharrat, J. C. Houver, W. B. Li, F. Catoire,
L. Journel, M. Simon, and R. R. Lucchese, “Recoil frame photoemission in inner-shell

http://dx.doi.org/10.1038/ncomms5235
http://dx.doi.org/10.1038/ncomms5235
http://dx.doi.org/10.1088/1361-6455/aa52e8
http://dx.doi.org/10.1088/1361-6455/aa52e8
http://dx.doi.org/10.1088/1361-6455/aa52e8
http://dx.doi.org/10.1103/PhysRevLett.110.053003
http://dx.doi.org/10.1103/PhysRevLett.110.053003
http://dx.doi.org/10.1103/PhysRevLett.110.053003
http://dx.doi.org/https://doi.org/10.1016/j.elspec.2010.12.020
http://dx.doi.org/https://doi.org/10.1016/j.elspec.2010.12.020
http://dx.doi.org/10.1080/00268978700101421
http://dx.doi.org/10.1080/00268978700101421
http://dx.doi.org/10.1088/0034-4885/66/9/203
http://dx.doi.org/10.1088/0034-4885/66/9/203
http://dx.doi.org/10.1088/0953-4075/30/13/006
http://dx.doi.org/10.1088/0953-4075/30/13/006
http://dx.doi.org/10.1063/1.4824194
http://dx.doi.org/10.1063/1.4824194
http://dx.doi.org/10.1103/PhysRevA.84.063425
http://dx.doi.org/10.1103/PhysRevA.84.063425
http://dx.doi.org/10.1103/PhysRevA.84.063425


106 Bibliography

photoionization of small polyatomic molecules”, Eur. Phys. J. Special Topics 169, 85
(2009).

[214] H. Levola, E. Itala, K. Schlesier, K. Kooser, S. Laine, J. Laksman, D. T. Ha, E. Rachlew,
M. Tarkanovskaja, K. Tanzer, and E. Kukk, “Ionization-site effects on the photofrag-
mentation of chloro- and bromoacetic acid molecules”, Phys. Rev. A 92, 063409
(2015).

[215] E. Kukk, D. T. Ha, Y. Wang, D. G. Piekarski, S. Diaz-Tendero, K. Kooser, E. Itala,
H. Levola, M. Alcami, E. Rachlew, and F. Martín, “Internal energy dependence in
x-ray-induced molecular fragmentation: An experimental and theoretical study of
thiophene”, Phys. Rev. A 91, 043417 (2015).

[216] D. Attwood, Soft x-rays and extreme ultraviolet radiation: principles and applications
(Cambridge University Press, University of California, Berkeley, 2000).

[217] J. Als-Nielsen and D. McMorrow, Elements of Modern X-ray Physics (John Wiley &
Sons, Chichester, West Sussex, United Kingdom, 2001).

[218] V. Felicíssimo, I. Minkov, F. G. Åes, F. Gel’mukhanov, A. Cesar, and H. Ågren, “A
theoretical study of the role of the hydrogen bond on core ionization of the water
dimer”, Chem. Phys. 312, 311 (2005).

[219] “Cross-sections and asymmetry parameters”.

[220] K. Bennett, Y. Zhang, M. Kowalewski, W. Hua, and S. Mukamel, “Multidimensional
resonant nonlinear spectroscopy with coherent broadband x-ray pulses”, Phys. Scr.
T169, 014002 (2016).

[221] R. Rey, K. B. Møller, and J. T. Hynes, “Hydrogen bond dynamics in water and
ultrafast infrared spectroscopy”, J. Phys. Chem. A 106, 11993 (2002).

[222] S. A. Yamada, W. H. Thompson, and M. D. Fayer, “Water-anion hydrogen bonding
dynamics: Ultrafast IR experiments and simulations”, J. Chem. Phys. 146, 234501
(2017).

[223] C. Zhou, X. Li, Z. Gong, C. Jia, Y. Lin, C. Gu, G. He, Y. Zhong, J. Yang, and X. Guo,
“Direct observation of single-molecule hydrogen-bond dynamics with single-bond
resolution”, Nat. Commun. 9, 2041 (2018).

[224] E. T. Karamatskos, S. Raabe, T. Mullins, A. Trabattoni, P. Stammer, G. Goldsztejn,
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The Journal of Chemical Physics 89, 096110 (2018), arXiv:1802.04053





Acknowledgments 113

Acknowledgments

Herewith, I would like to thank all the people that contributed to this work and supported
me during this hard time. Originally I named this thesis "The Water Dimer Goes Crazy",
because the water dimer (and others) drove me crazy.

Nevertheless, I would like to thank my supervisors Jochen Küpper and Daniel Horke
to give me the opportunity to do science at such an amazing place like Center for Free-
Electron Laser Science (CFEL) and Deutsches Elektronen-Synchrotron (DESY) and for
believing in me, while I was doubting myself. I really appreciate the time I was allowed to
spend with so many great scientists.

Further, I would like to thank Prof. Dr. Daniela Pfannkuche, Prof. Dr. Gerhard Grübel
and Prof. Dr. Arwen Pearson for being members of my PhD committee.

In addition, I would like to thank my graduate school The Hamburg Center for Ultrafast
Imaging (CUI) for paying my salary and giving me the chance to meet other PhD students
and to give me a great overview over the science that has been done by other PhDs within
the framework of CUI. I would also like to thank the State Graduate Funding Program
scholarships (HmbNFG) for the funding of my last year, which gave me the chance to
finish my PhD thesis.

A special thanks goes to Jolijn Onvlee. You are a genius and incredible talented, moti-
vating and helpful. You did so much for me and others in this group that I could fill a
whole book with it. Another big thanks goes to Daniel Horke, Sebastian Trippel, Nicole
Teschmit, Melby Johny, Thomas Kierspel, Joss Wiese and Lanhai He for supporting me
with the measurements and the analysis. I really learned a lot from you and am very
thankful for all your ideas and constructive feedback. I would also like toto Yahya Saleh,
Andrey Yachmenev and Boris G. Sartakov for your help with the non-rigid water dimer
simulations I wouldn’t have been able to do without you. You all are so clever, that is
beyond my mind. A big thanks goes the whole team of the beamtime 2018 at Petra III.
Firstly, the people that joined the shift with me: Jolijn Onvlee, Melby Johny, Lanhai He,
Rebecca Boll and Florian Trinter. All of you are just amazing, intelligent and nice people
and I really enjoyed to work with you. And of course I would also like to thank the
people that took over the other half of the shifts: Sebastian Trippel, Thomas Kierspel,
Terry Mullins, Daniel Horke and Hong Ye. I appreciate all the time and effort you put
into this beamtime. Jolijn Onvlee, Joe Chen, Stefanie Kerbstadt, Emil Zak, Evangelos
Karamatskos, Amit Samanta, Linda Thesing, Yahya Saleh and Lanhai He thank you all for
reading through my thesis and to make it better step by step.

I would also like to thank all the people that I got to know during this time and I hope
that we are going to stay connected afterwards. At first, Bastian Deppe, thank you so
much for being the first one make me feel welcomed in this group. Daniel Gusa, the
second friend I found, thanks for the pogo dance at the Zebrahead concert and the joint



114 Acknowledgments

tantrums in the lab. Nils Roth, you creative and smart boy, you were my survival kit
and best friend at work. I enjoyed all the crazy discussions we had during lunch breaks
and every kg I gained was worth it. Thanks for teaching me to think outside the box and
to see things from different angles. Joss Wiese, it was a pleasure to work and hang out
with you and see your passion about molecular science, music and your friends. You are
a genius but still helpful, nice and interesting. Power! Pau Gonzalez, you would have
deserve to get your PhD already during your time at CMI instead of your master degree.
You are so smart and impressed me a lot with your passion and interest. Frederike Ahr,
thanks for being so open and friendly and for all the joint lunches at Lincontro. Jolijn
Onvlee, Melby Johny, Lanhai He and Ruth Livingstone, you all are so powerful, smart
and friendly. Thanks for spending time with me and for all cheer ups. Joe Chen, thanks
for talking to me during your stay at CFEL. Every year, I am happy to achieve a happy
birthday message from you. Thank you so much for reading through my thesis during
these crazy Corona-virus times. Lena Worbs, Jannik Lübke, Guang Yang and Yahya Saleh,
you all are so smart, nice and talented. Unfortunately, suffering is the biggest part of the
PhD, please keep in mind: you will get your PhD and you deserve it! Whatever happens
keep believing in you, as I do. Amine Gourram, you are so motivated and strong. I am
sure you will reach your goals and find a business idea that will make you to a happy
and successful business man! Stefanie Kerbstadt, in a very short time, you showed my
how strong, powerful and intelligent you are. I am sure, that you can reach to the top very
quickly and amaze other people, as you amazed me! Barbora Vagovic, thanks a lot for
all the paper work and meeting arrangements you have done for me and for being the
connection with Jochen. Jean-Francois Olivieri, thanks for the great vacation and the hikes
at Yosemite National Park. You are not only super smart, but also super sporty. Mohamed
Youssef, another impressive and nice person. Thanks for your nice words!

I thank all the people that are or have been working in CMI and that I was allowed to
get to know during the time here. All of you showed me how great personalities you
have and how talented you are! Thanks to all former CMI PhD students: Nele Müller,
Jens Kienitz, Thomas Kierspel, Bastian Deppe, Nicole Teschmit, Salah Awel, Zhipeng
Huang, Evangelos Karamtskos, Linda Thesing, Joss Wiese and Nils Roth. You gave me
some hope, that it is possible to finish the PhD. Thanks to all current members of the
CMI group: Barbora Vagovic, Andrey Yachemenev, Emil Zak, Karol Długołęcki, Amit
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