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Chapter 1

Introduction

1.1 General Introduction
From the first conjectures on the existence of atoms to the first demonstrations of Bose-
Einstein condensates (BEC) [1], extreme precision tests of quantum electrodynamics (QED),
heavy ion tumor therapy [2] and free electron laser (FEL) atomic imaging of a virus struc-
ture [3] the field of atomic and molecular physics, or more general, atomic, molecular and
optical physics (AMO) has always been a strongly developing research area holding an im-
portant position in society. Not only is the atom itself an ongoing subject of research, atomic
structures, from diatomic molecules to complex large functional proteins, graphene and clus-
ters open up a vast area of research. A major component of this research is of course devoted
to the study of the interactions of atomic particles.

Perhaps one of the simplest atomic interactions is the bound state of two hydrogen atoms,
the (homonuclear) H2 molecule. The lowest energy configuration of H has one electron in
the 1s state. H2 is formed when the s wavefunction electron distributions spatially overlap
each other. The s electrons of both atoms are equally shared among each other in a total
spin zero configuration as atomic s states can accommodate two electrons, when all quantum
number combinations are assigned. Such a bond is known as a covalent bond as the atoms
share valence. There are a number of regimes of bonding depending on the energetics of the
system. One extreme is ionic bonding. In this type of bonding some electrons are almost
completely transferred from one atom to the other. Bonds of this type occur in metal-halogen
compounds. The loosely bound outer shell electrons of the metal complete the shell filling
in the halogen atom. The transition of ionic bonding to covalent bonding where the electrons
remain closer to their parent atom is a gradual one. Another extreme occurs in metallic bonds
where the loosely bound outer shell electrons, which extend far from the parent atom, are
more or less shared in a delocalized way over the atoms. This electron mobility becomes
apparent in the electrical conductivity of many metallic structures.

A somewhat different and much weaker type of bonding is known as dispersive or Van
Der Waals (VDW) bonding. Atomic particles, which show no electron sharing still have fluc-
tuating temporary dipoles due to fluctuating electron distributions. These fluctuating dipoles
in turn synchronously induce fluctuating dipoles in neighboring particles. This fluctuating
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induced dipole attraction is a rather weak bonding interaction. The formation of clusters of
inert gas atoms, such as argon, is a result of these Van Der Waals interactions.

Bonding interaction may not always be correctly anticipated by inspection of the separate
atoms. For example, bonding of carbon and hydrogen may naively be expected to result in
a CH2 compound because the electronic structure of carbon is 1s22s22p2 and that of hydro-
gen is 1s, such that the carbon outer shell electrons form electron pairs with the hydrogen s
electrons. From nature, however, we know of the existence of the perfectly symmetrical tetra-
hedral molecule CH4. The origin of this lies in the fact that atoms perturb the electron clouds
when approaching each other. In the case of C-H bonding in CH4 the energy difference be-
tween the carbon s and p states is removed giving rise to four degenerate linear combinations
of s and p states known as hybrid orbitals [4]. The hybridization of the three p states and
one s state gives rise to the four degenerate symmetrical sp3 states in methane (CH4). Other
hybridizations are sp2 and sp1 combining respectively two and one p orbital with an s or-
bital. Hybridization may extend even further and include d angular momentum states. The
benzene molecule (C6H6) is an example of sp2 bonding. The six C atom ring structure is
bound by sp2 bonds. One electron of each C atom remains in a pure p state with the lobes
of the wave function distributions out of the plane of the ring. These so-called π electrons
are delocalized above and below the ring giving the molecule a very stable configuration.
This ring delocalization is a property of aromatic molecules. Aromaticity is the property of
molecules having greater stabilization than the one that is expected from conjugation alone.
Benzene is the smallest aromatic compound. Joining multiple benzene rings results in a class
of molecules known as polycyclic aromatic hydrocarbons (PAH). It may be these molecules
that strike a bridge between the microscopic quantum world of atoms and molecules and the
vastness of interstellar space.

1.2 PAH Molecules in Interstellar Space

Many objects in interstellar space share the property of having broad infrared emission fea-
tures in the µm range termed Diffuse Infrared Bands (DIB) (see [5] for a review article).
These features are very similar from every direction and distance in interstellar space, indi-
cating that the carrier of these bands is widespread. The origin of these emissions has long
been a mystery. Nowadays it is hypothesized that gas phase polycyclic aromatic hydrocarbon
molecules, their cations and clusters are the carriers of these infrared bands. It is now thought
that these emission features are due to IR-fluorescence of FUV pumped PAH molecules.
There are a number of reasons for adopting such a hypothesis [6]. First of all, small particles
have a small heat capacity so that they can get extremely hot upon absorption of a UV photon
and radiate in the IR, even when they are not close to a source of radiation. The features are
banded rather then continuous and many of them possess a high feature to noise ratio. This
indicates a molecular rather than a solid state origin.

The interstellar medium affects these PAHs through the interstellar radiation field, through
stellar winds, shock waves and hot ionized gas. Since PAHs are observed over great distances
it is of interest to determine their interaction dynamics in these processing mechanisms.
This may shed some light on whether or not PAHs might survive the harsh environments
of interstellar space or if they would have to be protectively incorporated into larger (supra-
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Figure 1.1: IR features of two different sources. The features are similar, but details depend on precise
local source conditions. Indicated in the figure as well are the possible origins of the lines. Fig. adopted
from [6].

molecular) structures in order to survive.
Besides photodissociation, PAH processing is associated with hot gas due to stellar and

galactic winds [7, 8], supernova shock waves (0.01 - 1 keV) traveling through the interstellar
medium, and hot post-shock gas (0.1 - 10 keV) [9–11]. Fig. 1.2 shows a composite of the
supernova remnant N132D and its environment. Infra-red emissions at 4.5 µm, 8.0 µm, and
24.0 µm are shown in blue, green and red respectively. Interactions of the supernova shock
waves with dust particles is shown in pink. PAHs are shown in tints of green surrounding
the supernova remnant. The photophysics of PAHs is rather well studied [14, 15], but the
interaction and processing of PAHs by energetic ions in the previously mentioned situations
has not yet been extensively investigated and there is also a lack of detailed experimental
corroboration for existing models.

In interactions of PAHs and energetic ions, the destruction of PAHs may be modeled by an
Arrhenius type reaction rate, where there is a competition in the de-excitation of the molecule
between infrared (IR) photon emission and fragmentation of the excited molecule [16]. The
(small) rings and chains resulting from fragmentation of PAH molecules may provide carriers
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Figure 1.2: An infrared/X-ray false-color composite of the supernova remnant N132D constructed from
observations with the NASA Spitzer Space Telescope and the CHANDRA X-ray Observatory [9,12,13].

for the observed diffuse interstellar bands [17]. The molecular excitation mechanisms depend
on the kinetic energy of the ion. In interactions with energetic ions (≥ 1 keV/amu) energy
transfer from the ion to the atom or molecule occurs mostly through the inelastic interac-
tion of the electron clouds of the target and the projectile. This regime is therefore termed
electronic stopping. In lower relative velocity interactions energy transfers occur through
elastic collisions of the respective (Coulomb screened) nuclei, rather than electronically. In
this regime of nuclear stopping the interaction dynamics may often be rather well described
using analytical potentials and (classical) molecular dynamics.

1.3 Measurement of Processes in Atomic Systems
With the advent of (highly charged) ion sources, lasers with vastly different characteristics,
supersonic jet molecular beam sources and particle traps it has become possible to generate a
great range of interacting atomic systems in the laboratory in a controlled way. Measurement
of processes occurring in atomic systems requires sensitivity to small signals on very short
time scales. The motion of atomic nuclei takes place on a time scale of femtoseconds (10−15

s). Electrons move even faster on a time scale of attoseconds (10−18 s). The field of atomic
and molecular physics greatly benefits from and also contributes to the field of ultra-fast and
ultra-sensitive front line electronics. Measurement and understanding of interacting atomic
systems requires the detection of a great variety of individual particles using dedicated detec-
tor systems. One example of such a detector, which is widely used in experimental atomic
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Figure 1.3: Schematic (cut open) overview of a typical reaction microscope. A supersonic jet is shown
in blue serving as a target. The projectile beam, shown in red, may be an ion beam or a laser. The
ring-shaped elements are electrodes generating an electric field extracting electrons (green) and ionic
fragments (purple and yellow) from the interaction region through a time-of-flight region onto posi-
tion sensitive detectors. Helmholtz coils are shown in yellow, generating a magnetic field to confine
electrons on their way to the position sensitive detector.

and molecular physics, is the microchannel plate (or multichannel plate) (MCP), which is
able to detect fast charged particles and photons. The operation and detection principle of
microchannel plates is outlined in the chapter on the experimental setup. The detection of
charged particles requires the precise guiding and control of the trajectories of these particles
from the initial point of interaction to the point of detection through an experimental setup. A
much used detection method of charged particles is so-called time-of-flight (TOF) mass spec-
trometry. In this technique an experiment is set up in such a way that an interacting atomic
system is shortly generated in the experimental setup at a certain instant, which is defined
to be the zero in time. Charged reaction products (fragments) are extracted from the point
of interaction in a precisely controlled way and are allowed to fly over a fixed distance. The
time-of-flight it takes these fragments to cross this fixed drift length region is determined by
the ratio of the mass and the charge of the particle, allowing one to identify it by this ratio. In
recent years it has become possible to combine such a time-of-flight measurement of charged
fragments with a measurement of the position of impact on the detector [18, 19]. This de-
tection information of the time-of-flight and position of impact allows one to reconstruct a
wealth of kinematic variables occurring in the interacting atomic system. These detection
devices are called reaction microscopes, because of the detailed information they provide on
the atomic system of interest. Reaction microscopes are state-of-the-art detection machines
from which atomic and molecular physics research is greatly benefiting. At the heart of the
reaction microscope lies the recoil ion momentum spectrometer (RIMS). The precise working
of such a recoil ion momentum spectrometer is outlined in the chapters on the experimental
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setup and on RIMS detection. In the latter we report on the construction and commissioning
of a new recoil ion momentum spectrometer we use for studies of the interaction dynamics
in collisions of ions with atoms, molecules and clusters.

1.4 Thesis Outline
In this thesis we will present the first experimental study of energetic ions interacting with the
polycyclic aromatic hydrocarbon molecule anthracene (C14H10) . In chapter 2 we will present
the details of the high resolution reflectron time-of-flight experimental setup used to study
ion-PAH interactions. Chapter 3 reports on the first results of keV H+ and He2+ interactions
with the PAH anthracene [20]. In chapter 4 we also present a computer simulation study
of low energy ions colliding with the anthracene molecule, complementary to an existing
analytical description. In chapter 5 we report on the construction and commissioning of
a molecular beam source combined with a recoil ion momentum spectrometer. This setup
will allow us to perform kinematically complete fragmentation studies in ions interacting
with molecules, with the intention of further revealing ion-PAH (cluster) interaction details.
Chapter 6 draws conclusions in the light of the results presented in previous chapters and
presents an outlook for future experimental studies.


