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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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2 Introduction

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.



Chapter 2

Experimental Setup and Techniques

2.1 Introduction

To learn more about the interactions, which take place between ions and molecules or clus-
ters one has to carefully consider how these processes could be observed. As a first these
processes should be generated in a setup in a controlled and reproducible manner. Three key
elements are the following. One requires a controlled generation of highly charged ions and
their transport to an interaction center. Also, in the interaction center a target must be pre-
pared. As a third, one requires a recording of the relevant observables in the process under
investigation.

In this chapter an overview of the experimental equipment and procedures will be given. It
begins with a description of the ion source and the transport of the ion beam. Furthermore the
preparation of the ion beam into ultrashort bunches is discussed and also a detailed description
of the detection and data acquisition systems is given.

2.2 ECR Ion Source and Ion Beam Transport

For the generation of highly charged ions we use an Electron Cyclotron Resonance Ion Source
(ECRIS) [21, 22]. A schematic overview of an ECRIS is shown in fig. 2.1. This device
allows for production of a wide range of ion species and energies. Within an ECR source
a so-called magnetic bottle is generated through the combination of an axial magnetic field
from two solenoid magnets and a radial magnetic field from a multipole magnet, usually a
permanent hexapole magnet. This magnetic field structure is also known as a minimum B-
field configuration in the sense that the B-field has its minimum in the geometric center and
increases in all directions. This magnetic bottle can confine a plasma generated in the source.
The plasma is created by injecting gas into the vacuum chamber and allowing microwave
radiation to propagate into the chamber. Electrons move around the magnetic field lines with
the cyclotron frequency

ωc =
eB
m

. (2.1)
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Figure 2.1: ECR ion source schematic.

When the frequency of the in coupled microwave radiation matches this cyclotron frequency,
the electrons are resonantly heated by the radiation. This matching of the in coupled radiation
and the cyclotron frequency defines a surface of equal magnetic field strength called the ECR
surface. When electrons pass this surface they are resonantly accelerated and ultimately
achieve energies of many keVs. Starting from a few spontaneously generated free electrons
an avalanche of electrons is generated and electron-impact ionization ionizes the gas injected
in the source. The gas atoms are sequentially ionized resulting in high charge states and many
free electrons. The ions are not accelerated because of their large mass and are confined by
the space charge of the electrons. This means that the ionic part of the ECR plasma can be
viewed as a cold plasma.

In the KVI Atomic and Molecular Physics group we have a 14 GHz CAPRICE-type ECR
ion source at our disposal [23]. This implies that B = 0.5 T at the ECR surface. The axial
field is generated by two solenoids each carrying approximately 1000 A during operation.
The ions are extracted from the source through a puller lens, which can be put on a negative
voltage. The entire source may be floated on a potential ranging from 0 to 25 kV . This sets
the desired ion energy.

When the ions are extracted from the ECR ion source they pass a 110◦ bending (dipole)
magnet in order to select the proper mass-over-charge ratio (m/q) required for experiments.
The ion beam is then guided further through a main beam line equipped with a set of correc-
tion magnets and focusing magnetic quadrupole triplets. The main beam line has 45◦ bending
magnets incorporated to divert the ion beam into various setups.

2.3 Setup
In fig. 2.2 a schematic overview of the setup is shown. The ion beam, extracted from the ECR
ion source, first passes through a chopper-sweeper system. This allows for the generation of
short bunches of ions to set up the experiment in a pulsed manner. The beam is then passed
through two diaphragms separated by a distance of 20 cm and a set of electrostatic lenses.
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Figure 2.2: Schematic representation of the setup.

This ensures a narrow, focused beam in the interaction chamber. A small oven is mounted
inside the interaction chamber. The material of interest is evaporated in this oven, which
subsequently effuses through a 500 µm nozzle thus generating a target. The oven is located
such that interaction of incoming highly charged ions and a gaseous target takes place in
between a set of extraction plates. These extraction plates are located 10 mm apart. The
plates are put on a voltage ranging from about +50 V/− 50 V to +300 V/− 300 V . This
generates an electric field, which extracts any charged interaction products resulting from an
interaction into a high resolution reflectron time-of-flight (RETOF) mass spectrometer. The
fragments entering the reflectron are identified by means of a relation, which uniquely relates
their flight times towards a detector to their mass-over-charge ratio. Section 2.4 elaborates
further on the working principles of such a spectrometer.

2.4 Time-of-Flight Mass Spectrometry

2.4.1 Linear Time-of-Flight Spectrometer
The simplest version of a TOF spectrometer is the so-called linear TOF spectrometer. This
type of spectrometer, schematically represented in fig. 2.3, consists of an ion extraction
region, a drift region and a detector on which ions are finally collected. The extraction region
usually consists of one or two regions containing electric fields, which accelerate the extracted
ions into the drift region. A measurement cycle comprises a number of steps. First, ions are
generated in the first extraction region upon interaction with a laser or ion pulse. After passing
the second acceleration region and the drift region these ions are detected on a MCP. During
such a measurement cycle one precisely measures the flight time of the various ions. In this
way one obtains a histogram of flight times and this may be converted into a mass spectrum,
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Figure 2.3: Schematic representation of a linear time-of-flight spectrometer.

because the m/q values of the ions are uniquely related to their flight times.
An expression T for the ion flight times in this type of spectrometer can be obtained by

determining the flight times in the different regions (cf. fig. 2.3),

T = t1 + t2 + t. (2.2)

The relatively small velocities of the ions allow for a non-relativistic treatment of their dy-
namics. This leads to the following set of equations:

d1 =
1
2

a1t2
1 + v0t1, (2.3)

d2 =
1
2

a2t2
2 + v1t2, (2.4)

D = v2t, (2.5)

where v0 is the initial velocity of the ion upon formation, v1 the velocity upon exiting the first
acceleration region and v2 the velocity upon exiting the second acceleration region; a1 and a2
are the accelerations in the first and second extraction region. Solving this set of equations
for t1, t2 and t leads to

t1 =
−v0 +

√
v2

0 +2d1a1

a1
, (2.6)

t2 =
−v1 +

√
v2

1 +2d2a2

a2
, (2.7)

t =
D
v2
. (2.8)

It is convenient to express this in terms of the initial velocity v0 of the ion. This can be done
by rewriting the energy balance equations for the ion:

v2
1 − v2

0 =
2qE1d1

m
≡C1 = 2d1a1, (2.9)

v2
2 − v2

1 =
2qE2d2

m
≡C2 = 2d2a2. (2.10)
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The resulting total flight time T is

T =
−v0 +

√
v2

0 +C1

a1
+

−
√

v2
0 +C1 +

√
v2

0 +C1 +C2

a2
+

D√
v2

0 +C1 +C2

(2.11)

=

√
m
q

[√
2E1d1

E1
+

−
√

2E1d1 +
√

2E1d1 +2E2d2

E2
+

D√
2E1d1 +2E2d2

]
v0=0

.

The ion flight time has a certain spread for a particular m/q value due to the fact that the
starting point of the trajectory is spread out in space. The ions are generated in a small volume
rather than in a point. Ions generated closer to the first extraction grid, with smaller d1, are
exiting with lower velocities than the ions generated at larger d1. One can compensate for
this effect by realizing that at a certain distance the faster ions overtake the slower ones. The
detector should then be positioned in this focal plane. The condition required for coinciding
this focal plane with the detector plane can be obtained by requiring that a small variation in
d1 does not change the flight time T (to first order). This means that one needs to set the first
derivative of T with respect to d1 to zero,

∂T
∂d1

= 0, (2.12)

which gives

D =
(C1 +C2)

[
a1
√

C1 +(a2 −a1)(
√

C1 +C2)
]

a1a2
√

C1
. (2.13)

Rearranging this equation gives an expression for the first-order focusing condition, which is
independent of m/q:

D = 2d1 K3/2[1− 1
K +

√
K

d2

d1
] , K = 1+

E2d2

E1d1
. (2.14)

This result is known as the Wiley-McLaren criterion [24]. When only a single extraction
region is used, i.e. when d2 and E2 are equal to zero, this condition reduces to

D = 2d1. (2.15)

This is only a geometrical requirement, which states that the drift region should be twice as
long as the extraction region. The initial spatial distribution of ions can thus be focused in a
plane, using the previously mentioned restrictions, with only a distribution of kinetic energy.

2.4.2 Reflectron Time-of-Flight Spectrometer
A reflectron time-of-flight spectrometer [25, 26] resembles a linear TOF spectrometer, but in
addition it is equipped with an ion mirror. This ion mirror reflects the ions back into the field
free region where they are collected on a detector mounted at the end of the field free region.
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Figure 2.4: Schematic representation of a Reflectron Time-of-Flight spectrometer.

The advantage of this ion mirror is that it focuses ions of different initial kinetic energies in
time. A schematic overview of a RETOF spectrometer is shown in fig. 2.4.

Ions with large kinetic energies penetrate deeper into the mirror and the turn-around time
for these ions is greater than for the ions with lower initial kinetic energies. The effect of
shorter flight time for ions with greater kinetic energy is compensated for by a longer stay in
the ion mirror, shown on the right in fig. 2.4. One can view the space focus plane as a pseudo
source of ions with only a distribution of kinetic energies and no spatial distribution (to first
order). The ion mirror then focuses the kinetic energy distribution in time. This allows for
long drift regions and therefore better resolution.

The time spent in the retarding stage can be expressed in a similar way as in the acceler-
ation regions (cf. sec. 2.4.1):

t3 =
−
√

v2
0 +C1 +C2 +

√
v2

0 +C1 +C2 +C3

a3
, (2.16)

v2
3 − v2

2 =
2qE3d3

m
≡C3 = 2d3a3. (2.17)

The turn-around time the ion spends in the mirror is equal to:

t4 = 2
v3

a4
. (2.18)

The total time-of-flight in a spectrometer with a two stage reflectron is

T =
−v0 +

√
v2

0 +C1

a1
+

−
√

v2
0 +C1 +

√
v2

0 +C1 +C2

a2
+

D1 +D2√
v2

0 +C1 +C2

+2
−
√

v2
0 +C1 +C2 +

√
v2

0 +C1 +C2 +C3

a3
+2

√
v2

0 +C1 +C2 +C3

a4
.

(2.19)
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The schematic of fig. 2.4 shows a so-called two-stage reflectron. This reflectron configuration
is able to focus kinetic energy distributions to second order. The focusing conditions may be
obtained as follows. The total flight time through the field free regions, the retarding stage
and the ion mirror is

T = t + t3 + t4, (2.20)

where t, t3 and t4 are the flight times through the field free region, the retarding stage, and the
reflecting stage, respectively. To see the focusing action of the reflectron it is convenient to
express these times in terms of initial velocity or initial kinetic energy Ek in the space focus
plane:

t =
D1 +D2

v
,

t3 = 2
v− v3

a3
,

t4 = 2
v3

a4
, where ai =

qEi

m
.

Expressing these equations in terms of initial kinetic energy in the drift region the total flight
time is

T =
D1 +D2√

2Ek
m

+
2
a3

(√
2Ek

m
−
√

2(Ek −q∆Vret)

m

)
+

2
a4

√
2(Ek −q∆Vret)

m
. (2.21)

The condition for first-order focusing is

dT
dEk

= 0, (2.22)

which gives

D1 +D2

4
=

Ek

ma3

[
1+
(

a3

a4
−1
)√

Ek

Ek −q∆Vret

]
. (2.23)

In the case of a single stage reflectron, where a3 = a4 ≡ a, this condition reduces to

D1 +D2

4
=

Ek

ma
= dp, (2.24)

where dp is equal to the penetration depth of the ion into the mirror. This means that for first-
order focusing of the kinetic energy distribution in a single-stage reflectron the ion penetration
depth into the mirror should equal one fourth of the field free drift length. A dual stage
reflectron allows for a much more compact reflecting stage and in addition second-order
focusing of kinetic energy distributions may be obtained as well.

Mirror fields need not necessarily be constant. Focusing up to even higher orders may be
achieved using other field shapes.
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The reflectron that we use in our experimental setup is a dual stage reflectron as shown in
fig. 2.4, but in addition it has five cylindrical lens elements in the stage between the primary
extraction region and the drift tube for additional control of the extracted ionic fragments.
Typical primary extraction fields in our experiments are a few hundred V/cm. The 80 cm
long drift tube floats on a −2 kV potential. The field free region of the drift tube has very
finely mazed electroformed copper meshes at its ends to prevent any distortion of the ion
trajectories due to fringe fields penetrating the drift tube. The two stages of the ion mirror are
also equipped with such finely mazed copper meshes.

2.5 Ion Beam Chopping

One way of measuring the flight times of charged interaction products requires the experiment
to be set up in a pulsed manner. To this end the ion beam is bunched into the setup. Whenever
an ion bunch enters the setup a START signal is sent to a time-to-digital converter (TDC),
which then awaits detector signals implying that one or more molecular fragments completed
their trajectory through the reflectron.

Fig. 2.5 shows a schematic of the chopper-sweeper system in the setup. It consists of
two sets of plates P1-P2 and P3-P4 to which voltages may be applied, thus generating an
electric field in between the plates, which deflects the incoming ion beam, shown in red. The
particular voltages applied to the plates depend on the details of the experiment. There is
always a trade off between pulse length and pulse intensity. For the resulting time-of-flight

Plates P1-P2

Plates P3-P4

Ion beam

Diaphragm

Diaphragm

Figure 2.5: Schematic representation of the chopper-sweeper system.
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Figure 2.6: Pulsing scheme for short ion beam pulses.

measurements to have a high resolution the ion beam pulses should be as short as possible
at the interaction region. Decreasing pulse length though, will also decrease signal intensity.
Typically, two different pulsing schemes are employed: a default scheme for short beam
pulses and a scheme suitable for very low intensity ion beams delivering somewhat longer
beam pulses.

The scheme for short ion beam pulses is shown in fig. 2.6. Using a high voltage switching
unit we apply a square wave pulse with a negative bias voltage to plate P1 while plate P2
remains grounded. The bias voltage makes sure that the ion beam is by default deflected
away from the diaphragm. Whenever a square wave pulse is applied to P1 the ion beam
passes through the diaphragm at point A in fig. 2.6 when the electric field between plates
P1 and P2 passes its zero value. The time for free passage through the diaphragm depends
on the rise time of the voltage pulse and the diameter of the diaphragm. In this way pulse
lengths of a few ns are generated in the current setup. After one cycle of the square wave
pulse the ion beam would move back over the diaphragm in the same way, but in opposite
direction, if it were not for a second square wave pulse on plate P3. The falling edge of the
square wave pulse of the high voltage pulser on P1 is of lower quality than the rising edge,
therefore it is discarded. This is done by applying a second square wave pulse to plate P3
at point B in time as shown in fig. 2.6 inhibiting the ion beam from moving back over the
diaphragm by deflecting it sideways momentarily. The period of this combination of square
wave pulses is determined by the flight time of the slowest fragment in the reflectron time-
of-flight spectrometer.
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Figure 2.7: Pulsing scheme for low intensity ion beams.

In the case of low intensity ion beams a pulsing scheme such as that displayed in fig. 2.7
might be employed. In this scheme all plates are always grounded except for plate P1. P1
receives a positive bias voltage making sure the ion beam is by default deflected away from
the diaphragm. On regular intervals the bias voltage drops to zero for a very short period. In
fig. 2.7 this pulse duration is 100 ns. During this time the ion beam passes freely through
the diaphragm. Ideally this scheme generates pulses with lengths of the high voltage square
wave pulse width. Needless to say these longer ion beam pulses decrease the resolution of
the resulting time-of-flight spectra.

The amplitudes of the high voltage pulses in both these schemes depend on the particular
ion species, the charge state and kinetic energy and are tuned on-line.

2.6 Data Acquisition

As elaborated upon in previous sections the experiment is set up in a pulsed manner. When-
ever an ion beam pulse passes through the setup and thus through the target between the
extraction plates in the collision chamber a digital START signal is sent to a time-to-digital-
converter in the computer. This START signal arms the TDC for recording any STOP sig-
nals. These STOP signals are in turn generated whenever one or more charged fragments
were extracted into the reflectron time-of-flight spectrometer and completed their trajectory
by hitting the multichannel plate at its end. The MCP detector consists of two stacked plates
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Figure 2.8: Illustration of detector signals handled by a CFD eliminating ’walk’.

with microscopic channels running through each of them. These channels are circa 10 µm
in diameter and slightly inclined (≈ 10◦). Whenever an ion strikes the MCP stack it frees
secondary electrons from the channel walls, which are accelerated over the lengths of the
channels towards the back of the MCP stack by an electric field. The secondary electrons in
turn free more electrons in a cascade, which is eventually collected on a metal anode on the
back of the MCP stack. The potential difference over the channels is ca. 2 kV . The electron
cloud striking the anode is capacitively collected as a small electrical signal. This small signal
is a few mV in amplitude and a few ns long.

The small signal from the MCP detector is first passed to a fast pre-amplifier and and then
further amplified by a timing-filter-amplifier. After amplification the signal is passed through
a constant-fraction-discriminator (CFD), which generates a digital signal, which is accepted
by the TDC. Next to making the signal digital the CFD also eliminates any walk in the signals
due to varying signal pulse heights when simply setting a threshold value. This is illustrated
in fig. 2.8. The CFD splits the signal in two parts, one part is inverted and attenuated and
the second is delayed, subsequently those modified signals are added again. This scheme
generates a detectable zero-crossing in signal voltage, which is independent of the original
signal height.

All the STOP signals originating from fragments striking the detector are recorded as time
intervals (times of flight) relative to a START signal by a 1 ns resolution TDC (Fast ComTec
P7888). Typical molecular fragment flight times are in the order of 1 to 100 µ s. This mea-
surement of times-of-flight in an event-by-event way allows one to easily generate fragment



18 Experimental Setup and Techniques

Figure 2.9: Spectrum (histogram) of flight times for the system 30 keV He2+ on anthracene (C14H10).

spectra, by simply making a histogram of flight times. Such a histogram, or spectrum, is
shown in fig. 2.9.

The flight times may then be converted to mass-over-charge ratios because the flight time
of an ion through an electrostatic field is uniquely related to its mass-over-charge ratio. This
is because acceleration of a charged particle over a potential gradient results in a final velocity
that is proportional to the square root of the q/m ratio. Thus the drift time over a field-free
region is proportional to the square root of the ratio m/q (cf. eq. (2.11)),

m
q
=

(
T −P1

P2

)2

. (2.25)

Next to the proportionality constant P2, an additional constant P1 is taken into account to
define the zero in time.

Event-by-event measurement also allows one to determine correlations between frag-
ments from reaction processes. The average number of interactions per ion beam pulse is
much less than unity. This implies that per event all detected fragments are likely to stem
from the same ion-molecule interaction process. As such one may, for example, estimate the
amount of kinetic energy release in a breakup process. In fig. 2.10 a schematic overview of a
two-body-breakup process is shown.
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Figure 2.10: A schematic of a two-body break-up process between the fragment extraction plates.

When two charged fragments are produced in an interaction process there will, in general,
be a kinetic energy release giving the fragments an initial velocity. When a fragment is
emitted parallel to the electric field it will take a small additional amount of time to turn it
around towards the reflectron when it has a velocity against the direction of the electric field
lines. This turn around time is a measure for the kinetic energy release in the process,

∆tt.a. = 2
v0

a
=

√
8mEkin

qE
. (2.26)

The factor of two comes from the sum of the equal times for deceleration in the field to zero
and re-acceleration to the initial velocity in opposite direction.

2.7 Transmission
Not all fragment velocity vector combinations are extracted into the reflectron due to the finite
size of the aperture in the extraction geometry. For example, energetic fragments with veloc-
ity vectors perpendicular to the electric field direction hit the extraction geometry without
making it any further into the reflectron spectrometer. An estimate of this transmission factor
may be made by modeling the fragment emission and extraction process as an accelerating
isotropically expanding sphere as shown in fig. 2.11.

The area section of the sphere that makes it through the aperture is

A =
∫ θ

0
2πRsinθ Rdθ = 2πR2 [1− cosθ ] , (2.27)

where
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Figure 2.11: Fragment transmission modeled as an expanding sphere, which accelerates towards the
diaphragm in the extraction region. L indicates the distance between the extraction plates and D is the
diameter of the diaphragm.

sinθ =

(
D/2
v0t

)
. (2.28)

D is the radius of the diaphragm and L the distance between the plates. The value of t, the
time at which the sphere touches the diaphragm, can be found by looking at the geometry in
fig. 2.11,

(
D
2

)2

= (v0t)2 −d2, (2.29)(
D
2

)2

= (v0t)2 −
(

L
2
− 1

2
at2
)2

. (2.30)

This gives a fourth-order polynomial equation in the variable t,

t4 −
4v2

0 +2La
a2 t2 +

L2 +D2

a2 = 0. (2.31)
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Solutions to t2 of eq. (2.31) are given by eq. (2.32), where we have discarded the negative
(unphysical) roots.

t2
± =

(
2v2

0
a2 +

L
a

)
±

√(
2v2

0
a2 +

L
a

)2

− L2 +D2

a2 . (2.32)

Multiplying the solutions (2.32) by v2
0 allows one to obtain an expression for sin2 θ0 as a

function of v2
0/a,

v2
0

a
=

v2
0

qE/m
=

mv2
0

q∆V
L =

2Ekin

q∆V
L ≡ FEL. (2.33)

This results in

sin2 θ± =
D2/4
v2

0t2 =
1
4 F2

D(
2F2

E +FE
)
±
√(

2F2
E +FE

)2 −F2
E

(
1+F2

D

) , (2.34)

where
FE =

2Ekin

q∆V
and FD =

D
L
. (2.35)

The transmitted sphere fractions are then given by

Ptr± =
1
2
[1− cosθ±] . (2.36)

In our system D = 5 mm and L = 10 mm, making FD = 0.25. In fig. 2.12(a) we show
total transmission curves for singly charged ions as a function of kinetic energy for a number
of different extraction fields. Full transmission (100%) occurs for kinetic energies where the
discriminant in eq. (2.34) is smaller than or equal to zero. The maximum kinetic energy a
fragment can have for 100% transmission is

Ekin =
1
4

[√
1+F2

D −1
]

q∆V. (2.37)

In fig. 2.12(b) we show the kinetic energy upper limits for 100% transmission as a function
of the magnitude of the extraction field.

Note that this analysis is a simplified model to estimate transmission factors. It is by no
means said that the emission of energetic fragments in ion-molecule interactions is isotropic.
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(a) Transmission factors for singly charged fragments as a function of fragment kinetic energy for a
number of different extraction fields.

(b) Fragment kinetic energy limits for maximum (100%) transmission as a function of extraction
field.



Chapter 3

Ionization and Fragmentation of
Anthracene upon Interaction with
keV Protons and α Particles1

3.1 Introduction

Interstellar Polycyclic Aromatic Hydrocarbon (PAH) molecules are an important and ubiq-
uitous component of the interstellar medium. Broad emission features dominate the mid-
infrared spectrum of the diffuse interstellar medium of galaxies. These emission features are
now generally attributed to the IR fluorescence of UV pumped PAH molecules containing
some 50 C-atoms (see [27] for a recent review). These PAH molecules are thought to form in
the ejecta of C-rich Asymptotic Giant Branch stars and to represent the left-over, molecular
nucleation centers of carbonaceous soot [28, 29]. After mixing into the diffuse interstellar
medium, the injected circumstellar PAH distribution is subject to subsequent FUV photodis-
sociation processes, removing all but the most stable, highly compact PAHs. These compact
PAHs may survive for a very long time in the ISM until they are either destroyed by strong
shock waves driven by supernova explosions or are lost to the interstellar medium because
they become part of a region of ongoing star formation where they may contribute to the
organic inventory of the planet-forming disk.

In recent years, observations using the Spitzer Space Telescope have revealed that PAHs
are associated even with very harsh environments such as the fast stellar winds of O stars
(eg., M17 [7]) and galactic winds (eg., M82 [8]). PAH molecules are expected to be readily
destroyed in hot (T>106 K) gas through the interaction with energetic ions (Micelotta et al.
2009). The details of this are, however, not well understood. The destruction rate is set
by the amount of (internal) energy transferred to the PAH. The excited PAH can then lose
this energy through fragmentation or through IR emission. The competition between these
two channels is controlled by the Arrhenius energy associated with the dissociation process,

1As published in Astrophysical Journal 708 (1) pp. 435-444, 2010
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which is not well known (cf., Micelotta et al 2009). This fragmentation process may be an
important source of small hydrocarbon radicals in the diffuse interstellar medium. Indeed,
such hydrocarbon chains and rings may be the long-sought carriers of the Diffuse Interstellar
Bands [17].

In this paper, we report an experimental study of the interaction of energetic protons and
alpha particles with the small, 3-ringed PAH, anthracene (C14H10). This model study was
undertaken in order to determine the energetics of the process and the reaction products and
to guide further experiments on larger PAHs, which are astrophysically more relevant. This
paper is organized as follows: In the following section, the experimental approach will be
sketched. Then typical mass spectra resulting from keV He2+ collisions with anthracene are
presented. The resulting fragment yields are discussed in the framework of an electronic stop-
ping model, based on molecular electron densities as obtained by density functional theory
calculations. Eventually, the role of single and double electron capture is discussed.

3.2 Experiment

The experimental setup has been described in detail before [30]. Fig. 3.1 displays a sketch.
Briefly, H+, and He2+ ions were extracted from the electron cyclotron resonance (ECR) ion
source located at the ZernikeLEIF facility (KVI Groningen).

For the present experiments, the source was operated on source potentials between 4 and
20 kV. The ion beam was chopped with a repetition rate in the 10 kHz range and an ion- pulse

Mirror

Reflectron TOF
Spectrometer

MCP

Detector

Extraction
Lenses

Faraday
CupOven

ION
BEAM

Chopper-
Sweeper
system Focusing

Lenses

Extraction
Plates

Figure 3.1: A sketch of the experimental setup.
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length of about 10 ns was employed.
In the setup, the ion beam was collimated by means of two 1 mm diaphragms (205 mm

apart) and focused into the collision region.
In the collision chamber, the ion beam pulses crossed a gaseous target of anthracene,

evaporated from a resistively heated oven at 363 K. This temperature ensured sufficient target
densities without thermal dissociation of the molecules. The molecules then effused through
a 500 µm nozzle located ≈ 20 mm from the collision region. A helium compressor cooled
copper plate opposite to the oven nozzle served as a cryotrap for the anthracene as well as the
residual gas. This way the base pressure during experiments was kept around 1 ×10−9 mbar
and contributions of the residual gas to the experimental data are negligible.

Two extraction plates located 10 mm apart provided a static electric field. For most ex-
periments, an electric field of 600 V/cm was used. To avoid coverage of the extraction plates
by adsorbed layers of anthracene, which would distort the field homogeneity, both plates
were resistively heated to ≈ 100◦C. By means of the electric field, ions generated in the
collision region were extracted through a diaphragm and a lens system into a reflectron time–
of–flight (TOF) spectrometer (resolution m

∆m =1500 at m=720 amu [31]) and detected on a
multi-channel-plate (MCP) detector. The signal sent to the ion-beam chopper was used as
a start for the TOF measurement with pulse rates exceeding 10 kHz and typical count rates
in the 100 Hz region. Fragment ions could be detected in coincidence (dead time ≈ 50 ns)
and analyzed in an event–by–event mode using a multi–hit time–to–digital converter (TDC,
FAST 7888, 1 ns resolution). Typical times-of-flight were about 50 µs for the anthracene
parent cation, 12 µs for a C+ fragment ion and 3 µs for a H+ fragment ion.

3.3 Fragment Mass Spectra

The main features of the TOF spectra are similar for the different projectiles ions under in-
vestigation and rather independent of the projectile kinetic energy. For a list of the relative
fragment yields, see tables 3.1 and 3.2. As a typical example fig. 3.2a) displays a mass spec-
trum obtained for 30 keV He2+ interactions with anthracene. The by far strongest feature is
the H+ peak. Non-dissociative single ionization of anthracene is observed as a much weaker
channel. Next to the parent ion peak, two peaks due to single or successive double hydrogen
loss [32] are observed (see inset fig. 3.3a)). At higher masses, peaks due to 13CmC14−mH10
occur. Their intensities are in accordance with the natural isotopic abundance of 13C (1.11%).

In photoionization studies, the C12H+
8 peak has been assigned to neutral acetylene (C2H2)

elimination [32,33], a channel also observed for other PAHs. We observe this (weak) channel
(see inset fig. 3.2a)) as well as (more intense) acetylene loss accompanied by single or double
hydrogen loss. C4H2 loss is observed as well, but with even lower intensity. Note, that the
strong signal of the C2H+

2 cation is most probably due to multifragmentation processes of
multiply charged anthracene cations. We do not observe the C12H+

8 and C2H+
2 cations in

coincidence. In the photoionization studies, the critical energies for H, H2 and C2H2 loss
from anthracene cations were determined to be 4.38 eV, 4.55 eV and 4.5 eV, respectively [32].
Because of the relatively small branching ratio for acetylene loss in our studies for most ion
trajectories the excitation energies therefore must be substantially higher and only for a small
fraction of trajectories, anthracene ionization is a gentle process accompanied by negligible
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Table 3.1: Relative fragment ion yields in He2+ interactions with anthracene in percent. The yields are
normalized to the parent molecular peak.

Fragment ion 8 keV 20 keV 30 keV
H+ 1000 1302 1356
H2+ 40 54 63
C+

1 68 98 122
C1H+

1 29 33 37
C1H+

2 6 6 8
C1H+

3 4 4 6
C1H+

4 3 1 7
C+

2 24 37 46
C2H+

1 31 35 39
C2H+

2 45 46 52
C2H+

3 15 16 20
C2H+

4 - 3 5
C+

3 48 64 76
C3H+

1 83 88 98
C3H+

2 39 40 47
C3H+

3 17 20 25
C3H+

4 - - -
C+

4 15 19 24
C4H+

1 31 32 37
C4H+

2 41 42 51
C4H+

3 11 13 16
C4H+

4 - - 2
C+

5 17 20 23
C5H+

1 35 39 44
C5H+

2 18 22 27
C5H+

3 13 19 24
C5H+

4 - - -
C+

6 4 8 8
C6H+

1 9 11 12
C6H+

2 14 16 20
C6H+

3 8 12 18
C6H+

4 /C12H++
8 20 53 80

C+
7 6 7 8

C7H+
1 9 9 11

C7H+
2 5 7 8

C7H+
3 5 7 11

C7H+
4 /C14H++

8 11 29 51
C+

8 - 1 1
C8H+

1 - 2 2
C8H+

2 - 5 6
C8H+

3 - 2 2
C8H+

4 - - -
C+

9 - - -
C9H+

1 - - -
C9H+

2 - - -
C9H+

3 - - -
C9H+

4 - - -
C7H++

2 10 10 14
C8H++

3 2 2 4
C10H++

5 - - 2
C12H++

7 - 2 4
C14H++

10 119 136 154
C14H+++

10 3 7 12
C14H+

10 100 100 100
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Table 3.2: Relative fragment ion yields in H+ interactions with anthracene in percent. The yields are
normalized to the parent molecular peak.

Fragment ion 10 keV 15 keV
H+ 427 537
H2+ 35 39
C+

1 10 16
C1H+

1 9 11
C1H+

2 5 7
C1H+

3 13 16
C1H+

4 - -
C+

2 4 7
C2H+

1 11 15
C2H+

2 63 76
C2H+

3 59 67
C2H+

4 - 0
C+

3 10 15
C3H+

1 46 62
C3H+

2 55 84
C3H+

3 72 93
C3H+

4 - -
C+

4 4 4
C4H+

1 24 28
C4H+

2 80 98
C4H+

3 37 44
C4H+

4 - -
C+

5 - -
C5H+

1 29 35
C5H+

2 33 49
C5H+

3 63 82
C5H+

4 - -
C+

6 - -
C6H+

1 6 7
C6H+

2 26 26
C6H+

3 42 47
C6H+

4 133 156
C+

7 - -
C7H+

1 5 6
C7H+

2 7 9
C7H+

3 18 19
C7H+

4 /C14H++
8 102 115

C+
8 - -

C8H+
1 - -

C8H+
2 9 11

C8H+
3 5 5

C8H+
4 - -

C+
9 - -

C9H+
1 - -

C9H+
2 - -

C9H+
3 - -

C9H+
4 - -

C7H++
2 10 12

C8H++
3 - -

C10H++
5 - -

C12H++
7 9 10

C14H++
10 180 200

C14H+++
10 14 17

C14H+
10 100 100
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Figure 3.2: Mass spectrum obtained for collisions of 30 keV He2+ with anthracene (a)). The inset
shows a zoom into the region of heavy fragments. a) - d) are zooms into the the mass regions for the
various small CnH+

m fragments.
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excitation. These different classes of trajectories are discussed in details later in this article
in the context of electronic stopping and resonant electron capture.

Most singly charged molecular fragments are of the type CnH+
m with m = 0−4, as obvi-

ous from the zoom ins (figs. 3.2b)-d) and inset in fig. 3.2a)). The yields of fragments heavier
than C7H+

m are generally very low. Generally, singly charged fragment yields decrease with
fragment size. The spectrum has a surprising resemblance with the mass spectrum observed
for anthracene ionization in high (80 fs, 800nm, 2x1015 W/cm2, [34]) and intermediate power
(130 fs, 800 nm, 5.2x1013 W/cm2, [35]) femtosecond laser pulses. The most obvious differ-
ence is found for the group of C12H+

m fragments, which is more pronounced in the laser case.
As in the fs-laser cases, also for single ion impact various multiply charged collision

products are formed (see fig. 3.3). The strongest peak in the spectrum is found at m/q=89
and is due to the C14H++

10 dication (fig. 3.3e)). This identification is unambiguous because
the intensity ratios of the non-integer m/q peak at 89.5, due to isotopic 13CC13H++

10 and the
pure 12C anthracene dication (0.16) is the same as observed for the monocation. In contrast
to the monocation case, for the dication also triple H loss is observed (m/q=87.5).

At m/q=59.33, the anthracene trication is identified (fig. 3.3c)). The peak is accompanied
by the respective isotopic cation peaks due to 13CC13H+++

10 as well as peaks due to loss of
1-3 H atoms. The trication occurs for both projectiles under study, i.e. even for keV proton
impact.

A number of fragment dications are observed as well, such as C5H++
m (m=2,3), C7H++

m
(m=0-4), C8H++

m (m=1,3), C9H++
m (m=0-4), C10H++

m (m=1,3,5,7) and C12H++
m

(m=3,5,7,9).
The observed spectra show no evidence of delayed fragmentation such as tails towards

longer time-of-flight due to fragmentation in the extraction region (i.e. lifetimes of the order
of 100 ns) or shifted peaks due to fragmentation in the first field free region of the reflectron
(i.e. lifetimes of the order of µs). This implies that the fragmentation pattern is due to
deposition of substantial amounts of energy followed by fast dissociation processes. This
is in contrast to the findings for UV photoexcited PAHs close to the respective appearance
potentials for H2 or C2H2 loss, where dissociation rates of the order of 104 s−1 are observed
[15].

3.4 Discussion
With increasing excitation of the anthracene molecules due to ion impact, which we vary by
changing the projectile ion or the projectile velocity, the influence of the initial anthracene
structure on the subsequent fragmentation dynamics is expected to weaken. For a hot in-
termediate system stabilities and reactivities of the fragments are then expected to dominate
and for instance determine the degree of hydrogenation of the CnH+

m fragments. This effect
has been observed for highly charged ion impact on graphite surfaces, where the distribu-
tion of desorbed species is not influenced by the graphite structure, but reflects stabilities and
reactivities of free hydrogenated carbon clusters [36]. From theoretical studies it is known,
that (neutral and positively charged) carbon clusters all possess low–energy linear geome-
tries for n < 10 [37]. For even n, also cyclic isomers can be energetically favorable, but
nevertheless they play no significant role because of their much lower entropy [37, 38]. Re-
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action experiments involving gas phase carbon clusters and molecular hydrogen have shown
that even numbered carbon clusters C4, C6 and C8 have a polyyne structure with alternating
bonds (·C≡C–C≡C–C≡C·) [39]. H atom addition to both highly reactive ends of such a
chain leads to CnH2 formation. Odd numbered clusters have a cumulenic bonding structure
(:C=C=C=C=C:), which is less reactive and for which a smaller degree of hydrogenation is
observed.

Fig. 3.4 shows the relative yields of the CmH+
n fragments in collisions of anthracene

with He2+ ions of different kinetic energies. Fig. 3.5 shows the yields of these fragments
in interactions of anthracene with protons. In both cases the yields are determined from
the corresponding peak integrals and normalized by the integral of the corresponding CmH+

n
group where n ranges from 0 to 4.

For a number of m/q values, a singly charged fragment and an abundant doubly charged
fragment coincide. This is e.g. the case for the smaller fragment cation C6H+

4 (m/q=76)
and C12H++

8 , formed by acetylene loss from the parent dication. A strong contribution of a
dication can be easily proved experimentally: Lowering the extraction voltage to about 150
V/cm, a broadening of the respective peaks in the mass spectrum is observed, which depends
on the fragment kinetic energies. The small cationic fragments are usually due to multifrag-
mentation processes accompanied by substantial release of kinetic energy. The dicationic
fragments, however, are due to loss of small neutral molecules and this process is accompa-
nied by smaller kinetic energy releases. The dication peak thus stays almost unaffected by
the lowered extraction voltage. From a comparison of the spectra at obtained at high and low
extraction we estimate the dication to contribute at least 80% to the m/q=76 peak. For a num-
ber of other fragment masses, similar contributions of the respective dication are observed.
The yields for C6H+

4 and C7H+
4 are thus left out of Fig. 3.4 and the yield for C6H+

4 is left out
of fig. 3.5.

From fig. 3.4 it is obvious that the yields peak at n = 2 for even m, confirming the
polyynic bond structure and strengthening the assumption that the anthracene excitation is
sufficient to suppress the influence of the molecular structure. For H+ projectiles and even
m a different degree of hydrogenation is observed (see fig. 3.5). Here the distributions only
peak at n = 2 for m = 4 whereas for m = 2 and m = 6, higher degrees of hydrogenation are
observed, which hint at lower excitation energies leading to a stronger influence of the initial
molecular structure.

For CmH+
n fragments with odd m, the degree of hydrogenation is lower. From fig. 3.4

it is obvious that in interactions of anthracene with He2+ ions CmH+
n fragments with odd

m predominantly contain only a single hydrogen atom, similar to what is observed for keV
highly charged ion impact of fullerene surfaces [36]. This finding confirms the cumulenic
bond structure and strengthens the assumption that the anthracene excitation is sufficient to
suppress the influence of the molecular structure. For H+ projectiles a different degree of
hydrogenation is observed (see fig. 3.5). Here the distributions peak at 3 H atoms, which
again hints at substantially lower excitation energies as compared to the He2+ case, leading
to a stronger influence of the initial molecular structure.

For both projectiles in the even and odd case, the H-distributions change weakly with the
projectile kinetic energy, but the general trends mentioned above remain unaffected.
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Figure 3.4: Relative yields of CmH+
n ions formed in He2+ collisions with anthracene. For given m the

sum of all CmH+
n yields is set to 1 (� 8 keV, ⃝ 20 keV, △ 30 keV). The dotted lines indicate n = 1

(odd m) and n = 2 (even m). For the missing data points, see text.
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Figure 3.5: Relative yields of CmH+
n ions formed in H+ collisions with anthracene. For given m the

sum of all CmH+
n yields is set to 1 (� 10 keV, ⃝ 15 keV). The dotted lines indicate n = 1 (odd m) and

n = 2 (even m). For the missing data point, see text.
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3.4.1 Electronic Stopping

To quantitatively interpret the differences in fragmentation observed for H+ and He2+, we
need to determine the excitation energies deposited by the ions in an anthracene molecule. To
model electronic excitations we treat the large number of valence electrons in the anthracene
molecule as an electron gas. Inelastic energy loss of ions traveling through an electron gas
is due to long range coupling to electron–hole pairs [40]. In the energy range under study, it
scales linearly with the projectile velocity v and we can introduce a stopping power S = dE

dR =

γ (rs)v [41]. The friction coefficient γ depends on the density parameter rs =
( 4

3 πn0
)− 1

3 ,
the latter being a function of the valence electron density n0. This approach has been used
previously to describe the electronic excitation in ion-fullerene collisions [42, 43].

The SRIM software is sometimes applied to isolated molecules as well, but does not
use very realistic electron densities for this case. Indeed, SRIM calculates the effects of the
collision cascade set up in a bulk solid by a penetrating high energy ion and in a molecule the
concept of a collision cascade differs from that in a solid. Here, we elected to use an approach
based on ab-initio electron densities. A comparison of the electronic stopping obtained by
both methods is currently in progress, in the framework of experiments at lower projectile
energies, where the nuclear stopping becomes more relevant.

The anthracene valence electron density was obtained from density functional theory cal-
culations on the B3LYP level using the Gaussian03 package [44]. The anthracene geometry
was optimized with a 6-31G(d) basis set and the densities were then computed with the larger
6-311+G(2d,p) basis set. Figure 3.6 shows an isosurface (0.005/a.u.3, corresponding to an
rs = 3.6 a.u) of the anthracene valence electron density. Maximum densities close to the

x

yz

Figure 3.6: Isosurface (0.005/a.u.3) of the anthracene valence electron density obtained using density
functional theory calculations on the B3LYP level with a 6-311+G(2d,p) basis set [44]
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C-nuclei are around 0.08 a.u., corresponding to rs ≈ 1.5 a.u..
Based on this valence electron density, the electronic stopping of a projectile ion along a

straight line trajectory was calculated. For a He+ ion, the friction coefficient as a function of
rs [45] can be well approximated by the exponential

γ (rs) = 0.755e−(rs−1.5)/0.88. (3.1)

Note that the anthracene molecule will be at least singly ionized during the interaction,
although not necessarily in the cation ground state, leading to a locally lowered electron den-
sity and thus slightly lowered electronic stopping. Also, the stopping is calculated for He+

rather than He2+. However, [46] have shown that for the velocity range under study a charge
state approach can be used to describe the interaction of He ions with an electron gas. The
assumption is that the total electronic stopping is the sum of the electronic stopping obtained
for the different He charge states weighted according to the equilibrium charged state dis-
tribution. For He2+ projectiles it is assumed that single electron capture occurs already at
distances where interaction with the molecular electron gas becomes relevant so that effec-
tively a He+ ion interacts with the anthracene molecule. [47] found that for He+ collisions
with solid carbon, in equilibrium 80% of the projectiles are even neutralized at v ≈ 0.5 a.u..
Even though electron capture into He2+ mainly involves the He+(n = 2) state rather than the
He+ groundstate (this is discussed in more detail at a later stage) this excitation will thus
probably have little effect on the stopping.

Fig. 3.7 displays the electronic stopping distribution obtained for 5×106 random straight
line trajectories (He+, v = 0.2 a.u.) traversing anthracene perpendicular to the plane in which
the molecule is oriented with its long axis along X and its short axis along Y . The contour
plot obviously reflects the anthracene geometrical structure and the maximum stopping we
calculate for these parameters is about 16 eV for trajectories penetrating the C-C bonds.

Fig. 3.8 displays the electronic stopping distribution obtained for 5×106 random straight
line trajectories (He+, v = 0.2 a.u.) traversing anthracene along the X-axis with the molecule
again oriented with the long axis along X and the short axis along Y . For these collisions, the
geometrical cross section is minimum, but the maximum stopping is four times higher than
for collisions perpendicular to the anthracene plane and exceeds 60 eV for trajectories along
the zig-zag row of C-atoms.

For ion trajectories along the (short) Y -axis (not shown here), the stopping is in between
the two extreme cases.

From the data in both figures, we can now obtain the number of ions with electronic
energy loss in an interval ∆S. Fig. 3.9a) displays the results obtained for perpendicular impact
and impact along the X-axis of the anthracene molecule. Besides an obvious maximum
around zero stopping, for perpendicular impact two additional maxima are observed (due
to the larger geometric cross section for this molecular orientation, the spectrum has been
scaled down to 25% of its original intensity). These maxima occur because of the existence
of extended regions of high and rather constant electron density: trajectories traversing the C-
ring region contribute to the peak at 13.4 eV whereas the peak at 10.5 eV is due to trajectories
through the H-atom regions. The cutoff energy of the distribution amounts to 16.8 eV. For
impact along the (long) X-axis, a relatively structureless spectrum is observed. Electronic
stopping can be as high as ≈ 100 eV, but the probabilities are exponentially decreasing for
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Figure 3.7: Contour plot of the calculated electronic stopping for random collisions of He+ (v = 0.2
a.u.) in Z-direction with anthracene oriented in the XY-plane.

5 10 15 20

5

10

15

 e
le

ct
ro

ni
c 

st
op

pi
ng

 (e
V

)

Y (a.u.)

Z 
(a

.u
.)

0

9

18

27

36

45

54

63

Figure 3.8: Contour plot of the calculated electronic stopping for random collisions of He+ (v = 0.2
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higher losses.
For a comparison to the experimental data it is necessary to calculate the electronic stop-

ping for random molecular orientation. The resulting data for 5×106 random straight line
trajectories can be found in fig. 3.9b). The overall shape of the spectrum obtained for per-
pendicular impact is still visible. Trajectories oblique to the molecular plane obviously lead
to increased electronic stopping and therefore to a shift of the two peaks to slightly higher
energies (10.9 eV and 14.5 eV) as well as a broadening of the peaks. Furthermore, instead
of the sharp cutoff around 17 eV, an exponential decrease with energy is observed, extending
to electronic energy losses of about 100 eV. Note, that within the model considered here the
stopping is linear with v and the presented stopping data can thus be scaled to other velocities.

For H+ ions the friction coefficient as a function of rs [45] is well-represented by

γ (rs) = 0.53e−(rs−0.41)/2.13. (3.2)

For protons the friction coefficient exceeds the He+ one for low electron densities (rs > 3
a.u.) whereas it is lower at high densities. For the total stopping, this leads to a proton
electronic stopping distribution that is very close to the He+ case. Figure 3.10 displays the
electronic stopping distributions obtained for v = 0.2 a.u. H+ impact on anthracene. As a
characteristic energy for the electronic stopping distribution, we use the position of the main
maximum at 14.8 eV (H+) and 14.5 eV (He+) for v = 0.2 a.u.. The He2+ kinetic energies
8 keV, 20 keV and 30 keV (fig. 3.4) correspond to v ≈ 0.28,0.45,0.55 a.u and the resulting
electronic stopping maxima are thus 20.5 eV, 32.4 eV and 39.8 eV. For H+, kinetic energies of
10 keV and 15 keV (fig. 3.5) correspond to v ≈ 0.63 and 0.77 a.u and the resulting electronic
stopping maxima are thus 47.1 eV and 57.7 eV.

For He2+ induced fragmentation, an increase of deposited energy of a factor of 1.9 (when
going from 8 keV to 30 keV or from v = 0.28 to v = 0.55) does not change the trends ob-
served for the CnH+

m relative intensities displayed in fig. 3.4. Even for 8 keV He2+ ions, the
anthracene excitation is apparently sufficient to suppress the influence of the molecular struc-
ture on the fragmentation pattern. It is, however, clear from table 3.1 that for this velocity
increase by a factor of 1.9 the fragment distribution shifts to smaller fragments. Particularly
the C+

1 , C+
2 and C+

3 yields increase by almost a factor of two whereas the corresponding
hydrogenated species increase by about 30 %. Relative yields of smaller fragments increase
with v as well, but less pronounced. Finally, the strongest velocity dependence is observed
for the anthracene trication C14H+++

10 whose yield increases from 3 % to 12 %.
For H+ induced fragmentation, an increase of deposited energy of a factor of 1.2 (when

going from 10 keV to 15 keV or from v = 0.63 to v = 0.77) again does not change the trends
observed for the CnH+

m relative intensities displayed in fig. 3.5. As in the He2+ case, for the
velocity increase by a factor of 1.22 the fragment distribution shifts to smaller fragments (see
table 3.2). Again, the yields for all fragment ions increase with strongest increases observed
for fragments containing 3 or less C atoms.

For 30 keV He2+ and 10 keV H+ the electronic stopping is calculated to be 45.8 eV and
47.1 eV and thus almost equal. However, not only are the CnH+

m relative intensities funda-
mentally different (see figs. 3.4 and 3.5), also, the relative yields of fragments, in particular
small ones, are much lower for protons. This implies that electronic stopping is thus appar-
ently not the only process determining the fragmentation pattern. As an explanation for the
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Figure 3.10: Electronic stopping for v= 0.2 a.u. H+ collisions with anthracene for random orientations.

differences between fig. 3.5 and 3.4 this leaves the differences in charge state and potential
energy. In both cases, single electron capture is expected to be an important process.

For single electron capture from anthracene resonant capture into the He2+ n = 2 shell
at about -13.6 eV is expected to be a dominant channel since capture into n = 1 is not a
resonant channel. The empty He2+ n = 2 state will be populated from lower lying molecular
orbitals (mainly σ orbitals [48]) with ionization energies below 13.6 eV and at relatively
large distances. For the similar He2+-C60 system, the molecular orbital correlation diagram
illustrating this effect can be found in [49]. For proton projectiles, resonant capture into the
1s ground state is expected to be dominant. The binding energies of H(n = 1) and He+(n = 2)
are almost the same and therefore the same arguments hold for single electron capture into
both projectiles even though for protons smaller capture cross sections can be expected. The
ionization potential of anthracene amounts to 7.4 eV [50]. The anthracene cation is thus left
with an excitation energy due to electron capture that is of the order of 6 eV (13.6 eV-7.4 eV),
which adds up to the excitation energy due to electronic stopping (since we assume the latter
to be a friction-force, i.e. a transfer of projectile kinetic energy to target excitation energy,
decoupled from transfer of projectile potential energy).

The influence of capture-induced excitation is expected to have the strongest influence
for large impact parameter collisions, where the electronic stopping is small.

In case of He2+ projectiles, double electron capture is possible as well. For keV He2+

collisions with C60 [49] observed comparable absolute cross sections for single and double
electron capture. For anthracene we thus assume double capture to be a relevant channel as
well. Here, the excitation energy of the resulting molecular dication can be much higher,
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explaining the differences in fragmentation patterns between H+ and He2+. Double electron
capture into a H+ projectile leading to formation of H− is a channel with negligible cross-
section.

The mentioned differences in fragmentation when comparing H+ and He2+ impact are
likely to be due to the presence of a double electron capture channel, leading to substantial
excitation as well as double ionization of the anthracene molecule.

Cross sections for single electron capture into He2+ (n=2) at 30 keV have been observed
to be about 1×10−15 cm2 for small molecules such as H2O, CO2, CH4 [51]. For the spher-
ically symmetric C60, the critical distance for capture of the first and second electron into
He2+ can be estimated using the classical overbarrier model [52, 53]. [31] found R1=17.4
a.u. and R2=13.3 a.u. for the He2+-C60-system, which implies a first electron capture cross
section of 1.1×10−14 cm2 and a second electron capture cross section of 1.6×10−14 cm2.
For anthracene, the ionization cross section depends on its orientation with respect to the
trajectory of the impinging ion. From the weak dependence of the fragmentation pattern
on the projectile velocity, we can, however, conclude that dissociation is due to anthracene
molecules excited well above the various dissociation thresholds. Dissociation must there-
fore be dominated by trajectories close to the peak region of the electronic stopping curves
(figs. 3.9 and 3.10). For convenience, we use the local minimum of the electronic stopping
curves as a threshold and obtain the (geometric) dissociation cross section for anthracene
from the fraction of trajectories leading to above threshold electronic stopping. Due to the
different slopes of eq. 3.1 and eq. 3.2, the dissociation cross sections for He2+ and H+ impact
differ and amount to 6.4×10−15 cm2 and 9.6×10−15 cm2, respectively.

3.5 Astronomical Implications

The typical energies employed in these first experiments on fragmentation of PAHs under en-
ergetic ion irradiation correspond to temperatures of the order of 108 K and velocities of 1000
km/s. These values are characteristic for the early stages (< 103 yr) of supernova remnant
expansion and in particular for the reverse shock slowing down the supernova ejecta. The
energetic environment of supernovae have long been suspected to be important sources of in-
terstellar dust [54] and theoretical studies predict efficient dust formation (0.1-1 solar masses
of dust, depending on the progenitor) in the cooling ejecta [55, 56]. However, observational
evidence for efficient dust formation in supernova has been lacking. Studies of SN 1987A
imply the formation of only 10−4 solar masses [57], while observations of the recent type II
supernova, 2003gd, imply formation of perhaps as much as 2x10−2 solar masses of dust [58].
Studies of the dust formation in supernova ejecta have gotten recent impetus with the dis-
covery that galaxies in the early universe are very dusty [59–62]. At this early stage (<700
million years), low mass stars have not yet had the chance to evolve sufficiently and become
active dust producers in their Asymptotic Giant Branch stage and cannot have contributed to
interstellar dust and, hence, by default supernova explosions from massive star progenitors
have been implicated. However, even if dust condensed efficiently in supernova ejecta, the
dust also has to survive the reverse shock that slows down the ejecta before it can merge with
the general interstellar medium. The velocity of this reverse shock can be several 1000’s of
km/s and processing of the dust can be severe. In particular, theoretical calculations show that
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small dust grains are readily destroyed in these environments while larger grains may leave
the remnant before fully slowing down [63, 64].

The presence of PAHs in supernova ejecta is even more unclear than for dust. Based upon
IR spectra obtained with the Spitzer Space Telescope, [9] report the presence of large PAHs
in the young supernova remnant, N132D. A very different line of evidence for PAH forma-
tion in supernova ejecta is presented by the study of PAHs trapped in individual star dust
grains [65]. These studies reveal small PAH molecules such as phenanthrene and chrysene
with the same isotopically anomalous elemental carbon composition as their host graphite
grain. The extreme 12C/13C values make it likely that some of these grains originate from
supernova ejecta. Apparently, these PAHs ”hitchhiked” a ride on the graphite dust grains in
the ejecta and thereby survived destruction by hot gas in the ejecta. As for dust grains, PAHs
are expected to be readily destroyed in the hot gas associated with supernova ejecta [10].
However, the rate at which this occurs depends heavily on the molecular properties. Specif-
ically, because of the two-dimensional nature of these species, sputtering yields cannot be
directly extrapolated from measurements on bulk materials or SRIM calculations. The exper-
iments presented here provide essential insights into the ion induced dissociation dynamics
of gas-phase PAHs under these conditions.

Our results show that for small PAHs, such as anthracene, the fragmentation pattern is
insensitive to the collision energy. Because these different dissociation channels have very
different thresholds, this must imply that at all energies, dissociation is dominated by the pro-
nounced interaction peak around 15 eV rather than the exponential tail and the cross section
is therefore the geometric cross section, appropriately averaged over random orientations.
Hence, we arrive at a cross section of ≈8x10−15 cm2 and a rate coefficient of ≃

(
T/108 K

)1/2

cm−3 s−1. With a density of ≈4 cm−3 in the layer separating the forward and reverse shock
- appropriate for a SN explosion expanding into an interstellar medium with a preshock den-
sity of 1 cm−3 (Nozawa et al 2007) - we arrive at a lifetime of PAHs in this environment of
a fraction of a year. Hence, any PAHs formed in the ejecta have to be quickly incorporated
into larger growing dust grains in order to survive [65, 66] or they have to be protected in
denser gas clumps entrained in the ejecta [10]. Finally, we note that the fragmentation pattern
provide a clear signature of energetic processing of PAHs in a shock environment (cf. Figs.
3 & 4). While these fragments would not survive much longer in the hot gas than the PAHs
themselves, searches for these fragments in those remnants where we suspect that PAHs are
being processed - such as the young supernova remnant N132D [9] - may provide new insight
in the destruction of PAHs by hot gas. With ALMA on the horizon, such searches may well
become feasible in the near future.

3.6 Conclusion
In this article we have presented time-of-flight mass spectra for keV proton and He2+ col-
lisions with the polycyclic aromatic hydrocarbon anthracene. Substantial fragmentation as
well as formation of multiply charged fragments is observed. For He2+ projectiles, more and
smaller fragments are formed as compared to proton impact. Increasing projectile velocity
leads to an increase in fragmentation and a shift to smaller fragment masses for both projec-
tiles. For He2+ projectiles in contrast to protons, the degree of hydrogenation of the cationic
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anthracene fragments suggests that sufficient energy is deposited to suppress the influence of
the molecular structure on the fragmentation pattern. An electronic stopping model based on
realistic anthracene electron densities is employed to estimate the molecular excitation due
to electronic stopping. It is concluded that 30 keV He2+ and 10 keV H+ induce equal elec-
tronic stopping. The major difference in fragmentation between both projectiles is attributed
to double electron capture by the He2+ projectiles, which is a weak channel for protons.



Chapter 4

Simulations of sub-keV Light
Particle Interactions with PAH
Molecules

4.1 Introduction
Polycyclic Aromatic Hydrocarbon molecules, or PAHs, are thought to be a common molecu-
lar constituent of the interstellar medium. They are found in all directions of observation and
seem to be distributed over great distance scales. 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 interac-
tion 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-molecular) structures in order to survive.

The origin and further (ion-)chemistry of PAHs is not fully understood. One pathway
of formation might be that PAHs are formed in regions of high C content through chemical
reaction mechanisms as might occur in cool stellar winds [67]. Another proposed mecha-
nism is the erosion of dust grains in shock waves originating for example from supernova
explosions [68]. PAHs present in these regions are also processed again by the hot post shock
gas [11]. Shock velocities of this kind are relatively low (50-200 km/s) and since hydrogen
and helium are by far the most abundant particles present in the gaseous state (90.8% and
9.1% by number, respectively [69]) in the interstellar medium this suggests to model the in-
teractions of PAH molecules and gas particles in the sub-keV range of 10-500 eV projectile
energies.

In a recent article Micelotta et. al. [11] described the processing of PAH molecules in
a framework of binary collision approximations of projectiles and carbon atoms. The weak
point of such an approach is that it cannot, by definition, take into account the molecular
nature of the target.

In our group we have built a new experimental setup dedicated to detailed, kinematically

43
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complete studies of ions interacting with molecules using reaction microscope techniques.
This is described in detail in chapter 5. These high resolution, kinematically complete mea-
surements require a more accurate modeling than a binary collision approximation of inter-
acting ions and atoms. For these reasons we have opted to develop a molecular dynamics
simulation program to study the interactions of sub-keV projectiles with polycyclic aromatic
hydrocarbon molecules.

In this chapter we will thus focus on the interaction of sub-keV light particles (hydrogen
and helium) with PAHs using a molecular dynamics approach, taking as an example the
anthracene molecule (C14H10).

4.2 Theory of Molecular Bonding and Collisions

4.2.1 Introduction

Since the discovery of the atomic nature of substances it has been attempted to model the in-
teractions between atoms. The most straightforward way of starting with this, is to view the
total of atoms in a pairwise way. This means that interactions between atoms are determined
for every pair and the total interaction is determined by summing the individual pairwise in-
teractions. One example of such a pairwise interaction model is the Lennard-Jones potential.

The modeling of molecules beyond the complexity of a dimer, however, requires more so-
phisticated interaction potentials. Molecules are formed by covalent bonding between atoms.
Covalent means that atoms share valence. So, the bonding depends on valence electron dis-
tributions. This implies that in atomic interaction models one can naturally assume that at
least angular terms should be included. In modeling carbon compounds one usually requires
the correct description of single, double, and triple bonds. This means that four-body terms
are needed. In addition to the correct description of bonding interactions between atoms one
would like the model to be able to handle the breaking of bonds as well. These models are
known as reactive potentials. One of the few interatomic potentials that correctly describe
hydrocarbons, including bond formation and breakage up until now is the Tersoff-Brenner
reactive bond-order potential (REBO) [70].

4.2.2 Abell-Tersoff

The original development of bond order potentials starts with the work of Abell [71]. Abell
attempted to explain universalities observed in binding energy curves. Beginning the analysis
with a basis of local atomic orbitals it was found that the binding energy could be expressed as
a sum over near(est) neighbor pair interactions. These pairwise interactions could be modeled
by attractive and repulsive potential functions, VA and VR respectively, being a function only
of the separation of the constituents. The effect of the local environment is captured in a bond
order term Bi j multiplying the attractive potential part,

Eb =
1
2 ∑

i
Ei, (4.1)
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Ei = ∑
j ̸=i

VR(ri j)−Bi jVA(ri j), (4.2)

where Eb is the total binding energy, Ei the pairwise potential energy, and ri j the interatomic
separation of the pair i j. From there, a relation is developed in which a scaled binding energy
as a function of a scaled distance depends only weakly on parameters in the attractive and
repulsive potential functions. Abell notes in his paper that Bi j, in a first approximation, can
be expressed as a function of the local coordination number Z, which gives the number of
neighbors of the particular atom,

Bi j ∝ Z−δ , (4.3)

where δ depends on the particular system. For a Bethe lattice, which is a lattice in which
all atoms are connected, but has no closed loops, δ is calculated to be δ = 1/2 [71]. Such a
lattice may be a bit artificial, but it often allows for exact statistical physics solutions.

Following Abell, Tersoff [72] devised a functional form for the bond order term Bi j,

Bi j = exp(−ξi j/a), (4.4)

ξi j = ∑
k ̸=i, j

[
fC(rik)

fC(ri j)

]n

exp [nλ (ri j − rik)]G(θi jk), (4.5)

G(θi jk) =
[
c+ exp(−d cos(θi jk))

]−1
. (4.6)

ξi j is a measure for the number of bonds competing with the bond i j and modulating it.
The exponential function in ξi j is what Tersoff calls the ‘bare bonding potential’ between
the atoms i and j, and i and k. fC is a cut-off function to ensure that only nearest neighbor
interactions are taken into account. ri j and rik are the interatomic distances between atom
pairs i j and ik. The function G(θi jk) is a function of the bond angle θi jk between the atoms
pairs i j and ik. a, n, λ , c, and d are free parameters. Using data from experiment and
quantum mechanical ab initio calculations, these free parameters in the potential form are
fitted to reproduce the correct results. With this empirical potential, Tersoff succeeded in
correctly calculating a number of observables in various structures of silicon. In later papers,
with slightly modified forms of the potential [73–75], he improved on this work by, next to
silicon, also incorporating other group IV elements. The great success of this work is that it
is able to describe a number of structures using the same set of potential parameters whereas
a many-body expansion like

E = ∑
i

Vi(ri)+∑
i j

Vi j(ri j)+∑
i jk

Vi jk(ri jk)+ . . . (4.7)

seems to be much more limited in describing diverse bonding geometries [76].
Although Tersoff’s potential was very successful in describing diverse geometries using

the same set of parameters, it still has some shortcomings. Because its functional form is
expressed using sums over nearest neighbors and bond angles it is very difficult, if not im-
possible, to describe conjugate bonds. This can be seen by looking at the two bonds in fig.
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Figure 4.1: A conjugate bond in naphtalene,
with the same local geometry as in fig. 4.2.

Figure 4.2: A double bond in tetramethylethylene,
with the same local geometry as in fig. 4.1.

4.1 and 4.2. The CC bonds in these two structures have a similar environment, but are clearly
very different. One bond is conjugated and the other is a double bond. This shows that the
bond order of a certain atom does not only depend on the number of neighbors, but also on
the local geometry.

4.2.3 Tersoff-Brenner
Brenner [70], in modeling the chemical vapor deposition of diamond films, modified Ter-
soff’s potential to overcome these kinds of problems. He devised a functional form for the
potential, which is able to model a great number of hydrocarbon structures. It closely re-
sembles Tersoff’s final form, but has a number of modifications. It is parametrized in the
following way:

Eb = ∑
i

∑
j>i

VR(ri j)−Bi jVA(ri j), (4.8)

with

VR(ri j) = fi j
D(e)

i j

Si j −1
e−

√
2Si jβi j(ri j−Re

i j), (4.9)

VA(ri j) = fi j
D(e)

i j Si j

Si j −1
e−

√
2/Si jβi j(ri j−Re

i j). (4.10)

The functions VA and VR are attractive and repulsive pair potential terms. When the parameter
Si j is set to Si j = 2 the terms form the familiar Morse-potential [77]. The shape of a Morse
potential well is shown in fig. 4.3.
Here it may be seen that the parameter D(e)

i j represents the well depth or equilibrium bond

energy of the potential and R(e)
i j is the equilibrium internuclear separation. The parameter βi j

is a measure of the force constant.
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Figure 4.3: Schematic representation of a Morse potential well.

The function fi j acts as a smooth cut-off function, which restricts the interactions to near-
est neighbors only. Atoms with separations greater than R(2)

i j are considered non-interacting

( fi j(r)= 0). Atoms with separations smaller than R(1)
i j are considered fully interacting ( fi j(r)=

1). The cut-off function ensures a smooth transition between these regimes,

fi j(r) =


1 r ≤ R(1)

i j ,[
1+ cos

(
π(r−R(1)

i j )

R(2)
i j −R(1)

i j

)]
/2 R(1)

i j < r < R(2)
i j ,

0 r ≥ R(2)
i j .

The environment dependence is captured in the bond-order function Bi j. It is a many-body
coupling between the atoms i and j depending on the local surrounding. When summing the
energy over bonds, it can be written as an average of the contributions of the atoms in the
bond and an additional correction function Fi j,

Bi j =
Bi j +B ji

2
+

Fi j(N
(t)
i ,N(t)

j ,Ncon j
i j )

2
, (4.11)

where

Bi j =

[
1+ ∑

k ̸=i, j
Gi(θi jk) fik(rik)e

αi jk

[
(ri j−R(e)

i j )−(rik−R(e)
ik )
]
+Hi j(N

(H)
i ,N(C)

i )

]−δi

. (4.12)
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The function Gi(θi jk) depends on the angle θi jk between the bonds i− j and i− k and it is
parametrized as follows:

Gi(θ) = a0

(
1+

c2
0

d2
0
− c2

0/[d
2
0 +(1+ cos2 θ)]

)
. (4.13)

The parameters αi jk, a0, c0, and d0 are free parameters to be fit to known molecular structures.
Values for these fitting parameters can be found in ref. [70].

The Abell-Tersoff potential has a few shortcomings. One is that it tends to overbind
radical structures. This is very problematic when describing for example vacancy defects
in diamond where there are four radicals. It does not seem possible to fit the Abell-Tersoff
potential to both graphite and diamond with vacancy defects [70]. Another issue is that it
is unable to handle conjugation, illustrated in fig. 4.1 and 4.2. The overbinding of radi-
cals and the conjugation problems are corrected for by the correction functions Fi j and Hi j.
Hi j(N

(H)
i ,N(C)

i ) is a function of the number of hydrogen and carbon neighbors of atom i and
it is only non-zero when atom i is a carbon atom,

N(H)
i = ∑

j∈H
fi j(ri j), (4.14)

N(C)
i = ∑

j∈C
fi j(ri j). (4.15)

Using the function fi j makes the functions continuous in their arguments.
Fi j(N

(t)
i ,N(t)

j ,Ncon j
i j ) is a function of the total number of neighbors of atom i (N(t)

i ), the total

number of neighbors of atom j (N(t)
j ), and of the parameter Ncon j

i j . The value of Ncon j
i j assesses

whether or not the bond is part of a conjugated system. Fi j is only non-zero for carbon-carbon
bonds,

N(t)
i = N(H)

i +N(C)
i , (4.16)

Ncon j
i j = 1+ ∑

k∈C ̸=i, j
fikF(xik)+ ∑

l∈C ̸=i, j
f jlF(x jl), (4.17)

where

F(xik) =

 1 xik ≤ 2,
(1+ cos [π(xik −2)])/2 2 < xik < 3,
0 xik ≥ 3,

and
xik = N(t)

k − fik. (4.18)

xik is the number of neighbors of atom k excluding atom i. When a bond is not conjugated
Ncon j

i j = 1. This value increases when the bond i j is part of a conjugated system.
The determination of the full potential function is now achieved by fitting to a number of

known hydrocarbon structures in order to obtain values for the parameters in the potential.
The potential function then transfers rather well to structures that were not included in the



4.2 Theory of Molecular Bonding and Collisions 49

fitting procedure [70]. Of course the fitting procedure only gives values for the correction
functions Hi j(N

(H)
i ,N(C)

i ) and Fi j(N
(t)
i ,N(t)

j ,Ncon j
i j ) at integer values of their arguments. So, to

make the potential fully continuous, the correction functions are interpolated between integer
argument values using bicubic and tricubic interpolation:

HCH(x,y) =
3

∑
i=0

3

∑
j=0

ai jxiy j, (4.19)

HCC(x,y) =
3

∑
i=0

3

∑
j=0

bi jxiy j, (4.20)

FCC(x,y,z) =
3

∑
i=0

3

∑
j=0

3

∑
k=0

ci jkxiy jzk. (4.21)

The construction of the bicubic and tricubic splines is outlined in appendix B.

4.2.4 Modeling of Fast Particle (Screened-)Coulomb Interactions
The potential between atomic particles is, in general, a complex function. It depends on the
interatomic distance, relative velocities, electron cloud distributions, and other parameters.
A fully quantum mechanical treatment is only possible in a few situations. At higher colli-
sional energies (. 1 keV/amu), when nuclei approach each other closely, one may treat the
interaction between atomic particles rather well by a repulsive screened-Coulomb potential
function:

V (r) =
Z1Z2e2

r
Φ(r/a), (4.22)

where Z1 and Z2 are the atomic numbers of the collision partners, e is the electronic charge
of a proton, and r the internuclear separation of the particles. The function Φ, dampening the
pure Coulomb potential, is the so-called screening function. It models the degree of screening
due to the electron clouds of the collision partners. The parameter a is the screening length,
setting the length scale for screening. Over the years many screening functions have been
devised. Some examples are Thomas-Fermi [78], Molière [79], and Lens-Jensen [80, 81].
The most widely used screened-Coulomb potential is the one due to Ziegler, Biersack, and
Littmark [82]. They were able to construct a potential that fitted a large database of atom-
pairs quite well to experimental results. This potential is known as the ZBL or ‘universal’
interatomic potential,

V (r) =
Z1Z2e2

r

4

∑
i=1

aie−bix , x = r/aU , (4.23)

where

aU =
0.8854a0

Z0.23
1 +Z0.23

2
. (4.24)

The parameter a0 = 0.0592 nm is the Bohr radius. The parameters in the ZBL potential are
given in table 4.1.



50 Ion-PAH sub-keV Interactions

Table 4.1: ZBL potential coefficients ai and bi appearing the screening function.

i a b
1 0.1818 3.2
2 0.5099 0.9423
3 0.2802 0.4029
4 0.02813 0.2016

4.3 Molecular Dynamics Simulations

4.3.1 Introduction
Atomic and molecular systems, in general, contain many particles and a full quantum me-
chanical treatment of such a system is computationally not always feasible. In many cases
one may, however, quite accurately, treat these systems using analytical potential functions
modeling the interactions between the constituents. This is the realm of analytical potential
molecular dynamics. In molecular dynamics simulations one allows a system of particles to
interact through such potential functions and the time evolution of the system variables such
as positions and momenta is governed by the classical equations of motion,

F⃗ = ma⃗ =−∇V (⃗r). (4.25)

An analytical solution to such a set of coupled differential equations is not available for
systems with more than two particles so, one generally has to resort to numerical methods. In
these numerical methods one determines the potential function values and their derivatives at
some initial point such that finite difference schemes may generate an estimate of the system
variables at a next time step and this procedure is repeated.

4.3.2 Potential Derivatives
In this section we will elaborate on the derivation of the potential functions that were used in
the molecular dynamics simulations. The potential function is, in general, a function of all
the coordinates of the individual atomic constituents of the molecule. The force on the nth
particle is:

F⃗n(r1, . . . ,rn, . . . ,rz) = −∇nV (r1, . . . ,rn, . . . ,rz)

= − ∂V
∂ |ri j|

(∂ |⃗ri j|
∂ rnx

,
∂ |⃗ri j|
∂ rny

,
∂ |⃗ri j|
∂ rnz

)
= − ∂V

∂ |ri j|
r⃗i j

|⃗ri j|
δi jn, i ̸= j, (4.26)

where

δi jn =

 1 n = j
−1 n = i

0 otherwise.
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The r⃗i j’s are interatomic distance vectors, where

r⃗i j = r⃗ j − r⃗i and |⃗ri j|2 = r⃗i j · r⃗i j. (4.27)

So, for the Tersoff-Brenner interaction potential the force per particle becomes:

F⃗n = −∇n

[
1
2 ∑

i j
VR(ri j)−Bi jVA(ri j)

]

= −1
2 ∑

i j

[
∇nVR(ri j)−Bi j∇nVA(ri j)−∇Bi jVA(ri j)

]
(4.28)

The attractive and repulsive potential derivatives are straightforward to determine:

∂VR(ri j)

∂ |⃗ri j|
=

∂ fi j

∂ |⃗ri j|
Di j

Si j −1
e−

√
2Si jβi j(r−R(e)

i j )

− fi j
Di j

Si j −1

√
2Si jβi je

−
√

2Si jβi j(r−R(e)
i j ) (4.29)

∂VA(ri j)

∂ |⃗ri j|
=

∂ fi j

∂ |⃗ri j|
Di jSi j

Si j −1
e−

√
2/Si jβi j(r−R(e)

i j )

− fi j
Di jSi j

Si j −1

√
2/Si jβi j

Di j

Si j −1
e−

√
2/Si jβi j(r−R(e)

i j ) (4.30)

where

∂ fi j

∂ |⃗ri j|
=


0 r ≤ R(1)

i j[
−sin

(
π(r−R(1)

i j )

R(2)
i j −R(1)

i j

)]
π

2(R(2)
i j −R(1)

i j )
R(1)

i j < r < R(2)
i j

0 r ≥ R(2)
i j

The derivation of the bond order term is slightly more involved. We rewrite it slightly avoid-
ing a too verbose derivation:

Bi j =
[
Ci j +Hi j(N

(H)
i ,N(C)

i )
]−δi

, (4.31)

where

Ci j = 1+ ∑
k ̸=i, j

Gi(θi jk) fik(rik)e
αi jk

[
(ri j−R(e)

i j )−(rik−R(e)
ik )
]
. (4.32)

The derivatives then become:

∇nBi j = −δi [Ci j +Hi j]
−δi−1 [∇nCi j +∇nHi j]

= −δiB
1+ 1

δi
i j [∇nCi j +∇nHi j] , (4.33)
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∂Ci j

∂ ri j
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ ri j
fikeαi jk[...]+Gi(θi jk) fikαi jkeαi jk[...]

]
, (4.34)

∂Ci j

∂ rik
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ rik
fikeαi jk[...]+Gi(θi jk)

∂ fik

∂ rik
αi jkeαi jk[...]

− Gi(θi jk) fikαi jkeαi jk[...]

]
, (4.35)

∂Ci j

∂ r jk
= ∑

k ̸=i, j

[
∂Gi(θi jk)

∂ r jk
fikeαi jk[...]

]
. (4.36)

The derivative of the bond angle dependent function gives

∂Gi(θi jk)

∂ rpq
=

∂Gi

∂ cos(θ)
∂ cos(θi jk)

∂ rpq

=
2a0c2

0(1+ cosθ)[
d2

0 +(1+ cosθ)2
]2 ∂ cos(θi jk)

∂ rpq
. (4.37)

As a final step the derivatives of the correction functions for conjugated bonds and radicals
need to be determined:

∇nHi j =
∂Hi j

∂Ni
∇nNi =

∂Hi j

∂Ni
∑
p

∂ fip

∂ rip

r⃗ip

rip
δipn. (4.38)

This is done for both arguments of Hi j(N
(H)
i ,N(C)

i ) and similarly for the arguments of
Fi j(N

(t)
i ,N(t)

j ,Ncon j
i j ).

The forces due to the interaction between the projectile and the molecule are rather
straightforward to derive:

∂VZBL

∂ r
=−VC

[
∑4

i=1 aie−bix

r
+

∑4
i=1 biaie−bix

aU

]
. (4.39)

VC is the unscreened Coulomb potential function. The overall minus sign in eq. (4.39) shows
that this potential is universally repulsive when the negative gradient is taken to form the
force vector.

4.3.3 Finite Difference Integration Schemes
To observe the time evolution of the ion-molecule system one needs to solve the differential
equations of motion. For a system of more than two particles this has to be done using nu-
merical methods. One of the most popular algorithms in the molecular dynamics community
for doing this is the group of Verlet algorithms [83]. These are based on summing truncated
Taylor expansions about the current position
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r(t +δ t) = r(t)+ v(t)δ t +
1
2

a(t)δ t2 +
1
6

b(t)δ t3 +O(δ t4), (4.40)

r(t −δ t) = r(t)− v(t)δ t +
1
2

a(t)δ t2 − 1
6

b(t)δ t3 +O(δ t4). (4.41)

Adding and rearranging these two equations gives the basic Verlet algorithm:

r(t +δ t) = 2r(t)− r(t −δ t)+a(t)δ t2 +O(δ t4). (4.42)

This is a simple equation for determining the propagation in time and the truncation error
is O(δ t4), but it has some drawbacks. One is that the velocities of the particles are not
generated. Certainly in many molecular dynamics simulations one needs a knowledge of
the velocities of the particles for example in determining the kinetic energies. They can be
determined afterwards through a central difference approximation,

v(t) =
r(t +δ t)− r(t −δ t)

2δ t
. (4.43)

This is accurate up to O(δ t2), but lags behind the positions. A more commonly used algo-
rithm is the velocity-Verlet algorithm. It has the same local error terms, but computes the
positions and velocities synchronously,

Velocity-Verlet:

r(t +δ t) = r(t)+ v(t)δ t +
1
2

a(t)δ t2, (4.44)

v(t +δ t) = v(t)+
a(t)+a(t +δ t)

2
δ t. (4.45)

The equivalence of the algorithms may be shown by writing down the series for r(t + 2δ t),
rearranging r(t + δ t) to r(t) from eq. (4.44), adding the two, and substituting v(t + δ t)
from eq. (4.45). This procedure returns the basic Verlet algorithm. Velocity-Verlet has the
advantage that it computes the positions and velocities at the same time. The local truncation
errors are O(δ t4) for the positions and O(δ t2) for the velocities.

There exist more accurate algorithms, one of which is Beeman’s Algorithm [84]. Beeman
proposed a very stable and efficient algorithm, which computed the velocities up to O(δ t3),

Beeman:

r(t +δ t) = r(t)+δv(t)+
δ t2

6
[4a(t)−a(t −δ t)] , (4.46)

v(t +δ t) = v(t)+
δ t
6
[2a(t +δ t)+5a(t)−a(t −δ t)] . (4.47)

We have incorporated this integration algorithm in our molecular dynamics simulations. The
Beeman algorithm is not self-starting so, we generate the first integration step using the
Velocity-Verlet method.
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4.4 Results and Discussion

4.4.1 Molecular Dynamics: Setup and Validation
The molecular dynamics simulation program may be run with or without a projectile. The
simulation geometry, including a projectile, is displayed in fig. 4.4. The ion, being assigned a
certain energy and initial velocity components, starts a fixed distance away from the molecule
where there is negligible interaction between the two. The system is then allowed to evolve
over time. To make sure the C++ code is programmed correctly we ran the simulation for a
few situations for which the results are known. First the molecular structures in the paper by
Brenner [70] were run evolving those structures to their lowest energy geometry. The results
are shown in table 4.2. As is clear from the table all atomization energies are reproduced
except the one for ethynylbenzene. The energy of 68.4 eV in our work is, however, most
likely to be the correct one. Other authors [85] also find this value.

A situation, which can be solved analytically is an elastic head-on binary collision. The
energy transferred between the projectile and a target particle in this case is [82]:

Tm =
4MpMt

(Mp +Mt)2 E0 ≡ γE0, (4.48)

where Mp and Mt are the projectile and target masses respectively, E0 is the initial projectile

Figure 4.4: Simulation geometry.
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Table 4.2: Energies of atomization (eV) of a number of molecular structures. The columns ‘Brenner’
and ‘Experiment’ are adopted from ref. [70].

Structure This work Brenner Experiment
Alkanes
methane 17.57 17.6 17.6
ethane 29.72 29.7 29.7
propane 41.99 42.0 42.0
n-butane 54.26 54.3 54.3
i-butane 54.27 54.3 54.4
n-pentane 66.54 66.5 66.6
isopentane 66.54 66.5 66.6
neopentane 66.79 66.8 66.7
cyclopropane 35.51 35.5 35.8
cyclobutane 48.65 48.7 48.2
cyclopentane 61.35 61.4 61.4
cyclohexane 73.63 73.6 73.6
Alkenes
ethylene 23.63 23.6 23.6
propene 36.23 36.2 36.0
1-butene 48.50 48.5 48.5
cis-butene 48.83 48.8 48.6
isobutene 48.39 48.4 48.7
(CH3)2C=C(CH3)2 73.15 73.2 73.4
cyclopropene 28.19 28.2 28.8
cyclobutene 42.41 42.4 42.4
cyclopentene 55.75 55.7 55.6
1,4-pentadiene 55.00 55.0 54.8
CH2=CHCH=CH2 41.84 41.8 42.6
CH3CH=C=CH2 40.42 40.4 42.1
H2C=C=CH2 27.82 27.8 29.6
Alkynes
acetylene 17.15 17.1 17.1
propyne 29.42 29.4 29.7
1-butyne 41.69 41.7 42.0
2-butyne 41.69 41.7 42.2
Aromatics
benzene 57.47 57.5 57.5
toluene 69.63 69.6 70.1
1,4-dimethylbenzene 81.79 81.8 82.6
ethylbenzene 81.90 81.9 82.5
ethenylbenzene 76.19 76.2 76.5
ethynylbenzene 68.39 69.8 69.9
naphtalene 91.39 91.4 91.2
anthracene 125.30 - -
Radicals
CH2 7.77 7.8 7.8
CH3 12.71 12.7 12.7
H3C2H2 25.67 25.7 25.5
H2C2H 18.88 18.9 18.9
C2H 12.24 12.2 12.2
CH2CCH 24.45 24.5 25.8
n-C3H7 37.94 37.9 37.8
i-C3H7 38.25 38.3 38.0
t-C4H9 50.47 50.5 50.5
phenyl 72.71 52.7 72.7
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kinetic energy and Tm is the maximum transferred energy of the projectile to the target parti-
cle. When run in this configuration the simulations reproduce the correct energy distribution
between projectile and target particle. For example, when a 100 eV He projectile collides
head-on with a stationary C atom as the target particle, the C atom gains a kinetic energy
of 75.0 eV. The simulation results approach the analytical results more closely with decreas-
ing time step size, up to 10 decimal digits, using a rather small time step of 1 a.u. Many
processes, however, do not require such a small time step.

Needless to say, molecular dynamics simulations should also obey the law of conserva-
tion of total energy. Fig. 4.5 shows the results of a simulation of the anthracene molecule
during which kinetic energy, potential energy and total energy of the molecule were recorded
over every time step. These are plotted in red, blue, and black, respectively. The atoms in
the molecule were assigned random initial velocities drawn from a Maxwell-Boltzmann dis-
tribution with kBT = 0.025 eV. The time step in this simulation was 0.2 fs and it was run for
10000 time steps i.e. 2.0 ps. The level of conservation of energy is below 10−5.

Figure 4.5: Conservation of energy in an anthracene molecule. Plotted in blue, red, and black are
potential energy, kinetic energy, and total energy, respectively.

4.4.2 Results for H and He Colliding with Anthracene: Direct Frag-
mentation

Fig. 4.6 and 4.7 show a series of frames of a He projectile colliding head-on with a C atom
in the anthracene molecule. The frames are separated in time by 1000 a.u. (1 a.u. equals
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(a) t=0 a.u. (b) t=1000 a.u.

(c) t=2000 a.u. (d) t=3000 a.u.

(e) t=4000 a.u. (f) t=5000 a.u.

(g) t=6000 a.u. (h) t=7000 a.u.

(i) t=8000 a.u. (j) t=9000 a.u.

Figure 4.6: 40 eV He on anthracene.
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(a) t=0 a.u. (b) t=1000 a.u.

(c) t=2000 a.u. (d) t=3000 a.u.

(e) t=4000 a.u. (f) t=5000 a.u.

(g) t=6000 a.u. (h) t=7000 a.u.

(i) t=8000 a.u. (j) t=9000 a.u.

Figure 4.7: 50 eV He on anthracene.
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2.42 · 10−17 s.). Fig. 4.6 displays a collision of a 40 eV He ion interacting with anthracene.
Fig. 4.7 shows the same situation, but now for a 50 eV He ion. The first collision situation
leaves the molecule excited, but intact. The second collision leads to the ejection of the hit
atom.

In fig. 4.8 an atom numbering scheme for the anthracene molecule is shown. In the
following a few special interaction situations will be described, which use this numbering
scheme for the atoms.

Figure 4.8: Numbering of atoms in the anthracene molecule. H atoms are numbered 0-9, C atoms
10-23.

The first set of special ion impact parameters are those for perpendicular, head-on col-
lisions with a carbon or hydrogen atom or with bonds (halfway the interatomic distance) in
the molecule. For reasons of symmetry one does not need to consider collisions with all
carbon and hydrogen atoms and bonds, but only those in one quadrant e.g. the lower left
corner, namely C22, C20, C16, C12 and H8, H6, and H0, as displayed in fig. 4.8. In table
4.3 we listed the results for perpendicular head-on collisions of a 100 eV He projectile with
the anthracene molecule. The projectile started at a distance of 35 a.u. from the molecular
center where there is negligible interaction. The time step was equal to 10 a.u. (0.24 fs) and
the simulation lasted for 250 time steps, finalizing when there is again negligible interaction
between the projectile and the molecular constituents. The first column of the table indicates
the target atom or bond. The second column contains the kinetic energy loss of the projectile
due to the collision (∆Ekin). The third column of the table shows the vibrational excitation
energy of the remainder of the molecule (Evib). The fourth column contains the energy of the
knocked-out fragment (E f rag). The last column shows which effects occurred during the col-
lision. As can be seen from table 4.3 a substantial amount of the projectile energy is carried
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away by the fragment produced in the collision. The collisions through the bonds shown in
table 4.3 and following tables are halfway between the atoms forming the bond.

Table 4.3: 100 eV He on anthracene: Perpendicular head-on collisions. The first column contains the
target, the second column contains projectile kinetic energy losses, the third and fourth column contain
the molecular vibrational excitation and the energies of the fragments, respectively.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 70.60 16.25 54.35 CH loss
C20 70.57 15.90 54.67 CH loss
C16 69.77 16.85 52.92 C loss
C12 70.52 15.55 54.97 CH loss
H atoms
H8 59.48 5.21 54.27 H loss
H6 59.38 5.17 54.21 H loss
H0 59.27 5.15 54.12 H loss
CC bonds
C22-C23 12.18 12.18 - Bond scission
C20-C22 12.15 12.15 - Bond scission
C16-C20 11.44 11.44 - Bond scission
C16-C18 10.59 10.59 - Bond scission
C16-C12 11.55 11.55 - Bond scission
CH bonds
C22-H8 25.77 12.30 13.47 H loss
C20-H6 25.74 12.28 13.46 H loss
C12-H0 25.71 12.23 13.48 H loss
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Table 4.4 shows the results of a similar situation, but now for a 1 keV He projectile. The
time step used in this case is 1 a.u. Projectiles this fast colliding with the molecule transfer
much less of their kinetic energy to the remaining molecule. In the case of collisions with
an atom a great deal of the kinetic energy is transferred to that particular atom. The atom is
kicked out of the molecule perturbing the remainder only little. In collisions with a C atom
in the molecule, for example, one can see that the C atom is kicked out with a substantial
amount of energy, whereas the hydrogen that was attached to it is more or less stationary,
close to the molecule.

Table 4.4: Same setup as table 4.3, but for 1 keV He on anthracene: Perpendicular head-on collisions.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 744.82 16.64 C:728.00

H:0.18
C,H loss

C20 744.81 15.34 C:729.30
H:0.17

C,H loss

C16 744.38 16.09 C:728.28 C loss
C12 744.77 15.02 C:729.58

H:0.17
C,H loss

H atoms
H8 635.32 4.95 630.37 H loss
H6 635.25 4.92 630.33 H loss
H0 635.13 4.89 630.24 H loss
CC bonds
C22-C23 1.05 1.05 - -
C20-C22 1.05 1.05 - -
C16-C20 0.99 0.99 - -
C16-C18 0.92 0.92 - -
C16-C12 1.00 1.00 - -
CH bonds
C22-H8 2.78 2.78 - -
C20-H6 2.78 2.78 - -
C12-H0 2.77 2.77 - -
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Simulations with protons as projectiles were also performed. In table 4.5 one finds the
results of a 100 eV proton colliding with the anthracene molecule at various selected impact
sites. The time step for this simulation was 1 a.u. It may be seen that a proton of this energy,
traversing the bonds midway the atoms, does not induce bond scissions anymore. Vibrational
excitation does occur.

Table 4.5: 100 eV H on anthracene: Perpendicular head-on collisions. The first column contains the
target, the second column contains projectile kinetic energy losses, the third and fourth column contain
the molecular vibrational excitation and the energies of the fragments, respectively.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 27.37 18.68 8.69 CH loss
C20 27.36 17.99 9.37 CH loss
C16 27.24 21.31 5.93 C loss
C12 27.35 17.28 9.97 CH loss
H atoms
H8 90.32 4.95 85.37 H loss
H6 90.15 4.92 85.23 H loss
H0 89.96 4.88 85.08 H loss
CC bonds
C22-C23 0.95 0.95 - -
C20-C22 0.95 0.95 - -
C16-C20 0.90 0.90 - -
C16-C18 0.83 0.83 - -
C16-C12 0.90 0.90 - -
CH bonds
C22-H8 2.48 2.48 - -
C20-H6 2.48 2.48 - -
C12-H0 2.47 2.47 - -
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In table 4.6 the results for 1 keV protons are tabulated. The time step was 0.1 a.u. Also
in this case when a proton this fast collides with a C atom, the atom is kicked out of the
molecule and if there was a bond to a hydrogen atom, this hydrogen atom remains more
or less stationary close to the molecule. Also here bond scissions do not occur when the
projectile passes through the bond, halfway the two atoms.

Table 4.6: Same setup as table 4.5, but for 1 keV H on anthracene: Perpendicular head-on collisions.

Target Projectile
∆Ekin (eV)

Molecule
Evib (eV)

E f rag (eV) Effects

C atoms
C22 284.27 15.71 C:268.16

H:0.40
C,H loss

C20 284.27 15.39 C:268.48
H:0.40

C,H loss

C16 284.26 16.17 C:268.09 C loss
C12 284.27 15.07 C:268.80

H:0.40
C,H loss

H atoms
H8 969.85 4.90 964.95 H loss
H6 971.63 4.87 966.76 H loss
H0 971.99 4.84 967.15 H loss
CC bonds
C22-C23 0.081 0.081 - -
C20-C22 0.081 0.081 - -
C16-C20 0.077 0.077 - -
C16-C18 0.071 0.071 - -
C16-C12 0.078 0.078 - -
CH bonds
C22-H8 0.22 0.22 - -
C20-H6 0.22 0.22 - -
C12-H0 0.22 0.22 - -
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In the context of ion-induced PAH destruction in astrophysically relevant environments,
energy transfer of the projectile to the target, is a quantity that is often used to characterize the
interaction dynamics [11]. Moreover, the energy transfer threshold, T0 for direct knock-out
of a C-atom is a key quantity. In tables 4.7 and 4.8 these thresholds for vacancy formation
are listed for the different C atoms in anthracene. Included are the thresholds for coronene
(C24H12), a larger molecule and graphene, an infinite PAH so to speak, in order to determine
the effects of the local molecular geometry.

Table 4.7: Threshold energetics for vacancy creation with H projectiles (eV): The first column con-
tains the target atom, the second column contains the threshold kinetic energy of the ion for vacancy
formation at the target site, the third column contains the kinetic energy transfer of the projectile to the
molecule, which here, at the threshold for vacancy formation corresponds to T0. The fourth and last
column contain the fragment energy and the effects occurring in the collision, respectively.

Target Projectile
Ekin

Projectile
∆Ekin

E f rag Effect

anthracene
C22 91 −24.8 6.9 CH loss
C20 90 −24.5 5.8 CH loss
C16 99 −27.0 5.0 C loss
C12 89 −24.2 4.1 CH loss
coronene
C 94 −25.5 4.0 C loss
graphene
C 95 −25.8 4.7 C loss

Table 4.8: Threshold energetics for vacancy creation with He projectiles (eV): Same setup as table 4.7,
but for He projectiles.

Target Projectile
Ekin

Projectile
∆Ekin

E f rag Effect

anthracene
C22 42 −27.7 7.1 CH loss
C20 41 −26.9 5.1 CH loss
C16 43 −27.5 5.4 C loss
C12 41 −26.8 7.8 CH loss
coronene
C 42 −26.7 6.1 C loss
graphene
C 42 −26.7 6.4 C loss
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Figure 4.9: Molecular excitation energy vs. projectile energy for H (blue)and He (red) projectiles
colliding with C atom no. 16 in anthracene as displayed in fig. 4.8.

For carbon atom number 16, prompt bond scission already sets in at projectile energies a
few eV below the threshold for complete single knock out.

Fig. 4.9 shows the results of H and He ions colliding head-on with C atom number 16. The
plot displays the molecular excitation energy as a function of H (blue) and He (red) projectile
energies. It is clear that the excitation of the molecule is greatest when the projectile energy
lies close to the threshold energy for knock out of the C atom, indicated by the vertical lines
at 43 eV for He projectiles and 99 eV for H projectiles. The excitation energies in fig. 4.9
are exclusive the kinetic energy of carbon atom 16 if it is knocked out of the molecule. The
excitation energies are also corrected for any total translational center-of-mass kinetic energy
of the molecule after the collision, although these values are, in general, much less than 1
eV and peak around 2 eV when the projectile energy lies close to the threshold for carbon
knock out. For projectile kinetic energies exceeding the knock-out threshold, the excitation
of the molecule decreases asymptotically to the value of a vacancy in the otherwise unexcited
molecule. For C atom number 16 in anthracene this vacancy energy (Evac) is 16.0 eV using the
Brenner potential. For coronene this vacancy energy is 15.3 eV for an inner ring carbon atom.
The energy transfer of fast ions (Ekin ≫ Evac) thus goes almost exclusively to the C atom that
is knocked out of the molecule. The vacancy energy (Evac) is indicated by the horizontal line
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in fig. 4.9. However, particularly close to threshold, the removal of a carbon atom from a
PAH molecule requires an ion of higher energy than Evac and also much more energy than
the vacancy energy is deposited into the molecule. As may be seen from fig. 4.9 and tables
4.7 and 4.8 at the thresholds for knock out of C atoms the required ion kinetic energy losses
exceed 25 eV, peaking just below the knock-out threshold. It is this energy that may more
appropriately be called T0, the minimal ion kinetic energy transfer for carbon knockout. This
value is a great deal larger than the value of 7.5 eV quoted in ref. [11]. The simulation results
show that the projectile kinetic energy threshold for carbon knockout depends very much on
the projectile species and is certainly not a universal constant.

4.4.3 Monte Carlo Simulations: Cross Sections

To map the landscape of reaction pathways we performed Monte Carlo simulations of H and
He projectiles interacting with the anthracene molecule. The molecule was positioned in the
origin of the simulation geometry with a fixed orientation or with random orientations. The
ion started a fixed distance of 35 a.u. away from the origin, where the interaction energy
is essentially zero, with randomly generated impact parameters. Impact parameters were
generated in a window of 40 a.u. by 40 a.u.. The window size is such that interaction is
essentially zero at its borders. Random orientations of the molecule were generated from a
flat distribution of orientations such that each orientation is equally probable. Incidentally,
the distribution of orientations is not flat when standard rotation matrices for rotations around
the x,y,z axes are generated with randomly selected angles.

Random numbers are generated using the Mersenne Twister algorithm to ensure suffi-
cient randomness of the numbers over many trajectories. The Monte Carlo simulations were
performed in a parallel manner on the ”Millipede” computer cluster of the Center for High
Performance Computing and Visualization (HPCV) of the University of Groningen (RuG),
equipped with 3280 Opteron 2.6 GHz cores, capable of computing many ion trajectories in
parallel. Most simulations were performed on only a small section of the cluster using three
or four nodes with 12 cores per node. In this way millions of trajectories can be simulated in
a few hours of computing time. Demanding jobs with small and many time steps were run
using more nodes.

In fig. 4.10(a) and 4.10(b) we show the results of the energy transfer spectrum of He
ions of various kinetic energies interacting with the anthracene molecule. In fig. 4.10(a) the
molecule was oriented upright i.e. the ion trajectories were perpendicular to the plane of the
molecule. In fig. 4.10(b) the molecule was oriented randomly. In this figure for He projectile
energy transfers to randomly oriented anthracene we also display the binary collision ap-
proximation values of ref. [11], the values of which may be found in table 4.9. These values
are indicated by the vertical lines of the same color as the corresponding projectile energy.
For 10 eV projectiles no average energy transfer can be determined in the framework used in
ref. [11], because of a lower limit of applicability in the analysis.

In fig. 4.11(a) and 4.11(b) we show the differential cross section for energy transfer of a
He ion interacting with anthracene for various values of the kinetic energy of the ion. The
differential cross section is defined as
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(a) Upright orientation.

(b) Random orientations.

Figure 4.10: Energy transfer of He projectiles of various kinetic energies to the anthracene molecule for
upright (i.e. projectile trajectories perpendicular to the plane of the molecule) orientation and random
orientations. Bin size: 0.1 eV.
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dσ
dE

=
N(E)
L ∆E

, (4.49)

where N(E) is the number of events with energy transfer E, L is the integrated luminosity,
and ∆E the binwidth.

Fig. 4.12(a) and 4.12(b) show the total cross sections for energy transfer above 4.6 eV and
7.5 eV of He ions interacting with anthracene as a function of projectile kinetic energy for the
molecule in upright and random orientations respectively. In fig. 4.12(b) we included the total
cross section for He projectiles on carbon in the binary collision approximation, multiplied
by 14 in order to be able to make a comparison with the results for anthracene (C14H10).
The total cross sections in the molecular dynamics case are expected to be larger than those
in the binary collision approximation of ref. [11] (projectile-C atom) because the latter does
not take into account the contribution of the hydrogen atoms to the total cross section, which
may be large estimated from a geometrical point of view and also the molecular nature of the
target is not taken into account.

4.4.4 Dissociation
Using the results of the energy transfers of the projectile to the molecule one may determine
a dissociation probability for the molecule. Whenever a PAH interacts with an ion, the ion
excites the PAH. The following analysis has been adopted from [16].

In the excited molecule there is a competition between two relevant de-excitation mecha-
nisms: Infrared (IR) photon emission and dissociation of the molecule. Finding the probabil-
ity of dissociation, amounts to determining the rates for molecular dissociation in competition
with the rates for IR photon emission.

The rates for molecular dissociation can be found through an Arrhenius type relation,

kdiss = k0exp
[
− E0

kBTe f f

]
, (4.50)

Te f f ≈ 2000
(

TE(eV )

NC

)0.4(
1−0.2

E0(eV )

TE(eV )

)
,

where Te f f is the effective temperature of the system, NC the number of carbon atoms in the
molecule and E0 the binding energy of the fragment produced in the dissociation process. kB
is Boltzmann’s constant. TE is the energy that has been transferred to the molecule.

In the de-excitation mechanism of IR photon emission, the excited molecule will emit a
series of IR photons of energy ε at a rate kIR. The value of ε is assumed constant throughout
the emission cycle for simplicity and to have a value of ε = 0.16 eV, typical for a CC vibra-
tional mode. The probability that the excited molecule will dissociate between the nth and
(n+1)th photon emission equals:

ϕn = pn+1 · (1− pn) · (1− pn−1) · · ·(1− p0) = pn+1

n

∏
i=0

(1− pi) (4.51)

The unnormalized probability per step pi equals:
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(a) Upright orientation.

(b) Random orientations.

Figure 4.11: Differential cross section for energy transfer of He projectiles of various kinetic energies
to the anthracene molecule for upright (i.e. projectile trajectories perpendicular to the plane of the
molecule) orientation and random orientations.
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(a) Upright orientation: He - anthracene simulation (points), He-C in the binary collision
approximation multiplied by 14 (solid).

(b) Random orientation: He - anthracene simulation (points), He-C in the binary collision
approximation multiplied by 14 (solid).

Figure 4.12: Total cross sections for energy transfer above Tco of He projectiles to the anthracene
molecule for upright (i.e. projectile trajectories perpendicular to the plane of the molecule) orientation
and random orientations.



4.4 Results and Discussion 71

pi =
kdiss(Ei)

kIR(Ei)
, where Ei = TE − iε. (4.52)

The total probability for dissociation of the molecule is now the sum of the individual disso-
ciation probabilities at every photon emission step,

P(nmax) =
nmax

∑
n=0

ϕn. (4.53)

For simplicity we will ignore the dependence of kIR on Ei. We will also assume that
pi does not vary, but instead take it to be an average value pav. The total unnormalized
dissociation probability for the molecule is then

P(nmax) = (nmax +1)pav = (nmax +1)
k0 exp(−E0/kTav)

kIR
. (4.54)

The average temperature Tav is taken as the geometric mean
√

Tin ×Tnmax , where Tin is
the effective temperature immediately after excitation of the molecule by the ion and Tnmax is
the effective temperature after nmax IR photon emissions corresponding to an internal energy
of (TE -nmaxε). For truly constant pi’s nmax would equal (TE -E0)/ε , but the full analysis gives
nmax equal to 10, 20 and 40 for PAH sizes of 50, 100 and 200 C atoms [86]. For anthracene
this would give a value for nmax equal to 3.

kIR is estimated to be 100 photons s−1 [87] and the factor k0 is determined to be 1.4×
1016 s−1 [86]. The value for E0, the binding energy of the dissociation fragment, may now
be determined by fitting the Arrhenius rate to rates measured in experiment [87]. These
experiments measured appearance energies for PAH dissociation at a rate of 104 s−1. Doing
so, this procedure gives a value of E0 = 3.65 eV, which is a rather low value compared to the
binding energy of a C2H2 group in a PAH, which is some 4.2 eV for small PAHs [88]. Ref.
[86] suggests to determine the value for E0 by assuming a more astrophysically appropriate
rate of 1 s−1 for IR relaxation and an internal excitation energy of 12 eV corresponding to a
typical FUV photon absorption. That analysis leads to a value of E0 = 4.6 eV and this value
is also adopted here.

The total probability for dissociation is then finally

P =
k0 exp [−E0/kTav]

[kIR/(nmax +1)]+ k0 exp [−E0/kTav]
. (4.55)

In table 4.9 we have made a comparison between the average energy transfer of He pro-
jectiles to the anthracene molecule in our work using computer simulations and the binary
collision approximation of ref. [11]. The average energies obtained in this work are calculated
using the lower limit of integration or cut-off of Tco = 4.6 eV instead of the somewhat artifi-
cially chosen lower limit of Tco = 7.5 eV for direct single carbon knock-out, but as the range
of energy transfers grows larger this difference is felt less and less. At projectile energies of
55 eV for He the average energy transfers are already very similar.
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Table 4.9: Average energy transfers for He projectiles of various kinetic energies. The second column
shows the average energy transfers of projectile to molecule obtained in this work using simulations.
The third column shows average energy transfers in the binary collision approximation of ref. [11].

Projectile
Ekin (eV)

TE (eV)
This work (Tco=4.6)

TE (eV)
Ref. [11] Tco=7.5

10 5.4 -
25 9.8 12.0
40 14.2 15.2
55 17.6 17.9
70 20.2 20.2
85 22.2 22.3
100 23.9 24.1
250 33.7 36.1
500 42.1 46.1

Table 4.10: Total cross sections for He projectiles of various kinetic energies. The second column
contains total cross sections for interactions with energy transfers above 4.6 eV for He projectiles on
anthracene of random orientations. The third column contains the cross section of He projectiles on a
C atom in the binary collision approximation multiplied by 14.

Projectile
Ekin (eV)

σtotal (a.u.2)
This work (Tco=4.6)

σtotal (a.u.2)
Ref. [11] (Tco=7.5)

10 14.7 -
25 66.7 35.9
40 75.1 42.2
55 77.3 43.5
70 77.7 43.4
85 77.1 42.8
100 76.4 42.0
250 65.5 34.6
500 53.1 28.0

4.5 Conclusions

In this chapter we have studied the interactions of hydrogen and helium projectiles with
polycyclic aromatic hydrocarbon molecules using molecular dynamics simulations, taking
anthracene as a particular case for a more detailed study. In doing so, we have attempted to
make a comparison between the results from our work and the work of ref. [11] where the
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authors approach the problem using an analytical binary collision approximation between the
projectiles and a carbon atom.

The intra molecular interactions are modeled using a Tersoff-Brenner reactive bond order
potential. Projectile interactions with the molecular constituents are modeled through the
’universal’ ZBL screened-Coulomb potential.

When targeting specific atomic sites within the molecule it becomes apparent that direct
fragmentation as a result of projectile impact is greatly overestimated in the binary collision
approximation theory of ref. [11]. Direct fragmentation requires projectiles of kinetic ener-
gies much higher than 10 eV He, or equivalently a kinetic energy transfer of 7.5 eV to the
molecule. Rather, He projectiles with a kinetic energy of some 43 eV (H projectiles of 99
eV) are required for complete single knock-out of a carbon atom, or equivalently an energy
transfer to the molecule of some 27 eV.

Next to determining the energetics for direct fragmentation, we determined the range of
energy transfers of He projectiles of various kinetic energies to the anthracene molecule. This
allows one to determine a probability for dissociation of the molecule in competition with re-
laxation through infrared photon emission. The dissociation of the molecule is assumed to be
described by an Arrhenius process with a characteristic energy E0 = 4.6 eV. The tempera-
ture of the system is taken as the geometric mean of an effective temperature upon excitation
of the molecule and the effective temperature after a given number of IR photon emissions.
The probability for dissociation of the molecule is a function of an ’average’ energy transfer
of the projectile to the molecule. The average energy transfers in our work are taken to be
the average of the energy transfer spectrum using the minimum value of 4.6 eV. This proce-
dure yields similar excitation energies as in the work of ref. [11], which only deviate for low
kinetic energies.

The total interaction cross sections determined in our work are larger than those in ref.
[11]. This is to be expected though, because we determine total cross sections including all
events above a lower limit for energy transfer of the projectile to the molecule of 4.6 eV,
whereas in the work of ref. [11] a lower limit of 7.5 eV for energy transfer is assumed. A
second cause is that in anthracene there is an outer circumference of hydrogen atoms enlarg-
ing the geometric cross section compared to a carbon skeleton of just 14 carbon atoms. A
third point is that in our simulations the molecular nature of the target is taken into account
as well, whereas in [11], by definition, this is not the case.

In conclusion, energy transfers of the projectile to the molecule are similar in the models,
however, dissociation probabilities are sensitive to variations in the energy transfer parameter
through an exponential dependence in the Arrhenius equation. The collision rates in inter-
stellar environments are expected to be larger due to enhanced cross sections determined in
the computer simulations.





Chapter 5

Towards Recoil Ion Momentum
Spectrometry of Molecules and
Clusters

5.1 Introduction
In atomic and molecular physics a large part of theory and experiment is devoted to collision
and interaction physics of atomic particles. Projectiles may be electrons, photons or highly
charged ions in various regimes of charge state and energy, and targets range from isolated
atoms and molecules to large solid state structures, such as crystals and surfaces. Interaction
physics of small aggregates of atoms and molecules intermediate to the solid state and isolated
atoms and molecules has been studied to a lesser degree. The properties of such aggregates
or clusters can be extremely size dependent and very different from either the molecular state
or the condensed phase. For example, some metals, which are conductors in the solid state,
become insulating at certain cluster sizes [89]. The generation of clusters as a target for
interaction studies may be achieved using molecular beam techniques, described in section
5.2.

In this chapter we report on the construction and commissioning of a molecular beam
source, recoil ion momentum spectrometer (RIMS) combination for the purpose of detailed
kinematically complete, studies of highly charged ion collisions with various targets, such as
Van-Der-Waals (VDW) clusters and small molecules in seeded beam experiments. We will
present first results of a study of the interaction of highly charged ions and VDW clusters of
argon as a proof-of-principle of the new experimental setup.

Fragmentation and ionization of Ar clusters has been studied earlier using electron-impact
ionization [90] and photoionization [91]. Also studies of core-excited Ar clusters have been
reported [92]. A recent, and one of the few, study with highly charged ions focuses on
properties of Ar dimers [93].

In the past our group has made a first experimental study of highly charged ions inter-
acting with Ar VDW clusters in which highly charged Xeq+ (5 ≤ q ≤ 25) projectiles were

75



76 Towards RIMS of Molecules and Clusters

used [94]. This study revealed that Ar VDW clusters undergo charge localization upon Xeq+

interaction. The fragmentation pathways of the cluster upon charge exchange with the ion
are asymmetric in the sense that coincident fragments originating from the same parent clus-
ter have very different charge states. In addition, evidence was found for the formation of
fragments with very high charge states up to q = 7.

In interactions of highly charged ions with fullerenes [95–98] and metal clusters [99–
101] high intermediate charge states are no exception, however, fragment charge states are
generally low. This is usually explained by electron mobility being high in these type of
clusters. Ar and other rare gas VDW clusters have lower electron mobility, suggesting that
in interactions with highly charged ions charge may localize on single atomic sites leading to
highly charged fragments upon fragmentation.

Kinetic energy releases in fragmentation of charged clusters is a parameter giving direct
information on the fragmentation mechanisms. Energetic fragments produced in fragmenta-
tion processes display broadening of their corresponding peaks in a time-of-flight spectrum
due to their large initial velocity. The absence of kinetic energy release, leading to sharply
peaked features in the spectrum, results from gentle ionization without fragmentation. Con-
sequently sharply peaked cluster features point towards the survival of these charged VDW
clusters on a time scale of µs. Survival of such weakly bound clusters may prove illuminating
also in dynamics of highly charged ions with other weakly bound complexes such as clusters
of polycyclic aromatic hydrocarbon (PAH) molecules [102], which is of great importance in
an astrophysical picture of PAHs interacting with ions. In electron capture processes highly
charged ions can provide target ionization with little or no excitation, perhaps facilitating the
survival of charged, weakly bound complexes.

5.2 Basics of Supersonic Jet Production

5.2.1 Classical Nucleation Theory
In this section a simple statistical mechanics model [103] of nucleation or cluster formation
is outlined. In this classical homogeneous nucleation theory, aggregation of the constituents
of a single substance in a gas-liquid system is modeled. Consider a gas-liquid system in
equilibrium at a temperature T and pressure P. The Gibbs free energy of the system must be
at a minimum with respect to other parameters: δG = 0. The total Gibbs free energy of the
system is equal to

Gtot = Mlgl +Mggg, (5.1)

where Ml and Mg are the total mass of the liquid and the gas respectively. gl and gg are the
chemical potentials (Gibbs potential per unit mass) of the liquid and the gas. Varying the
Gibbs free energy with respect to the amounts of liquid and gas one obtains the equilibrium
condition of the system

δG = (gl −gg)δm = 0, where δm = δml =−δmg. (5.2)

It follows that a (infinite) gas-liquid mixture is in equilibrium when the chemical potentials of
the respective phases are equal, gl = gg. The pressure of this equilibrium gas-liquid system is
known as the vapor pressure (Pv). Supersaturation occurs when the (partial) pressure of a gas
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is higher than its vapor pressure. In this case equilibrium conditions may occur with finite
bodies of ‘liquid’.

A small spherical cluster of radius r, in equilibrium with the gas, having a temperature T
and a pressure P, gives a Gibbs free energy of

G = Mdgl +Mggg +4πσr2, (5.3)

where Md is the mass of the droplet and Mg the total mass of the gas. The last term in (5.3)
takes into account the surface tension of the small droplet. Varying the Gibbs free energy
with respect to the droplet radius and equating this to zero gives the equilibrium relation

δG = (
∂Md

∂ r
gl +

∂Mg

∂ r
gg +8πσr)δ r = 0. (5.4)

The total mass of the system is conserved, so

∂Md

∂ r
=−

∂Mg

∂ r
= 4πr2ρ (5.5)

where ρ is the mass density of the droplet. Eq. (5.4) then gives

gg −gl =
2σ
ρr

. (5.6)

One can relate thermodynamic potentials, such as the Gibbs free energy, to measurable quan-
tities through Maxwell’s relations. In this particular case we have V =( ∂G

∂P )T or 1/ρ =( ∂g
∂P )T .

From eq. (5.6) this gives

1
ρg

− 1
ρ
=− 2σ

ρr2 (
∂ r
∂P

)T − 2σ
ρ2r

(
∂ρ
∂P

)T . (5.7)

Assume that the density of the gas is much smaller than the density of the droplet, such that
the left hand side of eq. (5.7) can be set equal to 1/ρg. Due to the incompressibility of fluids
we also set ∂ρ

∂P ≈ 0. Additionally assuming that the ideal gas law applies we set

ρg =
mP
kT

. (5.8)

Combining these expressions leads to

(
∂ r
∂P

)T =−kT ρr2

2mσP
. (5.9)

Separating variables and integrating (r : ∞ → r and P : Pv → Pr) gives

1
rd

=
kT ρ
2mσ

ln(
Pr

Pv
). (5.10)

Equation (5.10) states that droplets of a certain radius rd coexist in equilibrium with the
gas of temperature T and pressure Pr. Droplets with radii smaller than rd will start to evapo-
rate, compensating for the relatively low surrounding pressure, and will eventually disappear.
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Droplets with radii larger than rd will gather more particles to compensate for the relatively
high surrounding pressure and grow further. This process is self-sustaining. If the pressure
Pr and T are such that the critical droplet radius rd is of the order of the molecular size, then
molecular clusters will start to form in the gas due to random collisions of molecules and
temporary formation of dimer states.

A Boltzmann distribution of cluster sizes is then

N∗
n = N1 exp

[
−∆G∗

n

kT

]
, (5.11)

where the free energy barrier ∆G∗
n is given by

∆G∗ = (gl −gg)Md +4πσr2 =−nkT ln(S)+4πσr2. (5.12)

The variable S represents the saturation ratio (Pr/Pv) and n is the number of monomers in the
cluster.

Although the liquid-drop model can describe the thermodynamic properties of clusters
over a wide range of sizes, it relies on assignments of bulk and surface macroscopic properties
to particles of sizes extending into the molecular domain. Ways of improvement are found
in using more appropriate descriptions of the free energy barrier obtained from (classical)
density functional theory [104] or using atomistic approaches such as Monte Carlo molecular
dynamics simulations [105].

5.2.2 Supersonic Expansion: Molecular Beam Source
A number of techniques for target or sample generation in the isolated phase exist. Conven-
tionally this is accomplished be evaporating a substance through a pinhole exit from a small
oven in the setup. These types of targets are known as effusive targets. The drawback of these
targets is that the intensities are, in general, rather low. Kantrowitz and Grey [106] suggested
to use a high velocity supersonic nozzle to increase target densities.

A schematic view of a molecular beam source is shown in fig. 5.1. Gas from a high
pressure reservoir is expanded from a small nozzle, which may be cooled, by lines for liquid
nitrogen circulation, or heated. A small oven may be placed inside the high pressure reservoir
for evaporating a substance to be co-expanded with the carrier gas. Another technique is to
pass the jet through a vapor cell to pick up vapor molecules before reaching an interaction
point. Such jets are often called seeded beams. The two trumpet-shaped cones are the beam
skimmers and they are used to cut out a transversely cold, collimated, gaseous jet.

In a conventional effusive source the mean free path of the vapor particles in the reservoir
is comparable to the nozzle diameter, λ & d. The gas particles will leave the source, more
or less accidentally, through the hole in all directions, not colliding with each other. The
hole does not modify the state of the gas. Beam formation occurs through collimation of the
escaping particles.

In a supersonic jet source the reservoir has a relatively small exit hole diameter and con-
tains a gas at high pressure such that the mean free path of the particles is much smaller than
the nozzle diameter, λ ≪ d. This implies that, upon exiting the source, particles will undergo
many collisions. Due to the pressure decrease and collision frequency decrease along the
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Supersonic jet
Jet expansion

LN2 cooling conduit
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Figure 5.1: A schematic of the molecular beam source.

nozzle area axis the particles have a net outward velocity. The random thermal motion of the
gas is converted into directed flow and the translational temperature of the expanding gas de-
creases. Typically, monoatomic gases are used in supersonic expansions. Monoatomic gases
are very efficiently cooled in this manner since they have no vibrational or rotational degrees
of freedom. Larger, molecular species of interest are generally seeded in such a monoatomic
carrier gas. In the expanding mixture the carrier gas acts as a cold bath for the molecules,
which may bring them to their vibrational and rotational ground states. Temperatures ob-
tained in this way decrease below 1 K. Level spectroscopy in atoms and molecules greatly
benefits from this cooling effect since there is no thermal background [107]. This cooling
effect is also advantageous in atomic collision studies and molecular fragmentation studies,
because the initial (transverse) motion of the target is close to zero and thus it does not ob-
scure processes of interest in a thermal background. Another advantage of supersonic beams
is that, under the right conditions, atomic or molecular clusters may be formed in the jet.
These clusters can vary greatly in size ranging from dimers and trimers to massive conden-
sation of hundreds of atoms or molecules per cluster, depending on the expansion conditions
such as pressure and temperature.

5.2.3 Cluster Formation in Supersonic Expansions

A schematic PT -diagram, relevant to supersonic expansions, is depicted in fig. 5.2. The gas
starts in the reservoir state, point A in the diagram, at (P0,T0). Upon expansion the state
evolves along the isentrope to point B, where it crosses the vapor pressure curve. From point
B on it passes into the supersaturated state of point C. In the supersaturated state cluster
formation occurs, driving the system back to the equilibrium vapor pressure curve.

As mentioned previously, prediction of cluster sizes is not an easy task and up until now
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Figure 5.2: PT diagram of a gas in a supersonic expansion [108].

computationally rather involved. Something that does seem possible is to devise scaling laws,
which correlate cluster sizes to expansion conditions. Hagena [108] was able to derive such
scaling laws for expansions of rare gases. In a later paper [109] these scaling laws were ex-
tended to both include different rare gases and metal vapors. The idea is as follows: Cluster
formation depends on the conditions of expansion such as source pressure, source tempera-
ture, and nozzle size and geometry. Larger cluster sizes are favored when the pressure is high,
the temperature low, and the nozzle orifice large (large nozzles give slower expansions). A
rigorous, complete theory relating these quantities to the cluster size is not available, how-
ever, cluster growth kinetics may be related to these source conditions. Requiring that cluster
growth kinetics remain unchanged, that is, having the cluster size distribution remain un-
changed, upon varying the source conditions requires specific relations between those source
conditions. The scaling law, relating fixed cluster growth conditions has the form

n0

n0re f
=

(
T0

T0re f

) f/2−sq
(

d∗
0

d∗
0re f

)−q

, (5.13)

where
f =

2
γ −1

and s =
f −2

4
(5.14)

for an axisymmetric nozzle. The parameter γ is the ratio of the heat capacities at constant
pressure and constant volume, CP/CV . For an atomic gas, expanding from an axisymmetric
nozzle, f = 3 and s = 0.25. The parameter q lies in the interval 0 < q < 1 and its precise
value must be determined experimentally. Experimental results suggest a value of q = 0.85
[109]. One can use a dimensionless parameter Γ to correlate cluster sizes to initial expansion
conditions,
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Γ = n0dqT 0.25q−1.5
0 . (5.15)

One may also compare different substances and use more convenient characteristic ref-
erence values,

Γ∗ = Γ/Γch = n0r3
ch

(
d

rch

)q( T0

Tch

)0.25q−1.5

, (5.16)

where

rch =

(
m
ρ

)1/3

and Tch =
∆h0

k
. (5.17)

The parameter ρ is the density of the solid and m the atomic mass. In the characteristic
temperature, ∆h0 is the sublimation enthalpy per atom at 0 K and k the Boltzmann constant.
A characteristic pressure easily follows:

Pch =
kTch

r3
ch

. (5.18)

The characteristic values may be captured in a single, substance specific constant κ and
the values for stagnation pressure, nozzle diameter, and reservoir temperature expressed in
units convenient for comparison with experiment:

Γ∗ = κ
P0d0.85

T 2.2875
0

with P0[mbar], d[µm], T [K]. (5.19)

For argon the constant κ has the value κ = 1646. Ref. [110] gives values of the constant κ
for the noble gases.

Experiments show [109] that for values of Γ∗ below 200 no clustering is observed and for
values above 1000 there is massive condensation of hundreds of atoms per cluster (see table
5.1).

Table 5.1: Degree of clustering for various ranges of Γ∗.

Γ∗ Effects
< 200 No clustering observed.

200-1000 Transition region, onset of cluster formation.
>1000 Massive condensation, cluster sizes exceeding 100 atoms per cluster.

In our setup we typically use a nozzle diameter of d = 50 µm, a pressure of 3 bar and a
temperature of 130 K. This gives a Γ∗ close to 2000. This means clusters in the supersonic
jet are very large. A number of experiments were conducted at a temperature of 200 K. This
gives Γ∗ close to 750, which lies in the transition region, meaning that relatively small clusters
form in the expansion. Ref. [111] may consulted for reports on quantitative relations between
the mean cluster size and the scaling parameter Γ∗.
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Figure 5.3: Schematic of a free jet expansion [114].

5.2.4 Properties of Jet Expansions

Over time two types of free jet expansions have been described in the literature as two lim-
iting cases of the same process [112, 113]. When one expands a high-pressure gas from a
small diameter nozzle the pumping capacity has to be quite substantial in order to allow the
gas to expand into a ‘vacuum’. For this reason the first realizations of such a system were
equipped with large diffusion pumps with pumping capacities of tens of 1000’s of L/s to
maintain a good vacuum of ca. 10−3 − 10−4 mbar. This type of free jet expansion into a
low pressure background is referred to as a Fenn-type expansion due to the efforts of J.B.
Fenn and coworkers. Expansions of this type lead to very weak, if any, shock wave formation
because of the low background gas densities. The pioneering work of R. Campargue was
done using mechanical pumps such as Roots blowers. The advantage of these setups, known
as Campargue-type expansions, is that they are much more compact than designs, which
incorporate large diffusion pumps. The background pressures to expand into are, however,
only moderately low. This leads to strong shock formation structures where the expanding
supersonic gas meets background gas. The shocks, however, conveniently isolate the cold
isentropic core of the expansion from warm background gas [112]. In fig. 5.3 we show a
schematic representation of a continuum free jet expansion [114] including shock structures.

Consider the thermodynamics of such an ideal free jet expansion [115], for a gas ex-
panding from a reservoir with pressure P0 and temperature T0 to P1 and T1. The first law of
thermodynamics states the conservation of energy

∆E = ∆Ek +∆Ep +W +∆Q. (5.20)

The expansion is considered adiabatic. There is no heat transfer from or to the system, so
∆Q = 0. The potential energy of a gas is generally very low, so also ∆Ep = 0. The enthalphy
is defined as the sum of the internal energy and the work done by the gas



5.2 Basics of Supersonic Jet Production 83

E +PV = H =
∫

CpdT. (5.21)

The global motion of the gas in the reservoir (T0,P0) is zero. So for the expanding gas we
can write down, per mass unit

h(r)+
1
2

v(r)2 = h0. (5.22)

The constant h0 is called the stagnation enthalpy. It is a constant along all streamlines,
because these all originate from the same source. v(r) is the global speed of the gas. Eq.
(5.22) gives an expression for this global speed of the gas in the expansion

v(r)2 = 2(h0 −h(r)) = 2
∫

CpdT = 2Cp(T0 −T1(r)). (5.23)

The third equality sign is valid when CP is constant over the integration range. The heat
capacity CP =

(
∂H
∂T

)
= γ

γ−1
R
W per unit mass for a perfect gas. When the final temperature is

very low, i.e. T1 ≪ T0, we can write the following expression for the terminal speed of the
gas

v∞ =

√
2R
W

(
γ

γ −1

)
T0, (5.24)

where R is the molar gas constant, W the molar weight and γ = Cp/Cv, the ratio of the heat
capacities at constant pressure and constant volume, respectively. For an expansion of argon
gas at 300 K the value of v∞ = 559 m/s. At 200 K v∞ = 456 m/s and at 130 K v∞ = 368 m/s.
Expansions with helium gas may reach terminal speeds of over 1000 m/s.

From fig. 5.3 one can see that expansion from a nozzle may form a complicated shock
structure. This structure of shock waves is known as the Mach bottle. Shock waves form
where supersonically moving gas meets obstacles. The speed of sound in a gas or equivalently
the speed with which disturbances propagate is given by

a =

√
γRT
W

=

√
γkT
m

(5.25)

in a perfect gas. In high velocity flow, speeds are often given in terms of the Mach number
M,

M =
v
a
. (5.26)

In fig. 5.4 four situations of a moving source or fluid element emitting disturbances or sound
waves are schematically depicted. In fig. 5.4(a) the source is stationary and in fig. 5.4(b)
the source moves subsonically. In fig. 5.4(c) the source moves at the same speed as the dis-
turbances forming a shock front. Finally, in fig. 5.4(d) the source moves supersonically and
generates what is known as a Mach cone. In the first two cases a fluid element in the flow field
ahead of the source interacts with disturbances emitted by the source and may ‘adjust’ ac-
cordingly. If a source is moving supersonically there is no interaction with the fluid elements
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(a) v = 0, M = 0 (b) v = 0.6a, M < 1.

(c) v = a, M = 1. (d) v = 2a, M > 1.

Figure 5.4: Waves emanating from a moving source particle or fluid element.

in the flow field ahead of the source. This implies that flow adjusts almost discontinuously
over obstacles in the flow field, because it cannot dynamically adjust. This gives rise to shock
formation. The formation of shock waves depends on the local properties of the flow field,
so, in general, one speaks of a Mach surface instead of a cone as shown in fig. 5.4(d). The
shock structure from a nozzle as depicted in fig. 5.3 has two main components, which are the
barrel shock and the Mach disk. The region contained by these shock regions is known as
the zone of silence. The barrel shock is the cylindrically symmetric shock structure around
the cold isentropic core. The Mach disk is the shock surface perpendicular to the expan-
sion axis where the Mach number of the flow drops below 1 and where it equilibrizes with
background gas. The Mach disk position is determined through an empirically determined
expression [114],

xM

d
= 0.67

√
P0

Pb
. (5.27)
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In eq. (5.27) d is the nozzle diameter, P0 is the stagnation pressure and Pb the pressure of
the background gas. The thickness of the Mach disk is of the order of a few mean free paths
at a pressure Pb. The transition to equilibrium of the jet with background gas occurs more
gradually if the background pressure becomes lower or the pressure ratio P0/Pb is higher.
The shock thickness in this case becomes larger and shocks become diffuse shock regions.
If the pressure Pb is lowered even further the Mach disk becomes a region of scattering.
These regimes are not easy to model. An approximation of the transition of continuous
flow in which there are many collisions to free molecular flow is the sudden freeze model.
The approximation is that continuous flow and free molecular flow with internal molecular
degrees of freedom frozen are separated by a sharp transition surface known as the quitting
surface. The molecular degrees of freedom such as vibrations and rotations are frozen beyond
the quitting surface because there are no collisions among molecules anymore.

From the first law of thermodynamics and the perfect gas approximation one can calculate
temperature, pressure and density of the flow field of a supersonic jet expansion. This may
be done starting from the differential form of eq. (5.22) and rewriting it to

d
(

v2

2

)
+dh = 0. (5.28)

Integrating gives

h0 −h = (
v2

2
)− (

v2
0

2
), (5.29)

h0 = h+(
a2M2

2
)− (

a0M2
0

2
),

= h+
M2

2
(γ −1)cpT −

M2
0

2
(γ −1)cpT0 where

a2

cp
= (γ −1)T,

h0 = h+
M2

2
(γ −1)h−

M2
0

2
(γ −1)h0 where h = cpT,

h0 = h

(
1+ γ−1

2 M2

1+ γ−1
2 M2

0

)
.

Taking the starting point of the integration at the point of stagnation i.e. in the source, the
final result of (5.29) simplifies to

h
h0

=

(
1+

γ −1
2

M2
)−1

and
T
T0

=

(
1+

γ −1
2

M2
)−1

. (5.30)

The expansion may be considered to be isentropic, so stagnation relations for pressure and
density are straightforward to determine through PV γ = const. and the ideal gas law.

P
P0

=

(
V
V0

)−γ
=

(
ρ
ρ0

)γ
=

(
T
T0

)γ/(γ−1)

. (5.31)

Summarizing the final result for the thermodynamic parameters in the expansion:



86 Towards RIMS of Molecules and Clusters

T
T0

=

(
1+

γ −1
2

M2
)−1

, (5.32)

P
P0

=

(
1+

γ −1
2

M2
)γ/(1−γ)

, (5.33)

ρ
ρ0

=

(
1+

γ −1
2

M2
)1/(1−γ)

. (5.34)

To find the values of temperature, pressure and density in the isentropic region of the free jet
it suffices to determine the Mach number M(r). This can be done using the method of char-
acteristics [115], which is a mathematical technique for solving differential equations and it
may be used to solve the differential equations that apply to supersonic expansion flow. In-
side the zone of silence the streamlines seem to radiate outward, spherically symmetric, from
a point x0 close to the nozzle exit plane. The Mach number as a function of x, the distance
from the nozzle plane along the centerline, is rather well approximated by the function [116]

M(x) = A
(

x− x0

d

)γ−1

− 1
2

γ +1
γ −1

(
A
(

x− x0

d

)γ−1
)−1

. (5.35)

The constants A and x0 are listed in table 5.2 for a number of values of γ . d is the nozzle
diameter.

Table 5.2: Constants in eq.(5.35) for some values of γ .

γ x0/d A
1.67 0.075 3.26
1.40 0.40 3.65

1.2857 0.85 3.96
1.20 1.00 4.29
1.10 1.60 5.25
1.05 1.80 6.44

For the generation of a molecular beam one places a skimmer in the isentropic region of
the jet expansion to cut out a center region of the jet continuing to the following differential
stage, as shown in fig. 5.1. The skimmer should perturb the jet as little as possible, requir-
ing it to have a sharp edge and a small external angle to avoid detached shocks in front of
the skimmer. Such detached shocks would seriously impare passage through the skimmer
opening. The internal angle of the skimmer should be as large as possible to avoid any in-
teraction of the gas with the skimmer wall. These are conflicting criteria in skimmer design
considerations. In our setup we have chosen a sharp-edged trumpet-like skimmer to sample
a molecular beam from the jet expansion. Fig. 5.5 shows the skimmer specifications.
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Figure 5.5: Schematic of the two (identical) skimmers [117] used in our setup. A = 19.2 mm, B =
22.2 mm, C = 2.0 mm and, D = 1 mm.

5.3 Characterization of Ar Cluster Beams by Ion Impact

5.3.1 Setup for Characterization of Cluster Jets
To characterize our supersonic molecular beam source, the jet is crossed with a beam of
highly charged ions. The charged reaction products resulting from interactions with highly
charged ions are extracted into the reflectron time-of-flight spectrometer and identified ac-
cordingly (see chapter 2).

The full setup combining the supersonic molecular beam source with the reflectron time-
of-flight spectrometer is depicted schematically in fig. 5.6. Argon gas is expanded from a
source reservoir through a 50 µm nozzle. The source can be cooled using a spiral shaped liq-
uid nitrogen conduit in close thermal contact with the source. After the expansion from the
nozzle the jet is skimmed by two sharp-edged trumpet shaped skimmers, which also separate
the differential pumping stages. The base pressures in the expansion chamber, differential
stage and interaction chamber are respectively <10−7, <10−7 and 10−9 mbar. During op-
eration the pressure in the expansion chamber is in the 10−3 mbar range. This chamber is
pumped by a 2200 L/s turbomolecular pump. The pressure in the differential stage after
the first skimmer during operation lies in the 10−6 mbar range. When passing through the
interaction chamber the jet is crossed with a beam of highly charged ions in the center of
the reflectron time of flight extraction system, before passing into the jet dump stage. The
pressure in the interaction chamber during operation is in the 10−8 mbar range. Charged
reaction products from highly charged ion and jet target particle interactions are extracted
into the reflectron time of flight spectrometer and identified accordingly. The spectrometer is
additionally pumped by an ion pump.

5.3.2 Fragment Mass Spectra
In fig. 5.7(a) and 5.7(b) we show two overview spectra for a 40 keV He2+ beam crossed with
a supersonic jet of argon. The jet was expanded through a 50 µm diameter nozzle with a
stagnation pressure of 3 bars. Fig. 5.7(a) shows a spectrum at a stagnation temperature of
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Figure 5.6: Schematic of the setup for crossing a supersonic jet target beam and a highly charged ion
beam where charged reaction fragments are identified by means of a high resolution reflectron time-of-
flight mass spectrometer.

Tstag = 135 K and fig. 5.7(b) shows the spectrum under the same conditions except that the
stagnation temperature in this case was equal to Tstag = 200 K. The main features of the time
of flight spectra for the two temperatures are similar below an m/q value of 60. The dominant
feature is the argon ion peak (Ar+) at m/q = 40. Other large contributions come from the
doubly charged argon ion (Ar2+) located at m/q = 20 and also the triply charged ion (Ar3+)
with virtually the same intensity at m/q = 13.3. A zoom of the peaks in the m/q = 0− 50
region is shown in fig. 5.8. The inset also shows the peaks due to argon isotopes at m/q = 36
and m/q = 38 for respectively 36Ar+ and 38Ar+ with yields corresponding to the natural
isotope fractions (0.3% and 0.06%, respectively).

Since He2+ projectiles are used only two electrons can be captured. The production of
Ar3+ seems remarkable. The appearance of final target charge states exceeding the charge
state of the projectile ion is not uncommon, for example de Nijs et al [118] observed the
production of Ar ions up to 8+ in collisions of keV energy C6+ ions on Ar. The creation of
such high charge states can be ascribed to (near-) resonant electron capture from inner shells
of the target atom, which is subsequently followed by Auger decay of the multiply excited
target ion. This does require that the projectile ions carry deep-lying vacant shells, in case of
C6+ the empty K shell. Note that de Nijs et al observed only a very weak signal of Ar7+ ions
and no Ar8+ when using O6+ projectile ions that have a filled K shell.
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(a)

(b)

Figure 5.7: 40 keV He2+ on argon. Spectra for two stagnation temperatures. Expansion parameters
are P0 = 3 bar, T0 = 135 K and 200 K and the nozzle diameter ϕnozzle = 50 µm.
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Figure 5.8: Zoom of fig. 5.7(a)

To see whether two electron capture and subsequent target Auger ionization is possible
one has to consider at least the four least bound Ar electrons. These electrons have binding
energies of 15.7, 27.6, 40.9, and 59.8 eV. The latter energy is very close to the binding energy
of 54.4 eV of He+(1s) indicating that resonant electron capture of inner shell electrons is
likely in its turn implying the creation of Ar3+ ions.

Even traces of Ar4+ ions are observed, which requires the removal by either capture or
direct ionization of an even more tightly bound electron, which at energies of a few tens of
keV are processes with only a small probability.

Water molecules are present as a background gas and in He2+ interactions with water
molecules there is a sizable contribution from O2+ fragments [119]. The peak at m/q = 8 is
therefore ascribed to O2+ fragments from water molecules and not to Ar5+ ions. For compar-
ison we also show a spectrum of O6+ (filled K-shell) ions (90 keV) on argon. Here it may be
seen that higher Ar charge states appear, but indeed only up to Ar6+. In agreement with De
Nijs et al we do observe a very weak signal at Ar7+, but the statistics for this contribution are
too low to make quantitative statements. The Ar7+ ions most likely result from interactions
with a small fraction (1%) of metastable O6+(1s2s3S) projectile ions present in the O6+ ion
beam.

As described in sec. 5.2.3 the stagnation temperature is a key parameter controlling the
cluster sizes present in the jet. When the reduced scaling parameter Γ∗ decreases below 1000,
average cluster sizes decrease rapidly. This is reflected in the spectra when taking a closer
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(a)

(b)

Figure 5.9: 90 keV O6+ on argon. Expansion parameters are P0 = 3 bar, T0 = 200 K and the nozzle
diameter ϕnozzle = 50 µm. The lower panel shows a zoom of the higher charge states.



92 Towards RIMS of Molecules and Clusters

look at the intensities of the cluster peaks (Ar+n ) for the two temperatures. At a temperature of
135 K, the parameter Γ∗ is in the regime of average cluster sizes exceeding 100 atoms/cluster,
while at a temperature of 200 K one works in the regime of onset of (small) cluster formation.
In the insets of fig. 5.7(a) and 5.7(b) we show zooms of the spectra in the region m/q 60-250.
The spectrum of fig. 5.7(a) shows considerable cluster contribution up to m/q = 240 (Ar+6 ).
We did not extend the measurement cycle period to include even larger clusters. Clearly,
what is observed here is the distribution of small fragments formed during ion collisions with
the relatively large parent clusters. Fig. 5.7(b) shows distinct cluster sizes only up to m/q
= 120 (Ar+3 ) and at diminished intensities. The intensity of the Ar+4 peak at (m/q = 160)
does not considerably exceed the background noise levels. Since parent clusters are small,
the measured cluster distribution may include unfragmented cluster ions. In fig. 5.10 we
summarize the contributions of the various cluster (fragment) sizes as showing up in 40 keV
He2+ interactions with argon. Note that although the dimer contributions in fig. 5.10 for both
stagnation temperatures are equal to one this does not imply that their absolute yields are
the same and they are not. Here it may be seen that contributions of larger clusters decrease
significantly as the stagnation temperature increases.

Figure 5.10: 40 keV He2+ on argon. Normalized Arn cluster (fragment) yields for two stagnation
temperatures. Expansion parameters are P0 = 3 bar, T0 = 135 K (black) and 200 K (red) and the nozzle
diameter ϕnozzle = 50 µm.
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Figure 5.11: Fit of two gaussian distributions to estimate contributions of different reaction channels.
Blue: fit to distribution of Ar+ fragments of clusters with large kinetic energy release. Red: fit to
distribution of ionized atomic (monomer) argon with very low kinetic energy. Black: sum of both
distributions. Points: experiment data.

5.3.3 Kinetic Energy Releases

The reflectron time-of-flight spectrometer that we use to measure fragment spectra is a high
resolution device resulting in narrow peaks in the measured spectra. One feature drawing
immediate attention is that the Ar monomer peak at m/q = 40 is sharply peaked, however, it
sits on a broad pedestal. This feature is illustrated in fig. 5.11.

When charged fragments are extracted into the reflectron time-of-flight spectrometer,
fragments with large kinetic energy show a broadening in their time of flight distributions.
This is due to the fact that in ion-cluster (or ion-molecule) interactions fragments may be
emitted in the direction of the electric field in the extraction region or against the direction
of the electric field lines and any direction in between those extremes. This effect results in
times of flight that are slightly shorter or slightly longer with respect to the same fragment
having zero kinetic energy as they are emitted with or against the electric field lines respec-
tively. The effect is stronger as the kinetic energy release in the ion-cluster interaction grows
larger.

This feature suggests that the Ar+ peak at m/q = 40 has contributions from different
reaction channels in the interactions of the supersonic argon jet and the ion beam. The ex-
planation for these different contributions is that one contribution is due to the ionization of
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atomic argon in the jet, resulting in a sharp feature without notable kinetic energy release,
and a second contribution from fragment monomer Ar ions stemming from fragmentation of
Ar clusters with substantial kinetic energy releases, resulting in a broad base. To estimate the
contributions of both these reaction pathways we fitted a double Gaussian peak structure to
the peak at m/q = 40. This allows us to estimate the relative yield as well as a peak width
for both contributions. The choice for Gaussian functions is somewhat arbitrary. The results
of the fits are shown in table 5.3 for a number of systems. The effect grows stronger with the
charge of the projectile.

The last column containing the ratio of the yields from atomic argon ionization and ener-
getic cluster fragment production is a measure of the cluster content in the jet.

The fragment monomer contribution in the spectrum at m/q = 40 in collisions with O6+

ions are very broad and double peak fits did not converge correctly. In reactions with substan-
tial kinetic energy releases distinct peaks for forward and backward emission occur instead
of only the broadening of a single peak, making such fits problematic. Nonetheless we give
an estimate of the width of both contributions in table 5.3. Ref. [93] describes fragmentation
processes and kinetic energy releases in Ar9+ collisions with argon dimers. In their work
they determine a kinetic energy release of 3.8 eV for one reaction pathway for the channel

(Ar2)
2+ −→ Ar++Ar+, (5.36)

which agrees with the KER in Coulomb dissociation at the internuclear distance of neutral
dimers (3.8 Å) [120].

Here, we determine the kinetic energy of a single Ar+ fragment only, which corresponds
to halve the kinetic energy release (1.9 eV) if one assumes dimer fragmentation. This value of
1.9 eV agrees reasonably with estimates obtained from peak fits in table 5.3 for Ar+ monomer
fragments produced in interactions of He2+ with argon clusters (last three rows). In the
reflectron measurements of table 5.3 we cannot assess the original cluster size, however, the
stagnation conditions of the systems shown in table 5.3 ensure the presence of only small
clusters, except for the system of the first row in which large clusters are present.

From table 5.3 one can see that the estimated kinetic energy release for dimers (Ar+2 ) is
large for the first system, in which large parent clusters are present in the jet, and smaller
for the systems with small parent clusters. They differ roughly a factor of three. The small
amount of kinetic energy estimated from dimer peak widths in systems with small clusters
might indicate the possibility of charged dimer survival. The larger kinetic energy release
suggests that these are fragments stemming from fragmentation of larger clusters that got
multiply charged in the interaction with He2+. Detailed kinematic studies using recoil ion
momentum spectroscopy, which are currently in preparation may reveal causes of the ob-
served differences.
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Table 5.3: Peak characteristics for a number of systems. The first column contains the collision system
characteristics and peak designations. The second column contains the respective fitted peak widths,
which are the 1σ widths of a Gaussian. The third column shows the corresponding kinetic energy
releases and the fourth column contains the ratio of the yields of both contributions in the peak at m/ =
40.

System
Peak

Peak width
[ns]

Fragment Ekin
[eV]

Arsharp/Arbroad

He2+ 40 keV
Tstag = 135 K
Eextr = 300 V/cm
Ar+sharp 22.0 0.1
Ar+broad 67.6 1.2 1.7
Ar+2 108.8 1.6

He+ 20 keV
Tstag = 200 K
Eextr = 300 V/cm
Ar+sharp 19.6 0.1
Ar+broad 50.6 0.7 2.2
Ar+2 58.0 0.5

O6+ 90 keV
Tstag = 200 K
Eextr = 300 V/cm
Ar+sharp 23.6 0.2
Ar+broad 133.2 4.8 -
Ar+2 56.4 0.4

He2+ 40 keV
Tstag = 200 K
Eextr = 300 V/cm
Ar+sharp 27.4 0.2
Ar+broad 93.6 2.4 2.0
Ar+2 64.4 0.6

He2+ 40 keV
Tstag = 200 K
Eextr = 200 V/cm
Ar+sharp 18.8 0.05
Ar+broad 122.8 1.8 1.8
Ar+2 83.6 0.4

He2+ 40 keV
Tstag = 200 K
Eextr = 100 V/cm
Ar+sharp 31.2 0.03
Ar+broad 240.8 1.7 1.5
Ar+2 159.6 0.4
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Figure 5.12: Schematic representation of a recoil ion momentum spectrometer.

5.4 Recoil Ion Momentum Spectrometry

In order to obtain kinematically complete information from fragmentation processes in inter-
actions between highly charged ions and argon clusters one requires the recording of more
parameters than only time of flight and estimates of kinetic energy release. One device with
which that may be accomplished is a so-called recoil ion momentum spectrometer. A re-
coil ion momentum spectrometer combines a time-of-flight measurement with a position of
impact measurement. A time-of-flight measurement is accomplished using a linear time-of-
flight spectrometer as described in chapter 2. For convenience a schematic is shown in fig.
5.12.

All charged interaction products are extracted from the interaction point by an electric
field in the extraction region. This electric field is generated by a potential difference (V+,V−)
being placed over a stack of 19 ring shaped electrodes. These electrodes are connected to their
neighbors by a resistor of 3.2 MΩ. The electrodes on both sides of the plane of the supersonic
jet and the ion beam have a larger distance between them and are connected to each other by
a 4.7 MΩ resistor. This arrangement generates a homogeneous electric field in the extraction
region, which is controlled by the voltages V− on the drift region end and V+ on the opposite
end. To prevent as much as possible any distortion of the ion beam it is desirable to have a
zero potential in the plane of the supersonic jet and the ion beam. This is accomplished when
the voltages V+ and V− have a particular ratio depending on the number and value of the
resistors on both sides of the plane of the supersonic jet and the ion beam namely,

V+

V−
=−2n1R1 +R2

2n2R1 +R2
≈−0.253, (5.37)

where R1 and R2 are the 3.2 MΩ and 4.7 MΩ resistors respectively. The number of resistors
connecting the ring electrodes are n1 = 3 and n2 = 14 on the respective sides of the beam-jet
interaction plane. The length of the extraction region (de) is 57 mm, the drift tube has a length
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Figure 5.13: Position sensitive delay line detector.

(L) of 111 mm and the post-acceleration region (dpa) is 3mm long.
Upon extraction the charged fragments drift through a field free region and are finally

collected on a MCP. The MCP is placed at a close distance of a few mm before a so-called
delay line anode (DLA). In fig. 5.13 we depicted the MCP stack in combination with such a
delay line anode. This MCP delay line combination along with data acquisition electronics
was purchased from Roentdek Handels GmbH. We use the Roentdek DLD40 version, which
has an active detection diameter of at least 40 mm.

The combination of a MCP and a delay line anode makes a position sensitive detector.
The delay line anode consists of sets of copper wires tightly wound in a helical way in both
the x direction and the y direction. The electron cloud generated when a fragment strikes the
MCP is collected on the crossed wires and charge pulses propagate to the ends of the wires
in both directions x1 and x2 and y1 and y2. The difference in time of arrival of the electrical
signals at the respective ends of the wires is directly proportional to the position of impact in
that dimension:

X = x1 − x2, (5.38)
Y = y1 − y2, (5.39)

where x1, x2, y1, and y2 correspond to the time-to-digital converter (TDC) channel numbers
of each event. The sum of the timing signals (Tsum) for both dimensions is a constant, within
1 ns (∆Tsum), for every event, because of the fixed length of the delay line wires in x and
y direction. In multi-hit mode this allows one to determine corresponding x and y signals
for each detected fragment [121]. As mentioned before, each charged particle impact gives
four signals on the delay line, two for each dimension. If the pulse detection times in a
channel x1, x2, y1 or y2 from two different particles are separated by more than Tsum, then
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Figure 5.14: Usignal and Ure f erence are the respective potentials for the signal and reference wires. The
triangles are differential amplifiers and the boxes represent constant fraction discriminators (CFD). T h
and W are the respective values that may be set for the constant fraction discriminator ’threshold’ and
’width’ parameters. T are the timing signals from the CFD and A are the raw differentially amplified
signals. Figure adopted from [122].

only single particle pulses traveled on the delay line. If the pulses were separated by less than
Tsum, the timing signals may get reversed in their time order in one direction or they might
overlap. The signals belonging to the respective particles can then be reconstructed by noting
that the corresponding timing signals should add to Tsum. Signals overlapping in a direction
can be reconstructed using the value for Tsum, however, this reconstruction does degrade the
resolution since the resolution of Tsum is worse than the resolution of the TDC.

The time range of the TDC (Roentdek TDC8 PCI I/O card) for each channel is 16 bit with
a 500 ps time resolution and a total open time of 32.8 µs.

The electrical signals propagating on the delay line wires resulting from the impact of
a fragment on the MCP have pulse heights of a few mV. In order to distinguish these small
signals from background noise, additional reference wires are wound in the delay line anode
similarly and located closely to the signal wires. The signal wires are on a potential that is
some 50 V higher than the reference wires potential. This ensures that any signals resulting
from a fragment striking the MCP are collected on the signal wires and that any background
noise is common to both signal and reference wires. Typical voltages for signal and reference
wires are 300 V and 250 V for detection of ions. The signals of both signal and reference
wires are processed by a differential amplifier and constant fraction discriminator combina-
tion (Roentdek DLATR6) for the x and y directions, thus eliminating noise contamination of
the signals to a sufficient level. The differentially amplified signals with pulse heights of a
few hundred mV are fed into a constant fraction discriminator, making the signal digital, and
finally sent to the corresponding TDC channel. A wiring scheme is shown in fig. 5.14.
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As mentioned, the position of impact of the fragment striking the MCP detector may be
determined from the arrival time difference of the electrical signals on the delay line in both
directions x and y. The delay line is wound in a helical way with a pitch close to 1 mm. The
propagation time through such a loop is approximately 0.71 ns/mm for the DLD40 [122].
This implies that the correspondence between the signal time difference in the 2D position
image is twice this value: 1.42 ns/mm.

In the following section we will discuss the reconstruction of the fragment momenta from
the position and time of flight information of the fragments striking the detector.

5.4.1 Momentum Reconstruction in the Laboratory Frame

The flight time through a spectrometer of the type shown in fig. 5.12 resembles very much
that of a linear time-of-flight spectrometer. The total flight time can be expressed as

T =
−v0z +

√
v2

0z +2deae

ae
+

L√
v2

0z +2deae

+
−
√

v2
0z +2deae +

√
v2

0z +2deae +2dpaapa

apa
.

(5.40)
In eq. (5.40) v0z is the initial velocity component of the fragment along the detector axis.

de is the extraction distance i.e. the distance of the interaction point to the field free region
and dpa is the length of the post-acceleration region. ae is the acceleration of the fragment
in the extraction region and apa is the acceleration of the fragment in the post-acceleration
region. L is the length of the field free drift region.

To obtain the momentum vectors the fragment fragment obtained in the interaction the
equation for the flight time must be inverted. The exact inverse of eq. (5.40) is, however, very
involved. Fortunately one can expand eq. (5.40) and keep only the relevant terms. For the
expansion parameter we take

v2
0z

2deae
≡ h2. (5.41)

Rewriting eq. (5.40) in terms of h and expanding one finds

T =
apa(2de +L)+ae 2de(

√
1+ r−1)

apa
√

2deae
− v0z

ae
+O[h2], (5.42)

where

r =
Epadpa

Eede
. (5.43)

If one does not incorporate a post-acceleration region (i.e. r = 0), the Wiley-McLaren crite-
rion also makes the second-order term equal to zero and in this series expansion there are no
odd-order terms, meaning that the next non-zero term will be the fourth-order term.

For the current purposes it is sufficient to keep only the constant and the linear term of
expression (5.40). The relation between T and v0z can now be expressed as:
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T =

√
m
q

T0 −
m

qEe
v0z, (5.44)

such that v0z is given by

v0z =
qEe

m

(√
m
q

T0 −T
)
, (5.45)

where

T0 =
Epa(2de +L)+Ee 2de(

√
1+ r−1)

Epa
√

2deEe
, (5.46)

which is a constant given a set of experiment parameters.
The full momentum vector of a detected ion can be reconstructed in the following way:

v0z =
qEe

m

(√
m
q

T0 −T
)
,

v0y =
(y− y0)

T
,

v0x =
(x− x0)

T
− v jet ,

where v jet is the speed of the supersonic jet.

5.4.2 Momentum Reconstruction in the Center of Mass Frame
In the previous section it was shown how the full momentum reconstruction of a detected ion
is achieved. A limiting factor in doing so is the finite volume of the interaction region, i.e. the
overlap volume of the ion beam and the supersonic jet. Transforming to the center of mass
frame (cmf) of the dissociating molecule one may recover the interaction point by noting that
the total momentum of the fragments should add to zero,

n

∑
i=1

mi vcm f
0 i = 0, (5.47)

where the sum extends over all fragments. This requirement allows one to find the interaction
point (x0,y0) event by event, which enhances the resolution of the final results because one is
not limited to a finite extent of the origin [123, 124].

The Galilean velocity transformation equations relate the velocities in the center-of-mass
frame and those in the lab frame:

vlab f
0x i = V cm

x + vcm f
0x i ,

vlab f
0y i = V cm

y + vcm f
0y i , (5.48)

where vlab f
0x i is the speed in the x direction in the lab frame of the ith fragment. V cm

x and
V cm

y are the net velocities of the center of mass frame (jet), which are constant for all events
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and determined as an average over the whole experiment. The speeds vlab f
0x i and vlab f

0y i are
determined through xi, yi and Ti, which are measured quantities in every event during an
experiment. Expressing eq. (5.48) in these quantities gives:

xi − x0

Ti
= V cm

x + vcm f
0x i ,

yi − y0

Ti
= V cm

y + vcm f
0y i . (5.49)

One can then solve for the interaction coordinates x0 and y0

x0

Ti
=

xi

Ti
−V cm

x − vcm f
0x i ,

y0

Ti
=

yi

Ti
−V cm

x − vcm f
0y i . (5.50)

The quantities vcm f
0x i and vcm f

0y i can be eliminated by using the previously mentioned require-
ment of zero total momentum, eq. (5.47), in the center-of-mass frame by multiplying eq.
(5.50) by mi and summing over i. This gives

x0

n

∑
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Ti
=
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Ti
−V cm

x

n

∑
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mi,
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miyi

Ti
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y

n
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i=1

mi. (5.51)

Solving for x0 and y0 gives:

x0 =
∑n

i=1
mixi
Ti

−V cm
x ∑n

i=1 mi

∑n
i=1

mi
Ti

,

y0 =
∑n

i=1
miyi
Ti

−V cm
y ∑n

i=1 mi

∑n
i=1

mi
Ti

. (5.52)

These equations give the event-by-event point of interaction. From eq. (5.50) one can also
find the velocities of the fragments in the center-of-mass frame:

vcm f
0x i =

xi − x0

Ti
−V cm

x ,

vcm f
0y i =

yi − y0

Ti
−V cm

y . (5.53)

The center-of-mass velocity components of the jet are determined afterwards as an average
over the entire experiment and they are the same for all recorded events.

Despite the finite extension of the interaction volume in the z-direction there is no need
to take this into account when the spectrometer has a Wiley-McLaren configuration, which
compensates for this finite extent of the origin (to first order). The analysis may nonetheless
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be carried out for the z-direction as well giving T0 of eq. (5.46). One can also make an
estimate of the center-of-mass velocity of the jet in the z-direction,

vlab
0z i =V cm

z + vcm f
0z i . (5.54)

Multiplying (5.54) by mi and summing over all fragments gives

V cm
z =

∑n
i=1 mivlab

0z i

∑n
i=1 mi

=
E ∑n

i=1 qi

(√
mi
qi

T0 −Ti

)
∑n

i=1 mi
, (5.55)

where we have substituted eq. (5.45) for vlab
0z i. If the jet and the ion beam lie in a plane exactly

parallel to the detector plane then V cm
z is zero.

Now that all fragment velocities can be determined in the center-of-mass reference frame
one can easily calculate kinematical observables of the reaction such as the fragment mo-
menta, kinetic energies, and relative emission angles:

vi =
(

vcm f
0x i ,v

cm f
0y i ,v

cm f
0z i

)
, (5.56)

pi = mivi, (5.57)

Ekin =
1
2

mivi ·vi, (5.58)

cosθi j =
vi ·vj

∥ vi ∥∥ vj ∥
. (5.59)
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5.4.3 CRIMS Setup and Characterization

In fig. 5.15 we have shown a schematic of the setup combining the molecular beam source
and a focused ion beam to an interaction point inside the recoil ion momentum spectrometer.

In fig. 5.16 we show one of the first spectra taken with the RIMS spectrometer, using a
beam of 40 keV He2+ on argon. The lower panel shows the spectrum as a function of time of
flight. In this experiment we used a stagnation pressure of 3 bar and a stagnation temperature
of 300 K and a nozzle of 50 µm diameter (Γ∗=296 i.e. very little or no clustering).

Clearly visible are the peaks due to the singly, double and triply Ar monomer. In addition
one can see small peaks of H+ and H+

2 from rest gas contributions present in the collision
chamber. Also H2O+ and CO+

2 are detected. Clusters are not present in the spectrum because
the stagnation conditions are such that clusters are not formed upon expansion of the gas.

Ion beam

Chopper/sweeper system

Electrostatic lens system

Molecular beam
dump

Faraday
cup

RIM spectrometer

Position sensitive detector

Molecular beam source

Figure 5.15: Schematic of the setup for recoil ion momentum spectrometry of molecules and clusters.
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(a)

(b)

Figure 5.16: Spectrum of 40 keV He2+ on argon taken with the recoil ion momentum spectrometer.
Pstag = 3 bar, Tstag = 300 K.
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Figure 5.17: Reconstruction of the detector 2D position image of a beam of 40 keV He2+ on a super-
sonic jet of argon. Pstag = 3 bar, Tstag = 300 K and ϕnozzle = 50 µm.

In fig. 5.17 we show a 2D position image acquired in the measurement. The active di-
ameter of the detector is 120 channels. The TDC has a resolution of 500 ps/channel. As
mentioned before the correspondence between time of arrival difference of the delay line
signals and the 2D position is 1.42 ns/mm. This implies that a diameter of 120 channels cor-
responds to an active detector diameter of 42.3 mm. This value agrees with what is expected
from a DLD40 detector with a quoted active diameter of at least 40 mm. The position reso-
lution of the detector is then 0.35 mm/channel. In this position resolution one is limited by
the time resolution of the TDC, the intrinsic position resolution of the DLD40 MCP detector
delay line combination is namely quoted to be better than 0.1 mm, which can be understood
by realizing that the channel diameter of an MCP is approximately 25 µm and center to cen-
ter spacing of the channels is approximately 32 µm (dimensions differ somewhat for various
manufacturers). Note that the position resolution of the delay line is also not limited by its
wire (pitch) spacing. When the emerging electron cloud is collected on the delay line wires
the actual timing signal is extracted from the weighted contributions of the charge pulses that
are induced in neighboring wire (pitch) sections.

A few features are immediately apparent from the 2D position image. First the ion beam
is clearly visible in the detector image as a track running from top to bottom in fig. 5.17.
Second, the point of interaction, or beam intersection, appears as a bright spot in the detector
image. This beam spot is displaced from the beam axis due to the net speed of the supersonic
jet of argon gas. The amount of displacement in combination with the time of flight allows
one to estimate the velocity of the beam. Closer inspection of the 2D image shows that the
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displacement of the maximum in intensity in the spot from the ion beam axis is 6 channels,
corresponding to a distance of 2.1 mm. At this point one still requires the time of flight to be
determined. This is the time of flight from the exact moment of interaction to impact on the
detector. In many measurements and experiments the zero of time is defined by an external
trigger arming the TDC or by a trigger signal to the ion beam chopper/sweeper system. This
generally results in an offset of the times of flight that are recorded by the TDC, due to travel
time of the ion beam pulse to the interaction center and electronic delays in the system. The
determination of the fragment flight time requires a determination of this offset. Fortunately
this offset may be easily determined by fitting the m/q values in a measured spectrum to
the corresponding flight times. Eq. (5.46) states that the fragment time of flight is linearly
related to the square root of its m/q value, thus the offset at m/q = 0 equals the systematic
time of flight offset. This is stated with the reservation that v0z=0 (cf. eq. (5.44)). However,
when comparing times of flight to m/q values one, in general, chooses the center value of
the corresponding peak. Any initial fragment velocity v0z is centered around a value of v0z=0
and thus choosing the center value of the time of flight of the peak allows a good fit of flight
times to m/q values. The fit function has the form shown in eq. (5.60), which is the same as
eq. (2.25),

m
q
=

(
T −To f f

C

)2

, (5.60)

where To f f is the time of flight offset and the parameter C is proportionality constant in which
experimental parameters such as extraction electric field and extraction geometry dimensions
are lumped together. Performing the fit on the data of 40 keV He2+ on argon gives To f f =
3097 channels and C = 1121, corresponding to a time of flight offset of 1.55 µs. This gives a
net flight time of Ar+ of 3.55 µs.

Now that flight time (3.55 µs) and impact distance from the interaction center (2.1 mm)
are determined we can calculate the supersonic jet velocity by simply dividing the two. This
gives the result

v jet = 592 m/s. (5.61)

The estimated theoretical result is 559 m/s (cf. sec. 5.2.4).
In fig. 5.18 we show the results of the ionization of a supersonic jet of argon with stagna-

tion conditions such that (large) clusters form in the expansion of the gas (cf. caption of fig.
5.18). The projectile is 40 keV He2+. The stagnation temperature in this case is 130 K. In
the time-of-flight spectrum cluster ions are found at integral multiples of 40, with the dimer
at m/q = 80. The cluster peaks are very broad, suggesting that these features are smaller
fragments stemming from fragmentation of large clusters with a great deal of kinetic energy
release.

In the 2D position image (fig. 5.18b)) the contribution of cluster ions becomes apparent as
an area with the supersonic jet ‘spot’ as its center when comparing it to the 2D position image
of fig. 5.17 in which there is no contribution from cluster ions. This is further confirmed when
position of impact is exclusively plotted for cluster ions. This is possible by discriminating
ions by means of their time-of-flight. This also reveals that the ion beam track is mainly due
to Ar rest gas in the interaction chamber.
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(a) Time-of-flight spectrum.

(b) Position reconstruction.

Figure 5.18: 40 keV He2+ on argon. Pstag = 3 bar, Tstag = 130 K and ϕnozzle = 50 µm.
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Note that in fig. 5.18 the ‘spot’ lies closer to the beam axis in accordance with a lower jet
speed when expanding the gas at lower temperature. Using the same procedure as we did in
determining eq. (5.61) we find a jet speed of

v jet = 406 m/s. (5.62)

This result is again in nice agreement with the theoretical result of 368 m/s as determined in
sec. 5.2.4.

In fig. 5.19a) we show a measurement of 90 keV O6+ ions interacting with carbon monox-
ide (CO), a molecular target. In the time-of-flight spectrum one can nicely see the fragments
produced in the interaction. The dominant feature is the singly charged CO+ peak. In the
lower part of the spectrum, towards shorter flight times, one finds C and O fragments in
different charge states. The multi-hit coincidence capability of the recoil ion momentum
spectrometer is nicely demonstrated in this simple collision system in the 2D correlation plot
in fig. 5.19b). In this plot we visualize pure double-hit coincidences by plotting the time
of flight of the first particle (TOF1) against the time of flight of the second particle (TOF2).
Double coincidences appear as line-shaped islands in the plot due their fragmentation dy-
namics. The dominant island is due to the (C+-O+) correlation. In the two-body breakup of
the CO molecule the time-of-flight of the particles depends on the direction of emission of
the fragments and the kinetic energy release in the breakup reaction. From momentum con-
servation considerations in a two-body breakup reaction one can deduce the slope the island
should have:

slope =
∆TOF2

∆TOF1
=

2v2/a2

2v1/a1
=

m2v2

m1v1

q1

q2
=−q1

q2
. (5.63)

As a result the correlations due to (C+-O+), (C2+-O+), (O2+-C+) and (C2+-O2+) have slopes
of -1, -2, -2, and -1, respectively, which is confirmed by the 2D correlation plot in fig. 5.19b).
From the time-of-flight intervals in the correlation plot one can can estimate the amount of
kinetic energy release in fragmentation of CO as noted in eq. (2.26) of sec. 2.6. These results
are summarized in table 5.4. They are of the same order as those found by Folkerts et al. [125]
in CO fragmentation by He2+ ions.

Overall, the results presented here are in nice agreement with theoretical calculations
indicating that the new CRIMS setup is operating according to the design specifications.

Table 5.4: Kinetic energy releases in CO fragmentation by 90 keV O6+.

Correlation KER (eV)
C+ - O+ 8
C2+ - O+ 16
O2+ - C+ 27
C2+ - O2+ 38
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(a) Time-of-flight spectrum.

(b) 2D Time-of-flight correlation plot.

Figure 5.19: 90 keV O6+ on CO. Pstag = 6 bar, Tstag = 300 K and ϕnozzle = 50 µm.
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5.5 Conclusions
In this chapter we reported on the construction and commissioning of a new setup, which
combines a supersonic jet molecular beam source and a recoil ion momentum spectrometer.
Such a machine allows us to perform kinematically complete measurements of the interac-
tions of highly charged ions with clusters and molecules. We started of with a description
of the basics of supersonic beam production and how such a device can be used as a tool for
cluster production. A short overview of the thermodynamics and fluid dynamics of jet sources
was also included. The degree of clustering in the jet may be estimated from the stagnation
conditions in the source such as temperature, pressure and nozzle diameter using scaling laws
reported in the literature. The newly constructed molecular beam source was characterized
for different stagnation conditions by crossing it with beams of highly charged ions and by
subsequently measuring the charged interaction products by means of a high resolution re-
flectron time-of-flight mass spectrometer. In these measurements we detected charged argon
clusters (fragments) in the time of flight spectra when this was expected from the scaling
laws for certain pressure and temperature stagnation conditions. Clusters were absent in the
spectra when the stagnation conditions were such that only monomers were expected from
the scaling laws. This confirms the desired proper behavior of the molecular beam source.

In these first characterization measurements we estimated kinetic energy releases occur-
ring in interactions of highly charged ions and argon clusters.

After a characterization of the supersonic molecular beam source we combined it with our
newly constructed recoil ion momentum spectrometer. We discussed the basic principles of
such a spectrometer and how multi-hit coincidence measurements of position of impact and
time of flight of charged fragments can be used to calculate the vectorial momenta of those
fragments. First measurements of the interactions of argon clusters with highly charged ions
were successful in recovering time of flight spectra of argon and its clusters. Also successful
position detection of charged interaction products was reported. These measurements allowed
us to calculate the speed of the supersonic jet at different stagnation conditions. The results
agree well with estimates from theory models.

We conclude that the newly constructed setup for kinematically complete measurements
of interactions of highly charged ions with clusters and molecules operates according to de-
sign specifications.



Chapter 6

Summary and Outlook

6.1 Summary
This thesis features a pioneering experimental study of keV ion interactions with polycyclic
aromatic hydrocarbon molecules (PAHs) [20]. To investigate the sub-keV range of ion ki-
netic energies a molecular dynamics code was developed and employed. In addition to these
studies we constructed and commissioned a new setup that allows to perform detailed kine-
matic studies of ions interacting with molecules and clusters. This setup entailed the devel-
opment of a supersonic jet molecular beam source serving as a cold and localized target, to
be crossed with a projectile beam, and a recoil ion momentum spectrometer (RIMS). Such
a crossed-beam detector combination allows to determine a wealth of kinematic parameters
involved in the ion-PAH reaction. The workings of such a machine and proof-of-principle
results are presented in chapter 5.

The experimental study of ion interactions with PAHs is presented in chapter 3. Time-of-
flight mass spectra for keV proton and He2+ collisions with the polycyclic aromatic hydro-
carbon anthracene (C14H10) are reported. Substantial fragmentation as well as formation of
multiply charged fragments is observed. For He2+ projectiles, more and smaller fragments
are formed as compared to proton impact. Increasing projectile velocity leads to an increase
in fragmentation and a shift to smaller fragment masses for both projectiles. For He2+ projec-
tiles in contrast to protons, the degree of hydrogenation of the cationic anthracene fragments
suggests that sufficient energy is deposited to suppress the influence of the molecular struc-
ture on the fragmentation pattern. An electronic stopping model based on realistic anthracene
electron densities is employed to estimate the molecular excitation due to electronic stopping.
It is concluded that 30 keV He2+ and 10 keV H+ induce equal electronic stopping. The major
difference in fragmentation between both projectiles is attributed to double electron capture
by the He2+ projectiles, which is a weak channel for protons.

Chapter 4 elaborates on the development of a molecular dynamics code and its applica-
tion to interactions of H and He projectiles in the sub-keV kinetic energy range interacting
with PAHs and in particular the anthracene molecule. The results are compared to the work
of Micelotta et al. [11] where the authors approach the problem using an analytical binary
collision approximation between the projectiles and a carbon atom.
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In the molecular dynamics simulation intra molecular interactions are modeled using a
Tersoff-Brenner reactive bond order potential. Projectile interactions with the molecular
constituents are modeled through the ’universal’ ZBL screened-Coulomb potential.

When targeting specific atomic sites within the molecule it becomes apparent that direct
fragmentation as a result of projectile impact is greatly overestimated in the binary collision
approximation theory of ref. [11]. Direct fragmentation requires projectiles of kinetic ener-
gies much higher than 10 eV He, or equivalently a kinetic energy transfer of 7.5 eV to the
molecule. Rather, He projectiles with a kinetic energy of some 43 eV (H projectiles of 99
eV) are required for complete single knock-out of a carbon atom, or equivalently an energy
transfer to the molecule of some 27 eV.

Next to determining the energetics for direct fragmentation, we determined the range
of energy transfers of He projectiles of various kinetic energies to the anthracene molecule.
This allows one to determine a probability for dissociation of the molecule in competition
with relaxation through Infra-Red (IR) photon emission. The dissociation of the molecule is
assumed to be described by an Arrhenius process with a characteristic energy E0=4.6 eV. The
temperature of the system is taken as the geometric mean of an effective temperature upon
excitation of the molecule and the effective temperature after a given number of IR photon
emissions. The probability for dissociation of the molecule is a function of an ’average’
energy transfer of the projectile to the molecule. The average energy transfers in our work
are taken to be the average of the energy transfer spectrum using the minimum value of 4.6
eV. This procedure yields similar excitation energies as in the work of ref. [11], which only
deviate for low kinetic energies.

The total interaction cross sections determined in our work are larger than those in ref.
[11]. This is to be expected though, because we determine total cross sections including all
events above a lower limit for energy transfer of the projectile to the molecule of 4.6 eV,
whereas in the work of ref. [11] a lower limit of 7.5 eV for energy transfer is assumed. A
second cause is that in anthracene there is an outer circumference of hydrogen atoms enlarg-
ing the geometric cross section compared to a carbon skeleton of just 14 carbon atoms. A
third point is that in our simulations the molecular nature of the target is taken into account
as well, whereas in ref. [11], by definition, this is not the case.

In conclusion, energy transfers of the projectile to the molecule are similar in the models,
however, dissociation probabilities are sensitive to variations in the energy transfer parameter
through an exponential dependence in the Arrhenius equation. The collision rates in inter-
stellar environments are expected to be larger due to enhanced cross sections determined in
the computer simulations.

The second focus of this thesis is the construction and commissioning of a new setup,
which combines a supersonic jet molecular beam source and a recoil ion momentum spec-
trometer. Such a machine allows us to perform kinematically complete measurements of
the interactions of highly charged ions with clusters and molecules. The basics of supersonic
beam production and how such a device can be used as a tool for cluster production are briefly
introduced. A short overview of the thermodynamics and fluid dynamics of jet sources is also
included. The degree of clustering in the jet may be estimated from the stagnation conditions
in the source such as temperature, pressure and nozzle diameter using scaling laws reported
in the literature. The newly constructed molecular beam source is characterized for different
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stagnation conditions by crossing it with beams of highly charged ions and by subsequently
measuring the charged interaction products by means of a high resolution reflectron time-of-
flight mass spectrometer. In these measurements we detected charged argon clusters (frag-
ments) in the time of flight spectra when this was expected from the scaling laws for certain
pressure and temperature stagnation conditions. Clusters were absent in the spectra when the
stagnation conditions were such that only monomers were expected from the scaling laws.
This confirms the desired proper behavior of the molecular beam source.

In these first characterization measurements we determined kinetic energy releases occur-
ring in interactions of highly charged ions and argon clusters.

After a characterization of the supersonic molecular beam source we combined it with
our newly constructed recoil ion momentum spectrometer. We discussed the basic principles
of such a spectrometer and how multi-hit coincidence measurements of position of impact
and time of flight of charged fragments can be used to calculate the vectorial momenta of
those fragments. First test measurements with the new setup of interactions of argon clusters
with highly charged ions were successful in recovering time of flight spectra of argon and
its clusters. Also successful position detection of charged interaction products was reported.
These measurements allowed us to determine the speed of the supersonic jets under various
initial conditions. The results agree well with estimates from theory models. From CO frag-
mentation measurements also the multi-hit detection capability of the setup is demonstrated.

We conclude that the newly constructed setup for kinematically complete measurements
of interactions of highly charged ions with clusters and molecules operates according to de-
sign specifications.

6.2 Outlook
In an outlook we envision a systematic kinematics study of argon clusters with highly charged
ions. Among other things this might reveal the more intricate details of argon dimers and
larger clusters and their possible survival after charge transfer. Also the addition of a small
vapor oven to the setup allows for the possibility of investigating molecular targets, which
can be evaporated. The supersonic jet of carrier gas is passed through a vapor of molecules
of interest, or the vapor is co-expanded with the carrier gas, before reaching the interaction
point where it is crossed with a beam of highly charged ions or a different projectile. The
supersonic jet picks up the molecules in the vapor carrying them to the interaction point where
they may interact with a beam of highly charged ions. A first candidate for such experiments
will be polycyclic aromatic hydrocarbon molecules to further elucidate the details of their
interactions with highly charged ions, which may provide a greater insight into their behavior
in interstellar space. Larger molecules, which cannot be intactly evaporated, may be electro-
sprayed and collected in a ring-electrode trap from which dense bunches may be released for
crossed beam experiments. Such an interface allows for detailed research into the interaction
of large (>50 C atoms), astro-physically important PAH molecules with (highly charged)
ions and other projectiles.





Appendix A

Atomic Units

The system of atomic units is based on the following definitions:

h̄ = 1, (A.1)
me = 1, (A.2)

e = 1, (A.3)
4πε0 = 1. (A.4)

In these definitions h̄ is Planck’s constant divided by 2π . The electron mass and charge are
denoted by me and −e, respectively, and ε0 is the electric permittivity of the vacuum. Units
of other physical quantities may be constructed from these basic quantities. For example, the
atomic unit of length, or the Bohr radius, is the following:

a0 =
4πε0h̄2

mee2 = 0.529Å. (A.5)

The atomic unit for velocity is αc, where the (dimensionless) fine structure constant α equals:

α =
e2

4πε0c
=

1
137

. (A.6)

This gives c, in atomic units, equal to 137.
Table A.1 contains some often used physical quantities and the description of one atomic

unit of that particular quantity.
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Table A.1: A table containing often used physical quantities. The second column contains the SI
equivalent of one atomic unit of the particular quantity in the first column. The third column contains a
value in non-SI units. The last column displays the definition of the atomic unit for the quantity.

Quantity SI units Alternate units Definition

Length 5.29177249 × 10−11 m 0.529 Å a0
Time 2.41888433 × 10−17 s a0/(αc)
Velocity 2.18769142 × 106 m/s αc
Mass 9.1093897 × 10−31 kg 0.000549 amu me
Energy 4.3593 × 10−18 J 27.2 eV me(αc)2

Charge 1.6021773 × 10−19 C e
Momentum 1.99285337 × 10−24 kg m/s me(αc)
Angular momentum 1.0545887× 10−34 Js h̄



Appendix B

Bicubic and Tricubic Interpolation

The hydrocarbon potential, used in chapter 4, contains correction functions, which are only
known at integer values of the arguments. To make this potential continuous, these functions
are interpolated using bicubic and tricubic interpolation. This appendix elaborates on these
procedures.

B.1 Bicubic Interpolation

In bicubic interpolation a function of the form

H(x,y) =
3

∑
i=0

3

∑
j=0

ai jxiy j (B.1)

must be found, which interpolates values between integer points on a two-dimensional grid.
This problem may be reduced to a problem on the unit square. Subsequently the solution
procedure is then repeated on all patches in the domain of the function H(x,y). On the unit
square the problem has the form schematically shown in fig. B.1.

Bicubic interpolation of the unit square, or any other patch, requires the determination of 16
coefficients ai j. These coefficients may be determined by setting up a system of 16 linearly
independent equations. These equations may be obtained by equating the function values and
the values of the derivatives with H(x,y) and its derivatives at the node points. (B.2) to (B.17)
display these equations.
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Figure B.1: Bicubic interpolation on the unit square.

H(0,0) = a00 (B.2)
H(1,0) = a00 +a10 +a20 +a30 (B.3)
H(0,1) = a00 +a01 +a02 +a03 (B.4)

H(1,1) =
3

∑
i=0

3

∑
j=0

ai j (B.5)

Hx(0,0) = a10 (B.6)
Hx(1,0) = a10 +2a20 +3a30 (B.7)
Hx(0,1) = a10 +a11 +a12 +a13 (B.8)

Hx(1,1) =
3

∑
i=0

3

∑
j=0

iai j (B.9)

Hy(0,0) = a01 (B.10)
Hy(1,0) = a01 +a11 +a21 +a31 (B.11)
Hy(0,1) = a01 +2a02 +3a03 (B.12)

Hy(1,1) =
3

∑
i=0

3

∑
j=0

jai j (B.13)

Hxy(0,0) = a11 (B.14)
Hxy(1,0) = a11 +2a21 +3a31 (B.15)
Hxy(0,1) = a11 +2a12 +3a13 (B.16)

Hxy(1,1) =
3

∑
i=0

3

∑
j=0

i jai j (B.17)
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If one places the coefficients ai j in a vector this system of equations may be written as a
matrix equation,

H = M ·a, (B.18)

where a is given by

a = (a00,a10,a20,a30,a01,a11,a21,a31,a02,a12,a22,a32,a03,a13,a23,a33)
T . (B.19)

The vector a and the coefficients ai j are related as

a[1+ i+4 j] = ai j. (B.20)

The vector H is the column in front of the equality signs in eq. (B.2) to (B.17). The solution
of finding the coefficients ai j amounts to finding the inverse of the matrix M and solving for
a,

a = M−1 ·H. (B.21)

The inverse of M is equal to

M−1 =



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

−3 3 0 0 −2 −1 0 0 0 0 0 0 0 0 0 0
2 −2 0 0 1 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 −3 3 0 0 −2 −1 0 0
0 0 0 0 0 0 0 0 2 −2 0 0 1 1 0 0

−3 0 3 0 0 0 0 0 −2 0 −1 0 0 0 0 0
0 0 0 0 −3 0 3 0 0 0 0 0 −2 0 −1 0
9 −9 −9 9 6 3 −6 −3 6 −6 3 −3 4 2 2 1

−6 6 6 −6 −3 −3 3 3 −4 4 −2 2 −2 −2 −1 −1
2 0 −2 0 0 0 0 0 1 0 1 0 0 0 0 0
0 0 0 0 2 0 −2 0 0 0 0 0 1 0 1 0

−6 6 6 −6 −4 −2 4 2 −3 3 −3 3 −2 −1 −2 −1
4 −4 −4 4 2 2 −2 −2 2 −2 2 −2 1 1 1 1
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B.2 Tricubic Interpolation
Tricubic interpolation is very similar to bicubic interpolation, described in the previous sec-
tion, as both are extensions into higher dimensions of cubic interpolation. The problem in
this case amounts to finding the coefficients ci jk in the function F(x,y,z) in eq. (B.22).

F(x,y,z) =
3

∑
i=0

3

∑
j=0

3

∑
k=0

ci jkxiy jzk (B.22)

The solution procedure described here is carried out on the unit cube. The procedure may
then be repeated on other patches in the domain of F(x,y,z). Similar to the case of bicubic
interpolation, one sets up a system of linearly independent equations. These equations are
found by equating the values of F(x,y,z) and its derivatives on the eight corners of the unit
cube as displayed in fig. B.2.

Figure B.2: Tricubic interpolation on the unit cube.

In tricubic interpolation there are 64 coefficients ci jk. The unit cube has eight corners, so
one requires eight conditions for every corner to set up a system of 64 equations. The first
eight values are found by equating the function values F(x,y,z) on the corners to the interpo-
lating polynomial. 24 more conditions are found by equating the derivatives with respect to x,
y and z to the respective derivatives of the interpolating polynomial. The total amount of con-
straints is then 32. Another 32 constraints [126] may be obtained using the cross-derivatives
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fxy, fxz, fyz, fxyz, where the sub scripts denote the variables of derivation. Other choices may be
made, however, this choice leads to a solution, which is invariant under axis rotations. The
set of fxx, fyy, fzz, fxyz leads to a set of equations, which is linearly dependent.

As in the bicubic interpolation scheme, one may write this set of, in this case 64, equations
in a matrix form,

F = M · c, (B.23)

where M is a 64×64 matrix. The coefficient vector c has a similar form as in the bicubic case
as shown in eq. (B.24),

c[1+ i+4 j+16k] = ci jk. (B.24)

The form of the vector holding the function and derivative values is shown in eq. (B.25).

F =
[
F000···111,F000···111

x ,F000···111
y ,F000···111

z ,F000···111
xy ,F000···111

xz ,F000···111
yz ,F000···111

xyz

]
. (B.25)

The entries of the vector F in eq. (B.25) each have the eight components of the corners of the
unit cube as shown in the example in eq. (B.26),

F000···111 = [F(0,0,0),F(1,0,0),F(0,1,0),F(1,1,0),F(0,0,1),F(1,0,1),F(0,1,1),F(1,1,1)]. (B.26)

Similar to the case of bicubic interpolation, the coefficients ci jk in tricubic interpolation may
now be found by finding the inverse of the 64×64 matrix M,

c = M−1 ·F. (B.27)

Due to its large size the matrix M−1 is not displayed here.





List of Acronyms and Abbreviations

AMO atomic, molecular and optical physics
BEC Bose-Einstein condensate
BCA binary collision approximation
CFD constant-fraction discriminator
CRIMS cluster recoil ion momentum spectrometry
DFT density functional theory
DIB diffuse infrared bands
ECR electron cyclotron resonance
ECRIS electron cyclotron resonance ion source
FEL free electron laser
FUV far ultraviolet
IR infrared
ISM interstellar medium
KER kinetic energy release
KVI kernfysisch versneller instituut
MCP micro-channel plate (multi-channel plate)
PAH polycyclic aromatic hydrocarbon
QED quantum electrodynamics
REBO reactive bond order (potential)
RETOF reflectron time-of-flight
RIMS recoil ion momentum spectrometry
SN supernova
SRIM Stopping and Range of Ions in Matter
TDC time-to-digital converter
TOF time-of-flight
UV ultraviolet
VDW Van Der Waals
ZBL Ziegler Biersack Littmark (potential)
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Samenvatting

Een groot aantal objecten dat kan worden waargenomen in de interstellaire ruimte heeft ge-
meenschappelijk dat ze emissielijnen vertonen in het infrarode en microgolf deel van het
elektromagnetische spectrum. Deze emissielijnen, of een emissiespectrum, zijn als het ware
een vingerafdruk van de onderliggende processen en stoffen. Dit valt te vergelijken met het
geel-oranje licht dat door straatlantaarns wordt uitgezonden en dat veroorzaakt wordt door
een heel specifiek proces binnen het natriumatoom.

Observaties van deze emissiespectra laten zien dat deze ruwweg gelijkmatig voorkomen
over grote afstanden en vanuit alle richtingen en dit toont aan dat de bron wijd verspreid moet
zijn. De oorzaken van deze spectra zijn lang onbekend gebleven, maar tegenwoordig wordt
de hypothese breed gesteund dat zogenaamde polycyclische aromatische koolwaterstof mo-
leculen (En: polycyclic aromatic hydrocarbons oftewel PAHs) in verschillende vormen de
veroorzakers zijn. Er wordt gedacht dat dit type moleculen energetisch wordt aangeslagen
door absorptie van ultra-violet (UV) fotonen en fluorescentie vertoont in het infrarood- en
microgolfgebied. Er zijn een aantal redenen waarom men deze hypothese veronderstelt [6].
Ten eerste kunnen deze kleine deeltjes extreem heet worden wanneer ze een UV-foton ab-
sorberen. De elektronisch geabsorbeerde energie verdeelt zich over vibratievrijheidsgraden
en vervolgens treedt er infraroodemissie op corresponderend met deze laatstgenoemde vrij-
heidsgraden. Zo kunnen deze deeltjes infraroodemissie vertonen door wisselwerking met het
interstellaire stralingsveld, ook al zijn ze niet dicht bij een lichtbron. Ten tweede is het in-
fraroodspectrum niet continu, maar vertoont een lijn- of bandenstructuur. Dit wijst op een
moleculaire oorsprong en niet op grotere (vaste stof) objecten.

Het interstellaire medium wisselwerkt niet alleen door het interstellaire stralingsveld met
PAHs, zoals zojuist genoemd, maar ook met sterrenwinden, schokgolven en heet, geı̈oniseerd
gas. PAHs worden waargenomen over grote afstanden en daarmee rijst de vraag wat nu pre-
cies de wisselwerkingsdynamica van PAHs met deze (destructieve) verschijnselen is. Onder-
zoek brengt verheldering of PAHs deze extreme omstandigheden min of meer intact zouden
kunnen overleven of dat bescherming door middel van grotere (supra-moleculaire) stofdeel-
tjes vereist is om deze immense afstanden in de ruimte ongeschonden af te leggen.

Het merendeel van de studies van PAH-wisselwerkingen is gewijd aan de fotofysica van
PAHs en zo is er relatief weinig bekend over processen die zich afspelen in sterrenwinden en
schokgolven.

In dit proefschrift is een eerste experimentele studie gepresenteerd van de wisselwerkin-
gen van keV-ionen met PAH-moleculen [20]. Het sub-keV-bereik van kinetische energieën
is gemodelleerd en onderzocht met behulp van computersimulaties van de moleculaire bot-
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singsdynamica. De keV is een maat voor energie, equivalent aan de versnelling van het
enkelvoudig geladen ion over een potentiaalverschil van 1 kilovolt. Voor een proton komt dit
overeen met een snelheid van ca. 440 km/s.

In de experimenten met PAHs hebben we vluchttijd-massaspectra gemeten van botsingen
van keV protonen (waterstofkernen) en α-deeltjes (heliumkernen) met het PAH-molecuul
anthraceen. Substantiële fragmentatie en vorming van meervoudig geladen fragmenten zijn
daarbij waargenomen. In het geval van α-deeltjes worden meer en kleinere fragmenten ge-
vormd dan met protonen. Het verhogen van de projectielsnelheid leidt tot een toename in
fragmentatie van het molecuul en een verschuiving naar kleinere fragmentmassa’s voor beide
projectielen. Voor α-deeltjes, in tegenstelling tot protonen, geeft het aantal waterstofatomen
in de fragmenten aan dat er voldoende energiedepositie optreedt zodat de invloed van de
beginstructuur van het molecuul op het fragmentatiepatroon sterk onderdrukt is. Een zoge-
naamd electronic stopping-model is gebruikt om de moleculaire excitatieënergie af te schat-
ten die optreedt door inelastische wisselwerkingen. Hieruit wordt geconcludeerd dat een 30
keV α-deeltje en een 10 keV proton een vergelijkbare excitatie veroorzaken. Het verschil
in fragmentatiepatronen tussen beide projectielen kan worden toegeschreven aan tweevou-
dige elektroneninvangst in het geval van α-deeltjes. Dubbele elektronenvangst is een zwak
reactiekanaal in het geval van protonen.

Dit proefschrift beschrijft ook computersimulaties van molecuuldynamica van waterstof-
en heliumdeeltjes in het sub-keV-bereik van kinetische energieën die wisselwerken met PAHs.
Het anthraceenmolecuul wordt in detail beschouwd. In de literatuur is o.a. een analytisch
model beschreven dat ion-PAH-wisselwerkingen beschouwd aan de hand van een binaire-
botsingsbenadering. In dit model wordt het PAH-molecuul benaderd als een aantal ‘vrije’
koolstofatomen. De moleculaire natuur wordt niet in rekening genomen. Met behulp van
computersimulaties, waarin het gehele molecuul wordt beschouwd, is in dit proefschrift een
geavanceerder model gepresenteerd. Een van de conclusies die volgen is dat directe fragmen-
tatie in het binaire botsingsmodel sterk wordt overschat.

In dit proefschrift is verder de constructie en ingebruikname van een nieuwe opstelling
beschreven. Deze is schematisch weergegeven in figuur 6.3. Deze opstelling combineert een
supersonische moleculaire gasbundelbron met een zogenaamde ‘recoil ion momentum spec-
trometer’ (RIMS). Dit type spectrometer extraheert elektrisch geladen botsingsfragmenten
en beeldt ze af op een positiegevoelige plaat en meet tevens de vluchttijden van de fragmen-
ten. Dit kan coı̈ncident voor alle fragmenten die voortkomen uit het botsingproces gedaan
worden. Deze informatie kan dan worden terugvertaald naar nauwkeurige informatie over
het botsingsproces zelf. Deze opstelling geeft dus de mogelijkheid gedetailleerde, kinema-
tisch complete metingen te verrichten aan de wisselwerkingen van hooggeladen ionen met
moleculen en clusters van atomen en moleculen.

De nieuwgebouwde moleculaire bundelbron is gekarakteriseerd voor verscheidene stag-
natiecondities door de moleculaire bundel te kruisen met bundels hooggeladen ionen en door
vervolgens de geladen reactiefragmenten te meten met behulp van een hoge-resolutie vlucht-
tijdmassaspectrometer, een zogenaamd reflectron. In deze metingen zijn in argonbundels
argonclusters waargenomen wanneer dit volgens schaalwetten wordt verwacht bij een zekere
druk en temperatuur. Clusters werden dan ook niet waargenomen wanneer de stagnatiecon-
dities zodanig waren dat enkel monomeren worden verwacht. Dit is een bevestiging van het
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Ionenbundel

Chopper/sweeper systeem

Elektrostatisch lenssysteem

Bundeldump

Faraday
cup

RIM-spectrometer

Positie gevoelige detector

Moleculaire gasbundelbron

Figuur 6.3: Schematisch overzicht van de opstelling voor recoilionen-spectroscopie van moleculen en
clusters.

correct functioneren van de moleculaire bundelbron.
In de eerste karakterisatiemetingen zijn afschattingen gemaakt van fragment kinetische

energieën die vrijkomen bij wisselwerkingen van argonclusters en hooggeladen ionen.
De eerste metingen van interacties van argonclusters en hooggeladen ionen met de nieuwe

opstelling waren succesvol in het meten van de vluchttijdspectra van de geladen fragmenten.
Ook werd succesvolle positiemeting gedemonstreerd waarmee bundelsnelheden van de su-
personische expansies konden worden bepaald. Deze resultaten komen goed overeen met
wat uit theoretische overwegingen verwacht kan worden. Daarnaast is ook de multi-hit ca-
paciteit van de spectrometer gedemonstreerd aan de hand van fragmentatieprocessen van een
moleculair doelwit, namelijk het koolmonoxide (CO) molecuul.

Er kan worden geconcludeerd dat de nieuwe opstelling voor kinematisch complete me-
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tingen van wisselwerkingen tussen hooggeladen ionen (of andere projectielen) en moleculen
en clusters naar behoren functioneert.

In een vooruitzicht kunnen systematische, kinematisch complete metingen van argon
clusters en hooggeladen ionen worden voorgesteld. Dit zou onder andere de details van
argondimeren en grotere clusters en hun mogelijk overleven na ladingsoverdracht kunnen
ontrafelen, waar tot nu toe relatief weinig onderzoek aan verricht is. Ook zou met een kleine
aanpassing een oventje kunnen worden toegevoegd aan de opstelling. De moleculaire bun-
del wordt in zo’n geval door een damp van een molecuul van interesse geleidt voordat deze
gekruist wordt met een bundel hooggeladen ionen in het interactiepunt. De damp kan ook
worden gecoëxpandeerd met het draaggas. Met deze technieken kunnen moleculen naar
het interactiepunt worden getransporteerd waar ze kunnen wisselwerken met een bundel van
hooggeladen ionen. Een eerste kandidaat voor zulke experimenten zijn polycyclische aro-
matische koolwaterstoffen. Zo zouden de details van hun wisselwerkingen met hooggeladen
ionen verder opgehelderd kunnen worden en daarmee kan een beter inzicht in hun gedrag in
de interstellaire ruimte verkregen worden.

Grotere moleculen die niet intact verdampt kunnen worden zouden kunnnen worden
geëlectrosprayed en verzameld kunnen worden in een zogenaamde ringelektrodeval. Deze
moleculen worden dan vervolgens in dichte wolkjes gecontroleerd uit de val geleid voor ge-
kruiste bundel experimenten. Zo’n interface geeft de mogelijkheid onderzoek te doen aan de
wisselwerking van grote (>50 C atomen), astrofysich relevante PAH-moleculen met (hoog-
geladen) ionen en andere projectielen.
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