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Chapter 1

Introduction

When ions impact on surfaces at small incidence angles or with a low kinetic
energy, they interact in general only with the topmost layer. Although the
duration of this interaction is only on the order of a few to tens of femto-seconds,
many different and complex processes occur, in particular when highly charged
ions (HCI) are concerned. During the last decades, a great deal of research
[1–12] has been done on these processes resulting in the so called “hollow atom”
scenario of slow highly-charged ion neutralization and relaxation at surfaces.

The hollow atom scenario is depicted in figure 7.1. Initially, when the HCI
approaches the surface, it will be attracted towards the surface by the image
charge interaction. At a certain point, when the potential barrier between the
ion and surface is lowered to the Fermi level of the surface, resonant electron
transfer between the ion and the surface will start to take place. Typically due
to the resonant nature of the charge transfer these electrons are not captured in
the ground state configuration, but in outer shells. This process will continue
while the ion approaches the surface closer, giving rise to a hollow atom, with
empty inner shells (name coined by J.P. Briand et al. [13]). The highly, multiply
excited hollow atoms will relax fast by Auger processes and for heavier, high-Z
ions also by radiative decay. Due to the radiative decay and Auger transitions
photons and electrons are emitted which can be detected. These electrons and
photons on their turn can provide information on which transition actually
took place and thus on the structure of the hollow atoms. The exact structure
of the hollow atoms depends critically on the electronic structure of the topmost
surface layer [10, 14–16].

The inherent surface sensitivity of low–energy ions has made (focused) ion
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2 Introduction

Figure 1.1: Artistic view showing the creation and decay of a hollow atom in
front of a surface.

beams into an important tool for surface structuring and analysis in both in-
dustry and academic research laboratories. For example, Ion Surface Scattering
(ISS) or Low Energy Ion Scattering (LEIS) techniques to determine surface
structure and composition. These methods use the fact that the kinetic energy
of a scattered ion contains information on the atom (mass) with which it in-
teracted. The angular distribution of the scattered ions on the other hand can
provide information on the surface quality: when ions are impinging on a flat
surface the majority will be scattered under the same angle, while for a rough
surface the ions will be scattered at various angles.

Apart from being used for surface analysis, the surface can be modified by
ions as well. The kinetic energy is used for sputtering of surface atoms. When
however slow highly charged ions are used it is possible to create nanometer
sized structures by means of the potential energy of the highly charged ions.
The creation of so called nano-hillocks and pits by slow highly charged ions is
very actively pursued [17–19].

Already back in the early fifties, Hagstrum [20] performed Ion Neutraliza-
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tion Spectroscopy experiments i.e. investigated the Auger ejection of electrons
from metals by ions. After his pioneering work the field has grown strongly
in particular after the advent of powerful sources for highly charged ions like
an ECRIS (Electron Cyclotron Resonance Ion Source) and the EBIS (Electron
Beam Ion Source). Many types of experiments, covering a wide range of HCI-
surface combinations, have been performed, for overviews see e.g. Arnau et al.
[1], Aumayr et al. [21] and Winter [3]. However, because of the complexity of
the interaction of highly charged ions with surfaces, there are still many ques-
tions that remain to be answered, especially concerning the dynamics of the
neutralization of HCIs and the subsequent deposition of their potential energy
into ejected electrons, photons or the target system.

One of the many experiments performed in the past was specifically focused
on studying hollow atoms [22, 23]. This was done by using so called nano
capillaries in a metal. When the ion enters the capillary it may form a hollow
atom, which still might exist upon exiting the capillary. It was hoped that this
would allow to study the hollow atom unperturbed in vacuum instead of in front
of a surface.

Apart from creating a hollow atom, the ion also has an effect on the surface:
due to the capture of an electron by an ion from the surface, a positively charged
hole is created in the surface. This leads to a local charge up which is filled again
by an electron from the bulk. In case the material is a metal, this happens
very rapidly since the electron-hole mobility is high, but for an insulator the
electron/hole mobility is much slower. Therefore it takes more time to fill this
hole with an electron from the bulk, leaving the local charge up of the surface
behind. This property has led to a complete new field of research, namely the
field of ion guiding through capillaries (chapter 2 and 4). This is a very lively
field due to the promising applications in for example radiation therapy research.
Although major steps forward are made in this field [24–27], it is still not fully
known how ions interact with single cells or the contents of them. In order to
get more insight into this interaction, nowadays efforts are being made to make
micrometer sized ion beams which are then directed at specific parts of a cell. In
order to focus the ion beams down to a micrometer size, tapered glass capillaries
are used to focus millimeter sized beams which are commonly available by means
of focusing magnets and sets of diaphragms, down to micrometer sized beams
[27, 28]. In this thesis however, only two major aspects of the ion guiding
through capillaries are treated: the scaling laws and the initial dynamics which
occur when the capillaries are exposed for the very first time to ions (chapter
4).

Since electrons are emitted into the vacuum by Auger processes, many more



4 Introduction

electrons are involved in fully neutralizing an ion than one would intuitively ex-
pect from the initial charge state of the ion. Since these processes are dominated
by the initial charge state of the ion, the resulting emission of these electrons is
called potential emission. Apart from potential emission, the kinetic energy of
the ion can be sufficient to remove electrons out of the surface, as depicted in
figure 7.1. The number of electrons removed from the surface this way depends
on the kinetic energy of the incoming ion, and is therefore referred to as kinetic
emission.

In many cases, especially when highly charged ions are used, the ion does not
have enough time to fully complete the relaxation before it reaches the surface
to such a distance that the surface electron density becomes noticeable i.e. the
selvedge. This causes the electrons to be “peeled off” and thereby ionizing the
ion again. Upon entering the surface however, electrons are quickly captured
and the ion becomes neutralized.

How many electrons are actually emitted during the ion-surface interaction
is not only from a fundamental point of view interesting: man made plasmas,
like in fusion reactors or ion sources interact with the surrounding walls, giving
rise to the emission of electrons. These electrons in their turn can influence
the plasma, thereby influencing the general performance of such a machine. In
order to be able to understand and model these influences it is necessary to
know (among many other parameters) how many electrons are emitted during
the interaction of the ions with the surface.

In order to study the electron dynamics of highly charged ions interacting
with surfaces, a metal and an insulator have been studied. Here it plays a
key role that the insulator has a band gap, i.e. a gap between the valence and
conduction band. Also, as mentioned earlier, the electron mobility is much lower
than in a metal which possibly could result in saturation of electron emission
since electrons are not replenished fast enough. So far, such a saturation has not
been observed [29]. Remarkably enough it is even so that an increase of electron
yield is observed when LiF, a commonly used insulator, is used instead of Au.
In order to investigate this phenomenon further and get a more detailed insight,
layers of C60 were evaporated in order to be able to change slowly from a metal
towards an insulator. The results of this investigation are given in chapter 5.

1.1 Thesis outline

• Chapter 2 will start with a short theoretical description of the classical over
the barrier model, describing the processes relevant to highly charged ions
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interacting with surfaces. Also, the fundamentals of ion guiding through
nano capillaries will be presented.

• Chapter 3 will describe the experimental setups which were used to obtain
the results presented in this thesis. Especially the experimental setup used
for measuring electron yields will be described more thoroughly since it was
constructed during this thesis, whereas the setup used to do measurements
on capillaries is described extensively elsewhere.

• Chapter 4 contains the results obtained with nanocapillaries. The scaling
laws for ion guiding in capillaries will be dealt with first, whereas the
second part will contain the results which involve the initial dynamics of
charging up nanocapillaries.

• Chapter 5 will deal with electron statistics. The first section shows that
the setup which is constructed is indeed working. After that section,
results obtained on clean Au are presented. The later sections deal with
the creation of insulator layers of C60 on Au and the effect that has on
the electron yield.

• Chapter 6 will contain the final conclusions regarding the nano capillaries
and electron statistics.




