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Chapter 6

Summary

When slow, highly charged ions interact with surfaces, they interact in general
only with the topmost layer of the surface. During this interaction many dif-
ferent and complex processes occur. Although a lot of research has been done
on the interaction of HCI’s interacting with surfaces, there remain many open
questions, for example the exact role of the surface electronic structure.

In order to get a better understanding of the processes which take place
when an ion approaches a surface, several experiments have been done and
described in this thesis. Upon approaching the surface, a highly charged ion is
neutralized within a few to tens of femto–seconds only. The ions will resonantly
capture electrons from the surface at a certain distance above the surface, which,
depending on the charge state of the ion, can be up to many tens of atomic units.
These electrons are not captured into the inner shells but in the outer shells,
thereby creating the so called hollow atoms. Relaxation of this hollow atom
then takes place by means of Auger processes. Even though this scenario is
nowadays widely accepted, the details of the electron dynamics are not yet fully
known. In order to get a better understanding of these dynamics, the electrons
(and X–rays) emitted during relaxation of the hollow atom can be used as a
diagnostics tool.

In this thesis two different topics have been addressed which provide more
insight into these processes. In chapter 4 the dynamics of the guiding capacities
of nano-capillaries are studied. The nano-capillary targets exist out of circular
holes through an insulating foil, with typical capillary diameters of hundreds
of nanometers and lengths in the order of tens of micrometers i.e. a factor of
100 longer than wide. These nano-capillaries exhibit the remarkable property
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Figure 6.1: Schematic picture of ion guiding though nano-capillaries. Here,
figure a to d show the initial dynamics and e corresponds to the equilibrium
state. The aspect ratio (length over diameter) is severely reduced in this picture.

of deflecting the trajectories of the incoming ions towards their main axis. The
deflection is caused by charge patches inside the nano-capillary which are created
by the ion beam itself. Therefore, the deflection occurs without the need for
any external electric or magnetic fields.

Two different aspects have been studied: the applicability range of the scal-
ing laws used to describe the guiding properties of capillaries and the initial
dynamics of ion guiding by a capillary. In order to characterize the ion guiding
of nano-capillaries a characteristic angle is generally used. At this character-
istic angle the fraction of transmitted ions is equal to 1/e as compared to the
maximum transmission (i.e. 0◦ tilt angle). According to the scaling laws this
characteristic angle is governed by the charge and kinetic energy of the incoming
ion only and is independent of the ion species used. In this thesis it is shown
that not only for low energies this holds, but also for energies up to 50 keV.
Apart from the fact that it was shown that the scaling laws are valid in this
regime, it also allowed to determine the dependency of the characteristic angle
on the q/E ratio more precisely.

The characteristic angle can be measured only after the charging up of the
nano-capillary has reached full equilibrium. Before reaching full equilibrium
however, a lot of dynamics is going on. This dynamics becomes visible in the
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angular distribution of the ions exiting the capillary. Instead of more and more
intensity just passing through, it turns out that the average angular position of
the transmitted ions is moving in an oscillatory way. The results indicate that
initially the ion beam overshoots the tilt angle of the capillary, meaning that
they are deflected over a larger angle than expected from the tilt angle with
respect to the beam axis and the aspect ratio. A possible scenario is shown in
figure 6.1: the ions are reflected deeper inside the capillary, allowing a deflection
angle larger than the tilt angle. After collecting more charges, the main intensity
starts to move to the other side of the capillary, which would then correspond to
two deflections inside the capillary. This process goes on a few times until the
equilibrium is finally reached: here there is only one major patch close to the
entry of the capillary deflecting the ions towards the main axis of the capillary.
It turned out that the oscillatory behavior is a general property of the capillaries
made of PET, and in main essence behaves the same for different diameters.

The second topic addressed in this thesis is the secondary electron emission
from highly charged ions interacting with surfaces. The electrons are emitted by
a variety of processes. These processes can be divided into two major classes:
kinetic emission and potential emission. The kinetic emission occurs when a
particle hits the surface with enough energy and transfers this energy to the
surface in order to emit electrons. The potential emission however is driven by
the potential energy an ion carries.

In order to be able to measure electron yields, from as well kinetic as poten-
tial emission, a new setup called IISIS was designed, constructed and tested at
the KVI. First, as an experiment to test the new setup, Ar and Xe ions with dif-
ferent charge states ranging from q=4+ to q=26+ impinging on a clean Au(100)
surface were used. The measured electron yields turn out to depend linearly on
the potential energy of the incoming HCIs, in line with earlier experiments. Also
on an absolute scale the determined secondary electron yields agree with exist-
ing data. This leads to the conclusion that the experimental setup performs as
expected and can be used reliably for measurements of electron yields.

Assuming that the emission of secondary electrons in the interaction of HCI
with the surface is statistical, it should obey a Poisson distribution. From the
experiments it became clear that especially for low incidence angles, a single
Poisson was not sufficient to describe the full data. This can be explained when
specific groups of ions can undergo different scattering trajectories. Each class of
trajectories is likely to give rise to different electron yields. Using three different
classes it was possible to describe the data fully. For high incidence angles
the penetration of the surface by the HCI is the most significant contribution,
whereas for lower angles binary scattering starts to play a larger role as well as
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the along the surface trajectories. Before final conclusions can be drawn on this
specific topic however, more measurements and trajectory calculations should
be performed.

To continue the investigation on electron dynamics and in particular its
connection to the electronic structure of the surface, surface properties were
changed. Instead of taking a completely different sample, monolayers of C60

were evaporated on Au(100) and Au(111). C60 has the property that it pos-
sesses, although narrower, a band gap similar to insulators. By evaporating
layer by layer, it was possible to study the electron yield while going gradually
from a metal towards an insulator. The thin films of C60 show the remarkable
effect of having a higher electron yield than Au. The increase in secondary
electron yield is no less than ∼35%. This value is reached after 2–3 ML of
C60, while already after 1 ML of C60 ∼ 75% of the increase is reached. For
the increase, several scenarios can be thought of. Since the C60 has a bandgap,
the resonant ionization channel is closed for some time. When the resonant
ionization is blocked, no electrons are lost back to the surface, meaning more
electrons can undergo autoionization. At the same time however, the ionization
potential of an insulator is larger than the work function of a metal. According
to the classical over-the barrier model this implies that the distance where the
first electron is captured is closer to the surface for an insulator than for a metal.
This results in less time available for the ion to relax, and as a result of that
one would expect a lower yield.

A second scenario involves the electronic structure as well: as shown in fig.
5.27 a monolayer of C60 has an increased density of states close to the Fermi
edge. This might serve as a source for electrons for the incoming ion, thereby
making it possible to emit more electrons.

Another possible scenario that might explain the increase in electron yield
involves the molecular structure of C60. C60 has a very open structure, which
might allow the electrons to escape even after the HCI penetrated the C60

surface. This would result in an increase in electron yield since a fraction of the
electrons which are emitted below the surface are still capable of being detected.

To identify the reason for the increase in electron yield and figure out which
of the scenarios is more likely to occur, more experimental and theoretical work
is needed. From the theoretical point of view it would be interesting to study the
blocking of the resonant ionization and escape depth of electrons from thin films
of C60, whereas from an experimental point of view it would be interesting to
investigate the changes as function of coverage and energy. Also investigations
where the electron number distributions as function of incidence angle is studied
might give insight, since the question still remains for the C60 films where the
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electrons come from. This question might be partly answered by the same
technique as used in chapter 5 on clean gold.

In the future, the experimental setup will be moved to GSI where eventually
slow fully stripped U92+ ions will become available at the HITRAP facility. For
a U92+ ion the potential energy is huge, namely in the order of 1 MeV. Therefore,
the kinetic energies of the ions (≤100 keV) will be at least an order of magnitude
smaller than the potential energy. This gives access to mainly potential emission
driven processes, and therefore information about the neutralization process
and the electron dynamics of hollow atoms under the most extreme conditions.
Several aspects are interesting and so far not yet observed. The main question
will be, will the \general trends’ shown in chapter 5 continue for these extremely
high charge states or will there be a deviation? Intuitively one would expect
that the ion does not have enough time left anymore in front of the surface to
fully relax. Also the surface will play a role: will the surface and in particular
thin films be able to supply several hundreds electrons to the place where they
are leaving the surface?

Apart from the Au itself, the measurements can then also be performed on
for example C60. Here it will be extremely interesting to evaporate layers again
instead of taking a single crystal insulator. This way it can be investigated
how the bulk material is influencing the electron yield from ions impacting on
a surface.




