
 

 

 University of Groningen

Dynamics of highly charged ions interacting with surfaces
Bodewits, Erwin

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bodewits, E. (2010). Dynamics of highly charged ions interacting with surfaces. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/1f515a3a-dd75-4d25-a2bf-58974c61bb87


Dynamics of

Highly Charged Ions

Interacting with Surfaces



This work is sponsored by the Helmholtzzentrum für Schwerionenforschung
GmbH (GSI), Germany – KVI University of Groningen collaboration agree-
ment and the FOM-EURATOM association agreement. The ‘Stichting voor
Fundamenteel Onderzoek der Materie’ (FOM) is financially supported by the
‘Nederlandse organisatie voor Wetenschappelijk Onderzoek’ (NWO).

Printed by: Drukkerij A4, Groningen.



RIJKSUNIVERSITEIT GRONINGEN

Dynamics of
Highly Charged Ions

interacting with surfaces

Proefschrift

ter verkrijging van het doctoraat in de
Wiskunde en Natuurwetenschappen
aan de Rijksuniversiteit Groningen

op gezag van de
Rector Magnificus, dr. F. Zwarts,
in het openbaar te verdedigen op

vrijdag 3 december 2010
om 14.45 uur

door

Erwin Bodewits

geboren op 20 november 1982
te Hoogezand-Sappemeer



Promotor: Prof.dr.ir. R.A. Hoekstra

Beoordelingscommissie: Prof. dr. F. Aumayr
Prof. dr. N. Stolterfoht
Prof. dr. R.G.E. Timmermans

ISBN: 978-90-367-4672-4 Printed version
ISBN: 978-90-367-4673-1 Electronic version



Contents

1 Introduction 1
1.1 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Electron dynamics
relevant to HCI-surface interactions 7
2.1 Charge transfer processes . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Classical over-the-barrier model . . . . . . . . . . . . . . . . . . . 12

2.2.1 Insulating surfaces . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Level shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 Capillaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 IISIS 21
3.1 Ion deceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Electron detection . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Sample holders . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 Thin film production . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5 Time of flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Ion guiding through nano capillaries 35
4.1 Intro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . 36
4.1.2 SurPhyn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1.3 Electrostatic analyzer . . . . . . . . . . . . . . . . . . . . 39

4.2 Scaling laws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 Dynamic properties of guiding . . . . . . . . . . . . . . . . . . . . 46

4.3.1 200 nm PET . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.3.2 400 nm PET . . . . . . . . . . . . . . . . . . . . . . . . . 49

i



ii CONTENTS

4.3.3 Comparison 200 and 400 nm . . . . . . . . . . . . . . . . 52
4.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Total electron yields 57
5.1 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.1.1 Electron spectra . . . . . . . . . . . . . . . . . . . . . . . 60
5.1.2 Electron number distributions . . . . . . . . . . . . . . . . 64

5.2 Electron emission from hollow atoms at Au surfaces . . . . . . . 74
5.3 Hollow atom dynamics on thin films of C60 on Au . . . . . . . . 86
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6 Summary 93

7 Samenvatting 99

8 Dankwoord 107

Appendix A: Atomic units 111

Appendix B: Potential energies 113



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
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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.





Chapter 2

Electron dynamics
relevant to HCI-surface
interactions

The interaction of ions with surfaces is a very complex, dynamical many-body
problem, which is especially true for highly charged ions (HCI) interacting with
a surface. For that reason, a rigorous theoretical description of the ion surface
interaction is beyond the scope of this thesis. In this chapter an overview of
different processes of ion-surface interactions relevant to the understanding of
the experiments presented in this thesis is given.

In section 2.1 the charge transfer processes are described, whereas 2.2 de-
scribes the classical over the barrier model.
In order to investigate the neutralization of HCI’s metallic nano-capillaries were
introduced. Here the idea was that an ion does not have enough time to become
fully neutralized and deexcitated, allowing investigations to be done [30, 31].
Soon afterwards however, the amazing fact was found that ions could be guided
through insulating capillaries without losing energy or charge. Section 2.4 deals
with these nano-capillaries. All the units in this chapter are atomic units (a.u.)
unless specified otherwise.

7
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Figure 2.1: Electronic transitions between a surface and an ion. a: resonant
neutralization (RN) and resonant ionization (RI). b: Auger neutralization (AN).
c: Auger deexcitation (AD). d: collective excitations. For more details see text.

2.1 Charge transfer processes

Resonant transitions

When an ion approaches a surface, the potential barrier between the ion and
surface decreases. At a certain point (defined in section 2.2) electrons can
be resonantly transferred from and to the target. In the first case, when an
electron is transferred from the surface to the ion, the process is called resonant
neutralization (RN). In the second case, where an electron is removed from the
ion thereby ionizing it even more, the process is called resonant ionization (RI).
Both processes are shown in fig. 2.1(a). In this process no electrons are emitted.
The rate ΓR of the resonant electron transfer process from a solid perturbed by
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the presence of an ion of charge q at a distance z in front of the surface is given,
in the first order, by Fermi’s golden rule (see e.g. [20]):

ΓR = 2π|Hf,i|2ρf , (2.1)

where ρf is the density of states of the metal resonant with the energy of the
final atomic level, and Hf,i gives the coupling between the metallic state ψi and
the atomic state ψf :

Hf,i =
⟨
ψf

∣∣∣−q
r

∣∣∣ψi⟩ , (2.2)

where the operator is the Coulomb potential of the ion nucleus acting on an
electron at distance r. Since the initial and final wavefunctions are located
at different centers and drop exponentially with increasing distance from the
surface, so does the matrix element Hf,i. Therefore, for sufficiently large z, the
resonant transfer rate ΓR will also drop exponentially:

ΓR(z) = ΓR(0)e
−αRz, (2.3)

where ΓR(0) denotes the maximum rate, at z = 0, and αR is the decay length
of the matrix element Hf,i. Typical ΓR(0) rates range from 0.01 to 0.1 a.u.
(1014 − 1015 s−1).

Auger neutralization

When an electron is captured by the projectile into a more strongly bound state,
and another electron from the target is ejected into the vacuum using the avail-
able energy. This process, called Auger neutralization (AN), is schematically
shown in fig. 2.1(b). The maximum kinetic energy Ek of the emitted electron
occurs when both electrons originate from the Fermi level of the target and is
given by Ek = Eb − 2W . Here Eb is the binding energy of the electron in the
projectile and W the work function of the target. Just like for resonant transi-
tions, the Auger neutralization rates depend on the coupling between the final
projectile state |ψf ⟩ and the initial state at the target ⟨ψi|. The coupling matrix
Hfi however, is now determined by the repulsive electron-electron interaction.
For large z, the Auger neutralization rates decay exponentially, just like in the
case of resonant transitions

ΓAN (z) = ΓAN (0)e−αANz. (2.4)

For small z the structure of the wave functions has to be taken into account.
Typical Auger neutralization rates ΓAN (0) are in the range between 0.01 and
0.5 a.u. [32].
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Auger de-excitation

Similar to Auger neutralization, an electron from the target is captured into a
stronger bound state of the projectile. However, instead of ejecting an electron
out of the target, a less bound electron is emitted from the projectile. The
maximum energy is Ek = Eb − W − E

′

b, where Eb and E
′

b are the binding
energies of the electrons in the stronger and weaker bound state, respectively.
Since this process is quite similar to Auger neutralization, the rates for Auger
de-excitation are comparable to the Auger neutralization and range between
0.01 and 0.5 a.u. The Auger de-excitation process is shown in fig. 2.1(c).

Collective excitations

Collective excitations are processes in which a conduction band electron is trans-
ferred into a lower lying level in the incoming ion, while the energy difference is
used to excite a plasmon (Fig. 2.1(d)). The energy of the plasmon is provided by
the potential energy released by the neutralization of the ion Ep = EI −W − ϵ,
where ϵ is the energy of the conduction band electron, and EI is the ionization
energy of the final atomic state. As no electrons are emitted during this process,
the creation of a plasmon shows up as a dip in the energy distribution of sec-
ondary electrons emitted during ion bombardment of the surface. The collective
excitations play only a minor role however compared to the other processes [33].

Autoionization

In order for autoionization to take place, two electrons are required in an excited
state of the projectile (see fig. 2.2(a)). When one of the electrons falls to a
stronger bound state in the projectile, the excess energy is used to eject the other
electron into the vacuum. The energy of this electron is given by Ek = Eb−E

′

b,
which is the difference in binding energies between the initial and final state.
Just like the decay rate for resonant transitions (eq. 2.1), the autoionization
decay rate is given by Fermi’s golden rule. In this particular case however, the
density of final states is purely atomic and therefore well defined. This results in
electrons being emitted with well defined discrete energies [34, 35]. Furthermore,
since autoionization is an intra-atomic process, the distance to the surface does
not play a role in the decay rate until the ion approaches the surface very closely.
Depending on the states involved, typical rates range between 0.001 and 0.01
a.u.
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(a) (b)

Figure 2.2: Transitions which involve the ion only. A: Autoionization. B:
Radiative decay. For more details see text.

Radiative decay

Another way of how an ion can de-excite is by means of radiative decay. In this
process a photon is emitted, carrying away the excess energy when an electron
is transferred to a stronger bound state. This process is depicted in fig. 2.2(b).
The wavelength of this emitted photon is given by λ = hc/(EB − E

′

B), where

EB and E
′

B are the initial and final state binding energies. The rate of radiative
decay is dependent on the nuclear charge Z and increases for hydrogen-like
wave functions as Z4. Therefore, this process becomes more important for the
heavier and more highly charged ions. Typical rates for hydrogen like ions are
ΓP ≃ 4 · 10−7Z4/n4.5.
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2.2 Classical over-the-barrier model

The classical over-the-barrier (COB) model was originally developed to describe
the charge transfer between atoms and multiple charged ions [36]. Later on, this
model was extended to describe the interaction of multiply charged ions in front
of surfaces [37]. This section describes the main ingredients of this model.

According to the classical over-the-barrier model, electrons are resonantly
captured from a surface into the atomic levels of an incoming ion, as soon as
the potential barrier is reduced below the work function W of the surface. The
reduction of the ion charge by the electron capture is increasing the height of
the potential barrier on its turn, making it necessary for the ion to approach
the surface closer again in order to repeat the process of electron capture. This
way, multiply charged ions lose their charge in a stepwise manner by consecutive
capture of conduction or valence electrons. At the same time, electrons can be
resonantly lost to unoccupied states of the surface as well, which is also taken
into account by the COB model. Also the subsequent ion relaxation of the
excited ion is taken into account. Putting all this together, the neutralization
distance in front of a surface and the atomic levels in which the electrons are
captured can be evaluated as briefly summarized in the following.

The potential barrier between the surface and the ion as seen by an electron
-e, is created by the potential of the ion with charge state +q and the potential
of the image charges of the ion -q and the active electron +e, as shown in fig.
2.3. The image charges are formed when an ion is in front of the surface and
attracts free electrons in the target towards the surface. This creates an electron
cloud which screens the surface from the incoming ion. In the adiabatic limit,
when the velocity of the ion vi is much smaller than the Fermi velocity vf of

Figure 2.3: Classical screening of a charge in front of a conductor
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Figure 2.4: The potential VT for a ion with q = 10 at a distance of 50 a.u. (left
figure) and 24 a.u. (right figure) of the surface.

the target electrons, the screening effect of the electron cloud can classically be
described by an electrostatic potential Vi. In order to use this concept, an image
plane needs to be defined. Because there is no hard limit of where the surface
starts or ends, the jellium edge is taken for this purpose and is defined as the
point where the target electron density is dropped to half its original value [38].
Typically this distance is approximately half an atomic layer above the topmost
atomic layer.

The total potential VT experienced by an electron at a distance r in front of
a surface, is then formed by the sum of the ion potential at distance +z from
the surface, the ion image potential positioned at -z and at a distance D of the
electron and the self image potential of the electron at a distance of 2d (see fig.
2.3). In order to simplify this picture, the electron is assumed to be positioned
between the ion and surface. Using the substitutions r = z − d and D = z + d,
one finds the one dimensional potential

VT = − q

z − d
+

q

z + d
− 1

4d
. (2.5)

Figure 2.4 and 2.5 show the total potential VT for a ten–fold charged ion when it
is located at z = 24 a.u. and at z = 50 a.u. in front of the surface. The typical
work function for a metal, which is around 5 eV, is also shown for illustrative
purposes.

The distance at which resonant electron capture starts, the so called critical
distance z0 can be estimated as follows: first the position of the saddle point is
determined, by setting the derivative of the total potential to zero, i.e. ∂VT /
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Figure 2.5: Intersection of figure 2.4 along the ion-surface normal. Also shown
is the typical work function for a metal. As can been seen, at a distance of 24
a.u. electrons can go over the barrier for an ion with q = 10.

∂d = 0. To a very good approximation, the position of the saddle point is then
given by [37]

ds =
z√

8q + 2
≈ z√

8q
. (2.6)

Inserting this distance back into equation 2.5, one finds the potential at the
saddle point position to be

Vs = −
√
8q + 2(16q + 1)

4z(8q + 1)
≈ −

√
2q

z
. (2.7)

Setting this potential equal to the work function W of the surface, gives the
distance zc at which renonant electron capture takes place according to the
COB model

zc =

√
8q + 2

2W
≈

√
2q

W
. (2.8)

The principal quantum number n of the state into which first neutralization
takes place can be calculated in a hydrogenic approximation and is found to be
[1]

n =
q√
2W

(
1 +

q − 1
2√

8q

)− 1
2

≈ q

2
√
W
. (2.9)
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The image charge interaction introduced above does not only influence the total
potential experienced by an electron (eq. 2.5), but also interacts with the ion.
Due to this image charge, the ion accelerates towards the surface. The force
exerted on an ion with charge q and at distance z from the surface equals
q2/(4z2). Assuming single electron capture (stepwise capture) and full shielding
of one unit of charge of the incoming ion, the total image energy Eim gained by
the ion is [1]

Eim =

∫ zn

∞
− q2

4z2
dz ≈ q3/2

3

W√
2
. (2.10)

The velocity gained puts a lower limit on the energy at which an ion ap-
proaches a surface and thus setting a maximum on the time the ion can spend
in front of the surface before impact. For very slow, highly charged ions, this
can also have a dramatic effect on the impact angle on a surface as well. For
U92+ ions approaching a metal surface, which is a system foreseen to be studied
in the future at GSI, the “image” energy is 1 keV.

2.2.1 Insulating surfaces

When going from a metallic to an insulator surface, the dielectric response has
to be considered [39]. Incorporating this into the classical over the barrier model
modifies the total potential (eq. 2.5) as follows:

VT = − q

z − d
+

(
q

z + d
− 1

4d

)
ϵ− 1

ϵ+ 1
. (2.11)

The change in total potential also changes the distance at which an electron is
captured. The modified electron capture distance for an insulator is given by

zc =
1

2(ϵ+ 1)I

√
8qϵ(7 + ϵ), (2.12)

where I is the ionization potential. Fig. 2.6 shows what kind of effect these
modifications (reduced dielectric response and higher electronic binding energies
of the target) have by comparing LiF (ϵ ∼ 9, I = 11.8 eV) to a typical metal
(W ∼ 5 eV)

2.3 Level shifts

The image charge interaction introduced in the previous section does not only
attract an ion towards the surface, but also causes a shift in the binding energies
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Figure 2.6: Left: the potential experienced by an electron in front of an insu-
lating surface with ϵ=9, I =12 eV. The location of the ion (q = 10) in front of
the surface is where the first capture takes place according to eq. 2.12. Right:
Same, but for a metal with W = 5 eV and a critical distance according to eq.
2.8.

in the ion. This is caused by the fact that the electron involved feels its own
attractive image charge as well as the repulsive image charge of the ion. When
the distance R between the ion and surface is still over a few a.u., the shift in
binding energy is in first order given by [3]

∆E =
2Z − 1

4R
, (2.13)

where Z is the effective charge seen by the electron. Fig. 2.7 shows an ex-
ample for a doubly excited helium atom, where Zeff is taken to be 1.65 [35].
This change in binding energy can thus cause a shift in the level towards the
fermi level of the surface, thereby prohibiting resonant neutralization and/or
promoting resonant ionization.

In the moving frame of the ion, the target density of electronic states differs
with respect to the density of states in the laboratory reference frame. In
general, this effect is described from a momentum point of view, using a Galilean
transformation [3, 35, 40]. In the laboratory reference frame, the electrons of
the target are occupying the Fermi sphere, whose center lies at the origin. In the
moving frame of the ion however, this center is shifted in the opposite direction
of the ion velocity. Due to this Galilean shift, the energy of the electrons is
transformed according to

E(v⃗) =
1

2
v2 = EF − v⃗F · v⃗i +

1

2
v2i , (2.14)
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Figure 2.7: On the left side the shifted DOS of a metal due to the velocity of the
ion is shown, as well as the unperturbed DOS (dotted). The right side shows
the shift in binding energy due to the image charge interaction.

where vF is the Fermi velocity and vi the ion velocity For grazing incidence
scattering the Fermi sphere shift due to vi⊥ can be neglected, and vi ≈ vi∥.
As a result of the shift due to the velocity of the ion, the energy of the Fermi
electrons varies in the range between [41]

1

2
(vF − vi)

2 ≤ EF ≤ 1

2
(vF + vi)

2. (2.15)

It can be shown that the occupation probability g(E, vi) of metal states with
energy E for an ion velocity vi, in the moving ion reference frame, is given by
[40]

g(E, vi) = 1 0 ≤ ε ≤ (1− ν)2.

=
1

2
+

1− ν2

4ν
√
ε
−

√
ε

4ν
(1− ν)2 ≤ ε ≤ (1 + ν)2.

= 0 ε ≥ (1 + ν)2. (2.16)
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where ν = vi/vF and ε = E/EF are the relative velocity and energy. In figure
2.7 a modified density of states is shown for a moving ion in front of a typi-
cal metal surface. Due to the modified DOS, a moving ion sees a lower work
function, which allows electrons to be resonantly captured from the surface at
a larger distance compared to a non moving ion. This on its turn gives the ion
more time to capture electrons, thereby emitting more electrons as well.

2.4 Capillaries

In order to understand the guiding of ions through capillaries, fig. 2.8 is often
used as a sketch of the generic scenario. Two different regions are considered,
referred to as the scattering and guiding region. The guiding region is sometimes
referred to as the exit region as well. In the scattering region the ions interact
with the walls of the capillary, creating a so called entrance patch. It is assumed
that most of the deposited charge is located at or near this entrance patch. The
deposited charge creates an electric field, thereby deflecting the ions. Inside the
capillary however, the electric field is assumed to play a minor role due to the
fact that an infinite tube with homogenous charge distribution is field free. At
the exit of the capillary however, this symmetry is broken, which introduces a
defocusing electric field. Although fig. 2.8 sketches a relative simple picture, the
actual modeling of the guiding through capillaries is not. The main difficulty

Figure 2.8: The ions enter the capillary from the left, depositing charge on the
wall. After a few ions hit the wall the entrance patch is strong enough to deflect
the further incoming ions.
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lies here in the fact that simulations would need to cover a process where the
fastest process is 18 orders of magnitude faster than the slowest: the microscopic
charge up and hopping of charge takes place on a time scale of (sub)fs, whereas
the characteristic (bulk) discharge time of the capillaries can take up to ≥ 103s.
In between these time ranges, the ion passes through the capillary (10−10s) and
other ions enter/interact with the same capillary (10−1s). Since it is impossible
to simulate this at present, instead simulations are done which try to interrelate
the microscopic description of ion-surface impact with macroscopic properties
of charge-up and transport [42, 43].

Although a detailed description of the charge-up and guiding of ions through
nano capillaries is beyond the scope of this thesis, a short description of the
deflection in the scattering region and the defocusing at the end of the guiding
region is given below.

Scattering region

In order to find the fraction of transmitted ions through a capillary, we take into
account the incident current Jin entering the capillary, the discharge current
Jdis due to the bulk and surface conductivity and the propagated current Jp
transmitted through the capillary. The incidence charge is allowing the charge
patch Qacc(t) to grow (acc in the subscript for accumulated), but will eventually
be limited by the discharge and transmitted current. The time evolution of this
charge patch, assuming a constant beam current coming in, is given by [44]

dQacc(t)

dt
= Jin − Jdis(t)− Jp(t). (2.17)

At first Jdis was taken proportional to the accumulated charge Qacc. How-
ever, this did not account for the fact that the transmitted fraction of ions
decreased noticeably with increasing incidence angle. Therefore, an exponential
dependence of the discharge current Jdis on the square root of the charge was
adopted [45]:

Jdis(t) =
Qacc(t)

τdis
e

√
Qacc(t)
Qdis

.
. (2.18)

Here, Qdis is a charge constant and τdis the time constant characteristic for the
capillary discharge.

From experiments done [44, 45], it turned out that current which propagated
through the capillary Jp, depended exponentially on the perpendicular ion en-
ergy E⊥ = Epsin

2ψ with Ep the energy of the projectile and ψ the incidence
angle. In this case, the ion is lost if its perpendicular energy E⊥ is higher than
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qU with q the charge of the incoming ion and U the potential in the scatter-
ing region. Using this fact, the potential inside the capillary was replaced by
the deposited charge and a capacity, Ce = Qd/U , which gives the fraction of
transmitted ions

f(ψ) = f0e
−CeEp

qQd
sin2ψ

. (2.19)

Here f0 is determined empirically and is the fraction of ions transmitted at
ψ = 0. Defining ψc ≈ sin2ψc = Uq/Ep, where ψc is the so called characteristic
guiding angle, the fraction of transmitted ions takes the simple form

f(ψ) = f0exp

(
− sin2ψ

sin2ψc

)
(2.20)

At ψc the intensity drops to a value of 1/e with respect to the intensity at 0◦

incidence angle.

Exit region

From experiments it became obvious that the angular distribution of ions prop-
agated through the capillaries is larger than expected from merely the aspect
ratio of the capillaries [44, 46, 47]. In order to describe this, the angular dis-
tribution dY/dΩα of the transmitted ions is introduced. Similar as in eq. 2.20,
the exponential function

dY (α)

dΩα
=
dYmax
dΩ

e
− Ep

qfUt
sin2α

. (2.21)

describes the transmitted fraction. Here α is the emission angle relative to the
capillary axis, and qf the final charge state of the projectile emerging from the
capillary. Making the same substitution as done for the transmitted fraction,
this gives the Gaussian equation

dY (α)

dΩα
=
dYmax
dΩ

e
− sin2α

sin2αt . (2.22)



Chapter 3

IISIS

All the experiments described in this thesis have been performed at two differ-
ent experimental setups at the ZernikeLeif facility. The SurPhyn setup is an
already longer existing setup, which is extensively described elsewhere [34, 35].
The adaptations made to SurPhyn in order to be able to do measurements on
capillaries are described in section 4.1.2. At the same time a new setup, named
IISIS (Inelastic Ion Surface Interactions Station), was developed as an experi-
mental station for the HITRAP facility at GSI. There, eventually the main goal
will be to decelerate U92+ down to a few keV, allowing for the very first time
to have very slow, fully stripped U ions available for experiments. This would
give access to ions which have a much larger potential energy (MeV) compared
to the kinetic energy (keV), allowing to investigate potential driven processes
with the highest charge states available.

The central vacuum part of the IISIS chamber is a CF150 6-way cross.
Mounted on this 6-way cross are a manipulator (VG Scienta, type HPT-RX
Z-module with a MRXXY12 XY stage), a deceleration system, an electron
statistics detector, and two clusterflanges onto which surface preparation and
analysis equipment are mounted. The surface preparation equipment consists
of an UHV evaporator and a quartz microbalance. The surface analysis is done
by means of time of flight (TOF) spectroscopy.

The IISIS setup is connected to the main ion beam line by a differential
pumping stage and a 45◦ bending magnet. The pressure in the beamline is in
the 10−8 mbar and in the differential pumping stage somewhere in the 10−9

mbar. The pressure in the main chamber is in the low 10−11 mbar regime and
kept there by a 400 l/s ion getter pump. During electron statistics experiments

21
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Figure 3.1: Photograph of the IISIS setup.

the ion pump is switched off and the system is kept at a low pressure by a 360
l/s turbo molecular pump. This pump is also used to pump down the system
during bake-out of the system.

The manipulator which is mounted on top of the setup, has three transla-
tional degrees of freedom, x, y and z. The XY module is a precision stage (VG
scienta, type MRXXY12 with MRXMIC05 installed on it for 5 µm resolution).
It has a maximum travel of ±12.5 mm vectorially. The Z value can be changed
by ∆z=150 mm. Apart from the three translational degrees of freedom, there
are two rotational degrees of freedom. One allows to change the angle of inci-
dence by 360◦, while the other one can be used to change the azimuthal angle.

The sample holder can be heated by resistive heating, where the maximum
temperature mainly depends on the size of the sample holder used. Alterna-
tively, an electron bombardment heating unit can be mounted instead of the
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Figure 3.2: Schematic view of the IISIS setup. Indicated are the manipulator
(top), pumps (differential pumping left side, main pumps of the chamber below
the main chamber) and surface analysis tools (mounted on a cluster flange).
The diaphragms and lenses are shown, as well as the electron statistics detector
and the grid in front of it. For further details see text.

resistive heating.

3.1 Ion deceleration

The ions extracted from the ECR ion source have an energy ranging from 3 to
25 keV/q. In order to be able to do experiments with lower kinetic energies,
the whole setup can be floated on a high potential. The actual deceleration and
focusing takes place in four electrostatic lenses placed at the entrance of the
chamber (see figure. 3.2). Before the lenses were constructed, simulations of
the ion trajectories have been performed in SimIon R⃝ [48]. All the simulations
have been performed with a starting energy of 7 keV/q. The simulations show
that for energies down to 300 eV/q (∼ 0.04∗E0) approximately 80% of the beam
will still be transferred and hit the sample. It should be kept in mind though,
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(a)

(b)

Figure 3.3: 7 keV/q ions decelerated to 1 keV/q with (a) and without (b) using
the focusing lenses.

that this is for an initial beam with a diameter of 2 mm and a divergence of 1◦

(35 mm.mrad). In this particular case, if the beam would not be decelerated
or focused, approximately 10% of the ions are transmitted through the last
diaphragm and hit the sample. This implies that the ion beam current of a
decelerated beam can be higher than the undecelerated unfocused ion beam.

In reality however, the beam which passes through the diaphragm in front of
the lenses is less divergent, since it is collimated by the two diaphragms in front
of the lenses. The distance between these two diaphragms is 740 mm. As the
first two diaphragms each have a diameter of 2 mm, this results in an emittance
of 6 mm.mrad. This would mean that the transmission of the decelerated ions is
in reality even more efficient than the simulations show. It is planned to install
the setup at the HITRAP facility at GSI, where the initial kinetic energy of
the ions will be 6 keV/q [49]. The beam emittance at HITRAP is specified
to be 10 mm.mrad, meaning that the overall efficiency of the lens system will
still be better than compared to the simulations. The simulations are thus a
conservative estimate of the efficiency of the deceleration lenses.

Figure 3.3a and b compare typical beam profiles of a decelerated beam with
and without using the focusing lenses. In this particular case a Xe30+ ion beam
is simulated, with an initial energy of 7 keV/q and a final energy of 1 keV/q.
For case (a) the lens settings are optimized such that the current on target
maximizes. In doing so the beam spot on target increases considerably.

Figure 3.4 summarizes the minimum transmission efficiency based on simu-
lations performed for a whole series of He2+ and Xe30+ ion beams, both with
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an initial energy of 7 keV/q. Since the transmission is more or less constant for
1000 eV/q and above, only the part from 10 eV/q to 1000 eV/q is shown here.
Although it is possible to decelerate the beam down to 10 eV/q with the lenses,
complications arise due to potentials on the electron-collector electrodes, which
are described in section 3.2.
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Figure 3.4: Transmission efficiency for a He2+ and Xe30+ ion beam decelerated
from 7 keV/q to the energy per q shown on the x-axis. For details see text.

The final kinetic energy of the ions Ei depends on the voltage on the ECRIS
VECR, the bias potential on the setup Vbias, the bias potential on the sample
Vsample compared to the rest of the setup, the charge state q and a small contri-
bution due to the plasma potential Vpp in the order of 10 eV/q [50]. The final
kinetic energy of the ions is therefore given by

Ei = q · ((VECR − Vbias) + (Vpp − Vsample)) (3.1)

This way, the whole range from nearly 0 to 25 keV/q can be covered.
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3.2 Electron detection

The electron statistics detector assembly is designed, built and commissioned
by the group of F. Aumayr (TU Wien). During the construction of IISIS it was
transported and built into the setup, allowing to combine the deceleration of
ions and measuring the number of electrons emitted upon the collision of an ion
with a surface.

The detector itself is a surface barrier detector (made by Canberra). When
an electron hits the active area of the surface barrier detector (SBD), this elec-
tron is registered as a pulse of a certain height, depending on the energy which
the electron deposits in the detector. The kinetic energy of the registered elec-
tron on its turn depends on the voltage at which the detector is operated and is
typically 30kV. Since the time scale at which electron emission from the HCI-
surface interaction takes place is around < 10−13− < 10−11 s [37], and the time
resolution of the detector is in the order of < 10−6 s, all n electrons emitted by
one single ion are registered as one event. This results in a pulse height of n
times the kinetic energy of the electrons.

After calibration of the detector, the pulse height provides information on
the number of electrons deposited on the detector. For low yields, (< 10 elec-
trons/ion), the individual peaks are still visible and can be used to calculate
the average yield (electrons/ion). For high yields however, the peaks are more
smeared out, thereby making it impossible to fit each peak individually. In this
case however, a gaussian function can be fitted to the data which can be used
to calculate the average yield, for details see section 5.1.2.

For both low and high yields, the probability of backscattering of one or
more electrons needs to be considered [51]. In the case of backscattering, not
all energy is deposited in the detector thereby causing the resulting pulse height
to be lower than expected (section 5.1.1).

Compared to the time resolution of the detector, the electron dynamics at
the surface is extremely fast. Therefore, the number of pulses per second is a
direct measure for the number of ions hitting the sample per second. However,
this is also a limitation for the detector, since it cannot handle too many ions per
second: assuming that 105 events per second can be handled by the detector,
this means that particle currents in the order of no more than 1 fA should be
used during the measurements. In order to achieve these very low currents,
detuning of beamline components was used.

When an ion hits a surface, the electrons are more or less emitted in all
directions. The 30 kV on the detector itself would be enough to attract all
the electrons, but this would also deflect the ion beam greatly, since typically
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(a) (b)

Figure 3.5: A typical simulation, showing the deflection of the incoming ion
beam (black) with a kinetic energy of 1 keV/q and the collection of the electrons
with an energy of 30 eV (red) towards the grid.

ion beams used have an energy of a few keV/q. To avoid this deflection, a
high transmission (geometric transmission 96%) grid is placed in front of the
detector, which is typically on a potential of 200 V. This solves the problem
of beam deflection when the ion beam has an energy of a few keV, but also
causes a decrease in collection efficiency, in particular of the more energetic
secondary electrons. In order to detect all electrons emitted by the process,
apart from the grid in front of the surface barrier detector 5 other electrodes are
installed around the target to optimize the collection efficiency (see fig. 3.5).
These 5 electrodes are on a negative potential, pushing the electrons away into
the direction of the grid which is biased positively. This way the detection
efficiency is optimized to make sure all electrons emerging from the surface are
attracted towards the detector. Typical values for the potentials applied are in
the order of a few hundred volts. This part has been simulated using SimIon R⃝
and a typical simulation is shown in fig. 3.5.

A second advantage of these electrodes is that the grid can be put on a lower
potential, allowing to go to lower initial ion beam energies. However, at very low
energies it cannot be avoided that the beam is deflected away from the detector
as can be seen as well in fig. 3.5. In order to compensate for this deflection, the
position of the target is changed. Also the incidence angle needs to be adjusted.
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3.3 Sample holders

For the electron statistics measurements a special sample holder was designed
(fig. 3.6). One of the main properties of this sample holder is that the width
compared to the original VG sample holder is greatly reduced. This way it
is ensured that ions are not hitting the sample holder but only the sample.
Especially for low kinetic energies this is required, since there the potentials on
the electrodes cause a broadening and deflection of the beam.

To reduce the size of this sample holder, only resistive heating is available.
The heating element is a home-made system and consists of a tungsten filament
isolated by ceramics. The temperature is measured by a thermocouple, placed
on the clip which fixes the sample on the sample holder.

Figure 3.6: The sample holder used on the IISIS setup. A gold sample is
mounted on the holder, where some evaporated C60 (black) is still visible. Also
visible are the thermocouple (left), the heating element (below the sample) and
the wire to measure the current on the target (copper wire).
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3.4 Thin film production

To be able to produce thin films ranging from a thickness of less than a mono-
layer up to bulk amounts of material, an Omicron evaporator (EFM3) is in-
stalled on the setup. The evaporator is in principle capable of evaporating any
solid material, but in this thesis it was used to evaporate C60 molecules on a
gold sample. In this case, a powder was put into the crucible which is heated
by electron bombardment heating. Assuming that a constant fraction of the
molecules is being ionized and emitted out of the crucible, a current can be
measured which is then a measure for the amount of molecules coming out of
the evaporator. Keeping this flux constant during evaporation allows one to
keep the deposition rate constant.

To characterize the beam profile and the amount of C60 coming out of the
evaporator a quartz microbalance (made by Tectra, type MTM-EK) on a linear
translation feedthrough was mounted under an angle of 90◦ with respect to the
evaporator. After careful alignment of the quartz microbalance and the evapo-
rator the deposition rate as function of position was measured. This was done
by moving the quartz microbalance through the beam of evaporated molecules
and measure the rate for a few minutes. The results are shown in fig. 3.7.
As can be seen in the figure the beam profile seems to behave like a gaussian
distribution. Ideally, a block function would be required, since this ensures a ho-
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Figure 3.7: Measured deposition rate as function of position of the quartz mi-
crobalance. The position was read out on the linear transfer stage on which the
quartz microbalance was installed and is therefore only a relative position.
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mogeneous distribution of the molecules on the surface. In order to still obtain
a homogeneous distribution, the sample was kept at an elevated temperature
during evaporation. Another fact which can be observed in the same figure is
that the spot size is large enough to ensure that the whole sample is covered.
The FWHM is around 8 mm, which is the same as the width of the sample.

In order to be able to read out the correct amount of C60 deposited on the
quartz microbalance, a few parameters have to be set. The parameters which are
needed are the density of the material which will be deposited (1.67± 0.02g/cm3

for C60 [52]) and the so called Z-factor. This Z-factor is given by

Z =

√
dqµq
dfµf

, (3.2)

with dq the density of quartz (2.648g/cm3), µq the shear modulus of quartz
(29.5 GPa/cm2). The quantities df and µf are the density and shear modulus
of the deposited film. The shear modulus is given by

µ =
E

2(1 + ν)
, (3.3)

where E is Young’s modulus and ν Poisson’s ratio. Filling in the numbers from
[52], one finds for the shear modulus of C60 a value of 4±1 GPa. This results
in a Z value of 3.4±0.5.

3.5 Time of flight

In order to be able to characterize the surface composition, a time of flight
system was installed at IISIS. When a particle hits the surface, it can be reflected
from the surface, or kick another atom out of the surface. Time of flight surface
analysis uses the fact that the kinetic energy of the outgoing particle Er depends
on a few parameters: the kinetic energy E0 of the incoming particle, the mass
Mp of the incoming particle, the mass Mt of the target particle and the angle
θ under which the outgoing particle is emitted. Since four of these parameters
are known (E0, Er,Mp, θ), the mass of the atom which was hit by the incoming
particle can be calculated. In case a reflection took place in a binary collision
with a target atom, the kinetic energy of the scattered particle is given by

Eref = E0

cosθ +
√
(Mt/Mp)2 − sin2θ

1 +Mt/Mp
. (3.4)
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Figure 3.8: Time of flight spectrum obtained for 7 keV Ar ions impinging under
6◦ on a partly C60-covered Au surface showing reflected Argon from gold and
carbon atoms. Also visible are recoiled carbon atoms.
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In case an atom was ejected from the surface, the energy of the recoil particle
is given by

Erec = E0
2cosθ

1 +Mt/Mp
. (3.5)

The time of flight system consists out of a set of chopper-sweeper plates and a
flight tube, with a channeltron mounted at the end. The chopper-sweeper plates
are installed right after the first diaphragm located behind the 45◦ magnet, at
a distance l1 of 1100 mm from the sample. The distance l2 from the sample to
the detector is 764 mm. The flight tube and detector are mounted under a fixed
angle θ of 13◦ with respect to the ion beam axis. With these parameters known,
the time which a particle needs to fly from the plates towards the detector can
be calculated. For a reflected particle this time is given by

Tref = l1/v1 + l2/v2 = l1/

√
2E0

mp
+ l2/

√
2Eref

mp
. (3.6)

In the case of a 7 keV Ar+ (mp=40 amu) ion being reflected of a Au (mt=197
amu) atom, Ar particles will arrive after 5770+4180 = 9950 ns. For a reflection
on carbon however, the time will be 5770+4610 = 10380 ns. For a recoil particle,
eq. 3.6 can be used as well, with Eref replaced by eq. 3.5. Since in this case a
particle is sputtered from the surface, this is much more likely to happen for the
scenario where mp > mt. In the case of carbon atoms, the recoil atoms would
arrive after 5770 + 2770 = 8540 ns. Figure 3.8 shows a measured spectrum
where some C60 (mt=12) has been evaporated on clean gold. Here, time of
flight was used initially to check whether or not the gold surface was atomically
clean and to see the (sub)monolayer growth of C60. Also clearly visible in fig.
3.8 is that the carbon peak is much broader than the gold peak. This indicates
that the surface is not as flat as the gold surface, which is not only caused by
the fact that the surface is not fully covered with C60: the peak remains broad
even after evaporating more C60 as well. Apart from that, the flatness is also
not really expected when thinking of the C60 as large buckyballs composed of
carbon atoms instead of a surface with atoms in a structured lattice.

To see the growth of the C60 monolayer, measurements have been done at
0, 0.2, 0.4, 0.6, 0.8 and 1 monolayer of C60, where the quartz microbalance was
used to determine when these values were reached. The results are shown in fig.
3.9. All the spectra are normalized to the highest point for reasons of clarity.

In order to perform the time of flight measurements, a pulsed beam is re-
quired. This is necessary to define a t=0 from where the measurement starts
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Figure 3.9: Time of flight spectra as function of deposited C60

and to be able to measure the time it took for a particle to fly from the chopper-
sweeper plates to the detector. In the case of IISIS this pulsed beam is made by
applying an AC voltage to one of the chopper plates, while having a constant
voltage on the opposite plate. The pulse used to measure the spectra shown in
fig. 3.9 had a period of 30 µs, a top-top voltage of 150 V and a width of 5 µs.
This way, the ion beam is deflected away from the central axis most of the time,
thereby not passing the next diaphragm. Only when the AC voltage is equal
to the applied DC voltage, the ions pass and enter the setup. Since the rise
and drop time of the AC pulse is around 20 ns, the pulses entering the setup
are extremely short. One of the big advantages of time of flight compared to
for example low energy ion spectroscopy (LEIS), which is the technique used in
Surphyn, is that the amount of ions required to characterize the surface compo-
sition is orders of magnitude lower and thus less destructive. Using the numbers
above, an estimation indicates that a measurement of around ten minutes allows
1 × 1012 ions to hit the surface when doing time of flight, whereas if the same
beam was not chopped like in the case of LEIS this would have been 1 × 1014
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ions. Taking into account that the surface density is in the order of 1014 − 1015

atoms/cm2 and the spot being hit is around 0.2 cm2, this would mean that in
the case of LEIS every atom on the surface is hit, whereas with time of flight
this is only 1% or less.



Chapter 4

Ion guiding through nano
capillaries

4.1 Intro

The first experiments using capillaries aimed to study features of the decay of
hollow atoms [53]. The capillaries were made of metal and thus conducting.
During the time the ion resides in the capillary, it captures a few electrons and
becomes a hollow atom. Upon leaving the capillary, the hollow atom still exists
[54]. This would give the oppertunity to study hollow atoms in vacuum instead
of nearby a surface.

In 2002 Stolterfoht and coworkers discovered that when using insulating
capillaries instead of conducting ones, the guiding of ions was possible through
polyethylene terephthalate (PET) polymers [45–47, 55–57]. Nowadays the cap-
illary guiding of keV ions is a very active field. Nebiki et al. [58] showed that
even a beam of 2 MeV/amu He+ ions can be focused by means of a single ta-
pered glass capillary. A few years later Yamazaki et al. [28] managed to obtain
a slow, focused, and still highly charged ion beam of 24 µm diameter, which is
still an active field of research [59, 60]. Nowadays, a new application is showing
up using these results, namely the targeted irradiation of specific parts within a
single biological cell [61]. Similar effects have been demonstrated for electrons
by Tanis et al. [62].

In the work described in this thesis fundamental aspects of the guiding phe-
nomenon have been investigated. In order to learn more about the guiding phe-

35
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Figure 4.1: Scanning electron microscopy images of (a) the capillaries in the
PET foil and (b) in the PC foil. The capillaries in (a) have a diameter of
100±10 nm and the ones in (b) have a diameter of 60±6 nm. The scale on the
right bottom side indicates 1 µm.

nomena and to characterize general guiding parameters, Ne7+ ions have been
used. The research done here was focused on two different aspects of guiding:
the general scaling laws and the initial dynamics of ion guiding through capil-
laries. To test the scaling laws the guiding in equilibrium was studied, while for
the dynamic properties the temporal behavior of the guiding was investigated
from the very first moment ions are entering the capillaries until equilibrium is
reached.

4.1.1 Sample preparation

Many foils with different capillary diameters as well as two different materi-
als were used to investigate the scaling laws. The polyethylene terephtha-
late (PET) foils were made at the Hahn-Meitner-Institut (HMI) (the present
Helmholtz-Zentrum Berlin), whereas the polycarbonate (PC) foils were made
at the Helmholtz-Zentrum für Schwerionenforschung (GSI).

The capillaries in PET were produced by etching the tracks produced by 250
MeV krypton ions [63, 64]. After this etching process a gold layer is evaporated
on the surface in order to prevent global charge up. The thickness of the PET
foils is 12 µm and the density of the capillaries is 4×106 capillaries cm−2. The
diameters of the capillaries used in this work were chosen between 60 and 400
nm, thereby covering quite a large regime.

The PC capillary foils produced at GSI are produced with a beam of 2 GeV
gold ions. The foil used to investigate the scaling laws has a thickness of 10
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Figure 4.2: One of the support frames holding the foil with the capillaries.
Notice that the tight fitting ring makes sure that the foil is kept flat: on the
outside of the ring loose hanging and curled ends of the foil are visible.

Figure 4.3: The target foil ladder which can hold 4 frames, allowing to look at
4 different samples without the need to vent the setup. On the right side a hole
with 2 mm diameter is visible which is used to find the center of the target foil
ladder and checking the beam size.

µm and a capillary density of 107 cm−2. The diameter of the capillaries in
this PC foil is 60±6 nm. Figure 4.1 shows scanning electron microscopy images
of PET and PC foils used to investigate the scaling laws. For demonstrative
purposes spots were chosen where relatively many capillaries are visible. In
reality the average spacing between two adjacent capillaries is in the order of 3
µm, meaning that it is not very likely that the capillaries overlap each other.

To mount the foils in the setup, the foils are fixed in a circular frame (fig.
4.2). This frame also ensures that the foils are stretched and not folded when
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mounted inside the vacuum chamber. The frames itself are mounted on a ladder
(fig. 4.3), allowing four frames being mounted at the same time. The inner
diameter of a single frame is 7 mm, allowing to use 5 “fresh” spots in a cross like
shape, i.e. spots which have not been irradiated before. Using this configuration,
two of the spots on the foil are not exactly on the central axis of rotation
of the manipulator. These spots are only used for zero degree measurements
and aligning of the capillaries. The initial alignment of the sample holder and
samples is done by means of an external laser. The final alignment of the
azimuthal and incident angle is done with a very low intensity ion beam. Here
the fact is used that when the capillaries are parallel to the beam no charging up
is needed to have the ions transmitted through the foils. This greatly simplifies
the alignment of the foils (capillaries) since only the maximum intensity of
transmitted ions needs to be found.

Another important fact about the capillaries is their parallelism. During
preparation well-collimated high energy beams of low divergence were used to
make sure that the capillaries are parallel. For the foils used to investigate the
scaling laws, the angular spread of the capillary inclination was estimated to be
≤ 0.2◦. This is of key importance for the investigation of the initial dynamics of
the charging up (section 4.3) and for the examination of the scaling laws (section
4.2). Especially for the higher energies the guiding angle starts to approach the
inclination angle, meaning that without very parallel capillaries the testing of
scaling laws at higher energies would not be possible.

4.1.2 SurPhyn

The Surphyn setup consists out of a cylindrical 300 mm µ-metal chamber,
equipped with a sample manipulator, a deceleration system, and a rotatable
electrostatic analyzer (ESA).

The Surphyn setup is connected to the main ion beam line by a differential
pumping stage and a 45 ◦ bending magnet. The pressure in the beamline is in
the 10−8 mbar and in the differential pumping stage somewhere in the 10−9

mbar. The pressure in the main chamber is in the low 10−10 mbar regime and
kept there by a 400 l/s ion getter pump. During bakeout of the system, in order
to get the system to UHV, the setup is pumped down by a 360 l/s turbopump.
The procedure to get to low final kinetic energy is the same as for IISIS, with
the sample bias always at zero volt. The reason for this is that when very low
kinetic energies are used, the electric field induced by the voltage on the sample
is influencing the outgoing path of the ions/electrons, thereby losing information
about the angular and energy distribution.
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The deceleration system works the same as the one used in IISIS and is de-
scribed in detail in [34, 35]. The sample holder used is the commercially available
SH2 from VG-Scienta. This sample holder enables heating to a temperature of
around 600◦C, but is depending slightly on the sample used. In principle this
heating filament can be interchanged with an electron bombardment filament
which according to the specifications can reach 1200◦, but this creates so many
electrons no measurements at elevated temperatures can be performed anymore.
During the measurements of the capillaries, however, no heating was used at all
since this would destroy the polymer foils.

4.1.3 Electrostatic analyzer

All spectra shown in this chapter are measured with a 180◦ semi-hemispherical
electrostatic analyzer. A detailed description of the ESA and its features can
be found in [35] and hence only the main features will be presented here. In
a hemispherical ESA, voltages are applied on the inner and outer hemispheres
to set the pass energy for the charged particles. The voltages Vi and Vo on
the inner and outer hemispheres are varied in such a manner that the potential
V (r) on the central trajectory is zero. The electric field between two concentric
spheres is given by:

E(r) =
(Vo − Vi)rori
r2(ro − ri)

, (4.1)

with r the trajectory radius between ro and ri. Integration of E(r) yields the
potential V (r), using the boundary conditions V (ro) = Vo and V (ri) = Vi:

V (r) =
Voro − Viri
ro − ri

− (Vo − Vi)rori
r(ro − ri)

. (4.2)

By setting V (r) = 0 on the central trajectory (r = (ro + ri)/2) the ratio of the
voltages to be applied on the plates is obtained:

Vo
Vi

= − ri
ro
. (4.3)

The pass energy of a particle of charge q on the central trajectory is:

E(q) = q
Vo − Vi

ror
−1
i − rir

−1
o

. (4.4)
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The ratio between the applied voltage and the energy of the detected particle,
called the spectrometer proportionality factor F , is

F =
1

ror
−1
i − rir

−1
o

. (4.5)

The radii of the ESA are ro = 52 mm and ri = 48 mm, yielding a voltage
ratio of Vo/Vi = −0.923 and a proportionality factor F = 6.24. As the ESA
is hemispherical, the real Vo/Vi and F deviate slightly from the ideal values.
Calibration of the ESA gave Vo/Vi = −0.935 and F = 6.42 [35].

4.2 Scaling laws

As described in chapter 2, the guiding angle and profile width of the transmitted
ions can be represented by the simple expressions

ψc ≈ sinψc =

√
U
q

Ep
, (4.6)

αt ≈ sinαt =

√
Ut

q

Ep
, (4.7)

where q and Ep are the projectile charge state and energy respectively. The
parameter U is the potential across the capillary produced by the deposited
charge (fig. 2.8). The parameter Ut is the potential at the end of the capillary
and responsible for the defocusing of the exiting ions. These two equations will
be referred to as the scaling laws. The definitions of the angles ψ, α and the
observation angle θ are depicted in fig. 4.4. Two typical transmission spectra
are shown in fig. 4.5. The one centered around zero degrees is measured with
a tilt angle of zero degree, whereas the one on the right side was taken with a
tilt angle of 5 degree. The widths of the peaks are indicated. Clearly visible
is the decrease in intensity for the larger tilt angle. The decrease in intensity
as a function of tilt angle is characterized by the guiding angle, i.e. the angle
at which the maximum transmitted intensity drops to 1/e of the maximum
transmitted intensity at ψ=0.

In order to compare the intensities of the transmitted ions at two different
incidence angles, it is necessary to know how much charge is deposited inside
a capillary. To obtain this information, the current on the front surface of
the foil is measured and integrated over time. The deposited charge Qd is
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than proportional to this current. The spectra in fig. 4.5 are normalized to a
deposited charge of Qd = 1 nC on front of the foil. Here the measured current
is divided by a factor of 2.5 to take into account secondary electron emission
from the gold layer.

Three different energies were used to test the scaling laws on PC. These
energies were 10, 20 and 50 keV respectively. In all three measurements Ne7+

ions were used. Figure 4.6 shows the transmission profiles for the different
energies as well as the FWHM for all peaks. Notice here, that the FWHM σt
is given by σt = 2

√
ln 2 sin αt and is therefore evaluated by the profile width

from eq. 4.7. As predicted by the scaling laws the FWHM is decreasing for
higher energies: from low to high energies the values are 0.70◦, 0.64◦ and 0.58◦

respectively.

The guiding angle, i.e. the angle at which the intensity of transmitted ions is
1/e of the fraction of ions transmitted at 0 degree, is also decreasing as expected.
In order to determine this guiding angle, the intensity profiles were measured
at different tilt angles with respect to the beam axis. The spectrum was then
integrated and normalized to Qd = 1 nC in order to compare the intensities.
Here it was made sure that the equilibrium value was reached and no initial
dynamics are visible anymore (section 4.3). The results are shown in fig. 4.7.
It can be clearly seen that the intensity of transmitted ions drops faster with
increasing energy of the incoming ions when increasing the tilt angle. The solid
lines are fits with a Gaussian function and are used to determine the guiding

Beam axis

Capillary axis

ESA

q
a

Capillary foil

y

y

Beam

Figure 4.4: The ions enter the capillaries from the left. The capillary axis is
tilted by an angle ψ. The ions leave the capillary at an exit angle α with respect
to the capillary axis. The electrostatic analyzer (ESA) measures the intensity
at an observation angle θ.
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Figure 4.5: A typical ion transmission spectrum where the detection angle is
on the horizontal axis and the intensity on the vertical axis. The points are
measured values while the line is a Gaussian fit.

angle.

To be able to see whether the scaling laws are obeyed for these relative
high energies (10, 20 and 50 keV), the guiding angle is plotted as a function of
(q/Ep)

0.5. Fig. 4.8 includes also the results from earlier, lower energy measure-
ments published in [64]. These are shown by the open circles and squares. Our
results fit nicely to the trend and extend it to high energies (50 keV). Going
even higher in energy would not make sense in this particular case: the aspect
angle of the capillaries would exceed the guiding angle.

If the potentials U and Ut are constant, the data should follow a straight
line. As visible in fig. 4.8, there is a minor deviation from a straight line. By
changing eq. 4.6 and 4.7 into

ψc = u(
q

Ep
)0.7,

αt = ut(
q

Ep
)0.7, (4.8)
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through capillaries in PC with a diameter of 60 nm. The tilt angles were varied
between 0◦ and 2.5◦. The energies used were 10, 20 and 50 keV as indicated in
the figure.
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better agreement with the experimental data is achieved. Here the parameter
u is given by 2.9 deg kV0.7 and ut by 1.65 deg kV0.7. This suggests that the
parameters U and Ut have a (q/Ep)

0.4 dependency and are thus not constant
for different values of q/Ep.
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Figure 4.7: Transmitted fractions of ions through a 60 nm PC foil with different
energies. The points are the actual data, i.e. the tilt angles at which the
measurements are performed.
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4.3 Dynamic properties of guiding

Before ion guiding sets in, several ions need to deposit their charge on the wall of
the capillary in order to produce the electrostatic field which is needed to deflect
further incoming ions towards the exit of the capillary. Monte Carlo simulations
have shown explicitly that most of the charge is deposited at the entrance region
of the capillary [42, 43]. After the formation of this patch, additional patches
may be (temporarily) formed deeper inside the capillary. The creation of these
patches occurs before equilibrium is reached, and causes the ion beam to be
deflected away from the central axis of the capillary which eventually will be
the final emission angle.

By measuring the angular profiles of the transmitted ions as a function of
time, this deflection of the ion beam can be seen relatively easily. In order to
study these initial dynamic properties, a 3 keV Ne7+ ion beam and two different
PET foils with different diameters were used. Ion beams of very low intensity
(∼10 pA) are used so that the transmission profile can be measured while the
deposited charge in this time stays more or less constant. All spectra shown
in this chapter use the deposited charge on the front of the foil as a measure
for time. The deposited charge is obtained by time integration of the measured
current. It has to be kept in mind though, that the measured current on the
gold surface is higher than the ion beam current, due to secondary electron
emission from the gold. Earlier experiments in the field have shown that this is
approximately a factor of 2.5, which is adopted in this thesis.

4.3.1 200 nm PET

The PET foil used to study the initial dynamic properties of ion guiding de-
scribed here, has capillaries with a diameter of 200 nm and a length of 12 µm.
The density of the capillaries is 4× 106 capillaries/cm2.

Fig. 4.9 shows transmission profiles at different stages during the charging
up of the capillaries using a beam of 3 keV Ne7+. The tilt angle was set at five
degrees. The first spectrum shows however that initially the ions do not emerge
under this angle but under an angle of 6.4◦. Some time later however, the peak
is shifted to the other side of the capillary axis. Then, it again moves back to
an angle exceeding the tilt angle, before reaching a stable value at 5◦.

Since the spectra seem to exhibit three maxima, three Gaussian functions
were fitted to each spectrum. In the fit, the position of the central peak was
set to the tilt angle. The positions of the other two Gaussian functions were
treated as a fit parameter, and the widths of the individual lines were set to a
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Figure 4.9: Transmission profiles (left column) and mean angles (right column)
for 3 keV Ne7+ ions transmitted through capillaries of 200 nm in diameter for
increasing charge Qd deposited at the target. The profiles are fitted by a sum
of three Gaussian functions given as solid lines. The right column shows the
related mean emission angle. The labels a-e in the left column correspond to
the panels in the right column. The arrow labeled Qsc indicates the charge at
which ∼ 63% of the equilibrium intensity of the transmitted ions is reached.
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fixed value. From the fit it turned out that the positions of the two non-central
peaks was 3.7◦ ± 0.2◦ and 6.4◦ ± 0.3◦. The deviation from the tilt angle is
therefore found to be ∼ 1.4◦, which for the 200 nm capillaries is larger than the
capillaries aspect angle of 1◦.

The mean observation angle of the spectra is calculated by the equation

θ =

∫
θ(dY/dΩ)dθ∫
(dY/dΩ)dθ

(4.9)

and is shown in the right part of figure 4.9. Clearly it can been seen that the
mean emission is moving to larger emission angles initially. After collecting
roughly 15 nC, the first maximum is reached. After that the mean emission
angle shifts to smaller emission angles. At 73 nC the minimum is reached,
and the emission angle is once more moving to a larger angle. After these
oscillations the equilibrium of 5◦ is reached which corresponds to the tilt angle
of the capillaries. The same measurements have been performend for multiple
angles: fig. 4.10 shows the result for 0◦, 3◦ and 5◦ on the 200 nm foil. Clearly
visible is that the oscillatory structures are similar for all 3 angles. As one would
expect, the amount of charge needed to reach equilibrium is larger for larger tilt
angles. Therefore the charge needed to reach 63% of the equilibrium charge is
moving to larger amounts of deposited charges as well. Also the zero crossings,
at which the mean emission angle is identical to the tilt angle are connected
here to guide the eye.
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Figure 4.10: Mean emission angles as a function of tilt angle for 3 keV Ne7+

on 200 nm PET capillaries. The dashed lines are drawn to guide the eye and
connect the zero crossings at which the mean angle is the same as the tilt
angle. Also indicated are the Qsc positions, the charge for which ∼63% of the
equilibrium charge is reached.

4.3.2 400 nm PET

The foil with capillaries of 400 nm diameter is in essence the same as the one
described before, apart from the fact that the diameter is twice as large. The
density and material however are the same, thereby allowing a comparison later
on between the two foils as a function of capillary diameter.

Fig. 4.11 shows transmission profiles at different stages during the charge
up of the capillaries. The tilt angle was set at five degrees. The transmission
profiles show quite some similarities as observed with the 200 nm foil: initially,
the first exit angle is found at a larger value than the tilt angle. After this, the
mean emission angle is decreasing to a value which is below the tilt angle. At
equilibrium the mean emission angle becomes equal to the tilt angle.

Unlike with the 200 nm, the three peaks are less well visible in the raw
spectrum, but nevertheless it is still possible to reproduce the spectra by three
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Figure 4.11: As fig. 4.9, but now for capillaries with a diameter of 400 nm

Gaussian functions. The FWHM’s of the three peaks were assumed to be con-
stant and equal to 1.65◦. The two peaks showing up on the left and right of the
central peak have a position of 4.2◦ and 6.3◦. The equilibrium was in this par-
ticular case not reached, although the mean emission angle is eventually equal
to the tilt angle of 5◦.

Just like with the 200 nm, the measurements have been done for several
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angles. The results are summarized in fig. 4.12. As already observable in
fig 4.11, for the 400 nm less deposited charge is needed in order to reach a
maximum or minimum mean emission angle. This will be discussed in more
detail in section 4.3.3. Unlike in the results on the 200 nm foil, the point at
which 63% of the equilibrium charge is collected is more slowly moving to higher
deposited charges for higher tilt angles. This will also be further discussed in
section 4.3.3.
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Figure 4.12: Mean emission angles as a function of deposited charge for 3keV
Ne7+ on 400 nm capillaries for different tilt angles. The dashed lines are drawn
to guide the eye and indicate the zero crossings at which the mean angle is the
same as the tilt angle. Also indicated are the Qsc positions, the charge for which
∼63% of the equilibrium charge is reached.
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4.3.3 Comparison 200 and 400 nm

The temporal behavior of the guiding through the 200 and 400 nm capillaries
show quite some similarities. The oscillations in the mean emission angle are
present for both, although there are some noticeable differences. Furthermore,
in both cases the mean emission angle occurs first at a value larger than the tilt
angle, which is in agreement with the measurements done by Kanai et al. [65]
but in disagreement with Skog et al. [66] who observerd an initial decrease in
mean emission angle.

In figure 4.9 and 4.11 it can be seen that more deposited charge is needed
for the 200 nm than for the 400 nm in order to reach the 63% of the equilibrium
charge. The reason for this can be found in the fact that Qsc is the charge
deposited by the ion beam on the surface of the foil, instead of inside the capil-
laries. In order to be able to calculate the charge deposited inside the capillary,
the geometrical opening, the density and the beam spot size have to be known.
Assuming that the beam has a uniform intensity distribution and a diameter of
1 mm, the geometrical opening of the 200 nm foil is 0.12% and has a density
of 4× 106 capillaries/cm2, one finds that 105 elementary charges are deposited
inside the capillary per nC. For the 400 nm, the number of elementary charges
deposited per nC is 420. This also shows that Qsc is more or less similar for
both foils: the 200 nm needs ∼110 nC to reach 63% of the equilibrium charge,
whereas the 400 nm needs ∼20 nC. Looking at figure 4.9 and 4.11, it is also
obvious that the mean emission angle of transmitted ions through the 200 nm
oscillates faster than the mean emission angle of the ions passing through the
400 nm foil. For example, at 5◦ tilt angle, the mean emission angle belonging
to the 200 nm has passed through 2 maxima before Qsc is reached, where the
mean emission angle belonging to the 400 nm has only passed 1 maximum.

Since the oscillations occur for as well the 200 nm as for the 400 nm capil-
laries, it is concluded that the oscillatory behavior is a general phenomenon for
the capillaries in PET. In order to explain this phenomenon, a possible scenario
is depicted in fig. 4.13. The ions are entering the capillary under an angle of 5◦,
thereby creating a large entrance patch. Due to this entrance patch, the ions are
deflected to the opposite side of the capillary. The aspect ratio of the capillary
is 1◦, thereby allowing the ions to be deflected more than the tilt angle. The
maximum angle where the ions are deflected to is therefore depending on the
position of the entrance patch as well as on the aspect ratio: if the first patch is
lying deeper inside the capillary the final emission angle can be larger as well.

Being deflected by 1◦ extra inside the capillary means that the transmitted
ions exit the capillary under an angle of 6◦, so 1◦ higher than the tilt angle. This
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Figure 4.13: Possible scenario to explain the results shown earlier on the 200
nm capillaries. The labels correspond to those in fig. 4.9. The aspect ratio is
severely reduced in this picture.

scenario is depicted in fig. 4.13a. The entrance patch is however still charging
up, thereby deflecting the ion beam even more. When the ions start hitting
the wall near the end, a secondary patch is produced which will start deflecting
the ions to the opposite side again. This is causing the mean emission angle to
decrease again with respect to the beam axis (fig. 4.13b). Due to even more
charging up of the entrance patch the secondary patch is moving deeper into
the capillary. This movement will cause the ions to hit the wall again on the
opposite wall, thereby creating even a tertiary patch and deflecting once again
the ions to a higher emission angle with respect to the beam axis. By now the
charge deposition into the primary entrance patch starts to decrease and the
deflection due to the entrance patch decreases. Also the tertiary patch starts to
decrease again, thereby ending up in the situation shown in fig. 4.13e. Here only
a large entrance and a secondary patch influence the path of the ions, deflecting
them to the tilt angle of the capillary.

For the 400 nm capillaries this picture looks somewhat different. Because
the aspect ratio of the 400 nm capillaries is larger (2◦) the ions can leave the
capillary under a larger angle without creating a temporary patch. Initially
however, the process looks the same: an entrance patch is created and deflects
the ions to an angle which is higher than the tilt angle of the capillary itself (fig.
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Figure 4.14: Possible scenario to explain the results shown earlier on the 400
nm capillaries. The labels correspond to those in fig. 4.11. The aspect ratio is
severely reduced in this picture.

4.13a). After more charge deposition into this patch, the ions are deflected more
and start hitting the wall on the opposite side of the capillary. This creates a
secondary patch which starts to deflect the ion beam back towards the tilt angle,
and deflects the ions even lower values than the tilt angle (fig. 4.13c). Due to the
relatively high aspect ratio, a tertiary patch is not necessarily formed. Instead
of this, the charge deposition in the entrance patch is reduced to reach finally
equilibrium with only an entrance and secondary patch left.

4.3.4 Summary

Two aspects of the guiding of Ne7+ ions through nano-capillaries have been
studied: the scaling laws and the initial dynamics concerning the charging up
of nano-capillaries.

The scaling laws are confirmed and are even valid for ion energies up to 50
keV, which has not been investigated before. It turns out that the projectile
charge to energy (q/E) does not follow a square root law exactly but has a
slightly stronger dependence. This behavior might be explained by a weak
variation of the potentials U and Ut. The data described in this thesis allows
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improvement on knowledge about the accuracy of this dependency.
Apart from the scaling laws, the strong dynamic properties of the capillary

guiding process have been investigated. Here, it became obvious that the os-
cillatory behavior of the mean emission angle of the transmitted ions through
nano-capillaries is a general phenomenon. Although without further theoretical
modelling it is not yet fully clear what happens exactly during the charging up
process, we have proposed a likely scenario for the initial dynamic aspects of
capillary guiding.





Chapter 5

Total electron yields

The secondary electron yield measurements presented in this chapter are the
first ones done with the IISIS setup at the ZernikeLeif facility. The measure-
ments comprise a wide variety of ions in different charge states and different
kinetic energies impinging on atomically clean Au surfaces and Au surfaces cov-
ered with thin films of C60. In contrast to Au, C60 is not a metal. C60 films
exhibit a band gap and therefore they are expected to behave as an insulator.
Gradually changing the thin film thickness allows one to tune the surface char-
acteristics in a controlled manner. Till now only a few pioneering experiments
on hollow atom formation at thin films were done. The Oak Ridge group (Meyer
et al. [14]) used Cs films on Au(011) and observed an increase in electron yield
when the work function of Au was reduced by means of evaporating Cs on the
surface. The Groningen group (Khemliche et al. [10] and Laulhé et al. [15])
used LiF and C60 films on Au to study changes in the KLL Auger electron
spectra of hydrogen-like C, N, and O ions when changing surface properties.

Intuitively, based on the hollow atom scenario, one could expect the number
of electrons emitted due to the interaction of a highly charged ion with a surface
to decrease when the surface is an insulator instead of a metal. There are three
main arguments why one could expect this and which will be elaborated in the
following:

• The electron availability on the surface

• The interaction time of an ion with a surface

57
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• The initially populated shells due to electron capture

The first argument why one would expect the electron yield to be lower for
an insulator than for a metal is that the electron-hole mobility is lower in an
insulator than in a metal. This would mean that after removal of some electrons
from the surface, there are (almost) no electrons left at that particular spot. In
a metal these holes would quickly be refilled by electrons out of the bulk mate-
rial, but for an insulator this is not necessarily true, leaving the surface locally
charged. In the most extreme case, this local charge up effect could lead to
the bouncing back of the incoming ion before it gets fully neutralized, i.e. the
so called trampoline effect [67–69]. The trampoline effect differs from \normal’
macroscopic charge up of a surface by many ions, like with the nanocapillar-
ies (chapter 4), since the ion itself creates enough charge at the surface to be
repelled.

The second argument why one could expect the number of electrons emitted
to be lower in front of an insulator surface is an argument involving the time an
ion spends in front of the surface. From equation 2.12 it can be seen that the
distance at which the ion starts to capture electrons from a surface, is shorter for
an insulator than for a metal. This would imply that there is less time available
to capture and emit electrons before the ion penetrates the surface too deeply
and is lost in that sense.

The third argument involves the shell into which electrons from the surface
are initially captured. Since the binding energy of electrons in insulator surfaces
well exceeds the work function of a metal (see fig. 2.6), the electrons which cross
the potential barrier will be captured into lower shells than for a metal. This
means less Auger processes are needed before the produced hollow atom is fully
relaxed, which on its turn implies that less electrons will be emitted.

Experiments performed by Meissl et al. in 2008 on LiF however, showed
the remarkable fact that the electron yields for LiF are actually higher than for
Au [29]. The explanation given by Meissl et al. for this higher yield is that
although the ion has less time to emit electrons, the escape depth for electrons
is larger for LiF than for Au.

In order to investigate the neutralization and decay dynamics of highly
charged ions further, thin films of C60 were evaporated on gold. By doing
so, the band gap and the work function can be slowly tuned, allowing to follow
the secondary electron yield as function of the change in surface properties.

This chapter starts out with a description on how to extract from electron
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statistics spectra the average number of electrons emitted in the ion-surface
interaction. Section two describes the measurements which have been done on
atomically clean Au to demonstrate the operational status of the IISIS setup
and to illustrate general trends in electron yields. Section three describes the
measurements which have been performed on monolayers of C60.

Throughout this chapter the incidence angle ψ is defined with respect to the
surface plane.

5.1 Data analysis

Figure 5.1 shows two typical raw electron statistics spectra for 7 keV/q Arq+

ions. Panel a) shows a measurement of 7 keV Ar+ on Au(111) under an inci-
dence angle of 40◦, whereas panel b) shows 7 keV/q Ar12+ on Au(111) with an
incidence angle of 45◦. Although from panel b) a good estimation of the average
secondary electron yield can be made, panel a) allows at most a rough estimate.

To analyze the spectra, one needs to take the following experimental facts
into account: for low average yields (fig. 5.1(a)) only the probability for the
emission of n ≥1 electron(s) can be measured, where n is the number of de-
tected electrons. The case of zero electrons emitted is not measured, but does
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Figure 5.1: Two typical raw electron statistics spectra for ion impact on Au. For
the left panel 7 keV Ar+ ions impinging under an angle of 40◦ were used, while
the spectrum in the right panel was taken with 7 keV/q Ar12+ ions impinging
under an angle of 45◦.
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contribute to the average yield.
Another fact which has to be taken into account is the detector response to

the impact of n electrons, in particular the influence of backscattered electrons
on the peak shapes. For this purpose it is necessary to determine some properties
of the detector and the electronics connected to it, which is described in the next
section. With the detector response known, it is possible to fit the spectrum and
to determine the individual peak intensities. A Poisson distribution can then
be fitted to these values resulting in the average number of electrons emitted.

The resolution of the spectra at higher yield (fig.5.1(b)) however does not
allow to fit all the individual peaks. This can be remedied by fitting a Gaussian
distribution, as will be shown in the next sections.

5.1.1 Electron spectra

The shapes of the lines in the electron spectra deviate from a single Gaussian
due to the backscattering of electrons at the detector surface. For a detailed
description see Lakits et al. [70]. The individual peaks are centered at nVdet,
where Vdet is the voltage on the detector (typically 30 kV) and n the number of
electrons emitted. The full width half maximum of these peaks is experimentally
determined to be around 6 keV.

When an electron backscatters, not all its energy is deposited into the detec-
tor, thereby causing the peak position to be lower than the real one. The result
of this backscattering is that there is a structured “background” between the
peaks. This apparent background however, is only visible for very low yields:
for higher yields (n >10, see for example fig. 5.1(b) and 5.3), the probabil-
ity that one or more backscatter events occur is high, thereby fully filling up
the gaps between the peaks. The electron backscattering is creating additional
peaks corresponding to m = 1, 2, ... n backscattered electrons from the detector
surface. These peaks are centered at

Enm = (n−mk)Vdet, (5.1)

where m is the number of backscattered electrons out of n incoming electrons
and k is associated to the fraction of energy that the electron still has after
scattering (typically k is around 0.55, implying an energy deposition into the
detector of 0.45 E0). The full width half maximum of the backscatter peaks is
given by

∆Em =
√
(∆Edet)2 +m(∆E)2, (5.2)

where ∆E is the full width half maximum of the energy distribution of the
backscattered electrons. At a detector voltage of 30 kV, the typical value for
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Figure 5.2: a) and b) Original raw data as in fig. 5.1(a) with equation 5.7 fitted
to it. Also indicated is the electronics threshold. c) and d) The individual peak
intensities plotted using the Cn values obtained from eq. 5.7.

∆E is 12 keV and ∆Edet the earlier mentioned 6 keV.
Without backscattering the full spectrum can be described by

S(E) =
∞∑
n=0

CnFn(E), (5.3)

where the amplitude Cn is proportional to the probability of emission of n
electrons and Fn is a Gaussian function. Taking backscattering into account,
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the line shape function Fn becomes

Fn(E) =
n∑

m=0

PnmGnm(E,Enm,∆Em), (5.4)

with Pnm the probability of m out of n electrons backscattering, which is given
by a binominal distribution

Pnm =

(
n

m

)
pm(1− p)n−m, (5.5)

with p the single electron backscatter probability.
Gnm is a Gaussian centered at Enm and a standard deviation σm given by

σm =
∆Em

2
√
2ln2

, (5.6)

The full spectrum is thus described by:

S(E) =

nmax∑
n=1

n∑
m=0

Cn

(
n

m

)
pm(1− p)n−m

1√
2πσm

e
−(E−Enm)2

2σ2
m . (5.7)

By fitting eq. 5.7 to the data, the amplitudes Cn can be determined. Figure
5.2 shows how such a fit looks like in reality: panel a) and b) show the fit of
equation 5.7 to the data on a linear and log scale respectively, while panel c)
and d) show the individual contributions of each number of electrons (n) being
detected. The average yield γ is then given by

γ =

∑∞
n=1 nCn∑∞
n=0 Cn

. (5.8)

When there is an appreciable contribution to the n =0 peak (no electron
emission), the yield can be calculated by fitting the intensities to a Poisson
distribution (see section 5.1.2). Using a Poisson distribution is based on the
assumption that the secondary electron emission is a statistical process.

Due to the overlap and multiplicity of the individual lines at electron yields
≥ 10, eq. 5.7 cannot be used to determine amplitudes Cn reliably. In figure
5.3 it can be seen for example that for values of up to n ≈15 individual lines
can be seen, but for higher values the individual lines are no longer visible. In
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Figure 5.3: Open circles: raw data of 25 keV Xe10+ ions impinging on C60

under an angle of 45◦. Line: fit according to equation 5.7. Clearly visible are
the \bumps’ in between the peaks, caused by backscattered electrons.

that case a standard Gaussian distribution is fitted to the data. The center
of the Gaussian is related to the average electron yield γ. However due to the
backscattering the center of the distribution is shifted to lower electron numbers.
This shift can be accounted for by a correction factor acorr given by

acorr =
1

1− pk
. (5.9)

Here, p is the probability that an electron backscatters and k the fraction of
energy that the electron has after collision with the detector surface. Typical
values for p and k are 0.16±0.02 and 0.55±0.1, resulting in a correction factor
of around 1.1.

To obtain acorr, k and p need to be known. The values for these constants
can be determined by fitting the spectrum at low yields to equation 5.7. Figure
5.3 shows how well such a fit looks like. The presence of the backscattered
electrons can be clearly seen. In the experiments presented in this thesis the
correction factor is determined for every run. This can be achieved by either
using an ion with a relative low charge state, or by using a \contaminated beam’.
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Figure 5.4: a) Full spectrum from 7 keV/q 131Xe22+ and 12C2+. b) Enhance-
ment of the spectral part containing the C2+ beam.

In case of a \contaminated beam’, a second ion beam species with (nearly) the
same mass-over-charge ratio is also entering the chamber, because the 110◦

(analyzing power of 0.5%) magnet in the beamline cannot separate these two
beam components (completely) from each other. An example of such a situation
is shown in figure 5.4, where panel a) shows the full spectrum showing 131Xe22+

and 12C2+and panel b) is an enhancement of the left part i.e. the undesired
carbon beam which can be used beneficially to determine the correction factor
acorr.

Apart from the correction factor, the calibration of the x-axis is also deduced
from the fitting procedure: the separation between the individual peaks tells
how many channels correspond to the energy deposited by a single electron. If
no changes are made to the electronics, this number of channels should always
be the same. In order to determine where the zero of the x-axis is located,
a few measurements with different detector voltages have to be done. These
measurements give the number of channels per detected electron for each given
voltage, thereby allowing to determine the crossing of these lines and thus the
zero value of the axis.

5.1.2 Electron number distributions

Following the common assumption that secondary electron emission is a purely
statistical process implies that the electron number distribution can be described
by a Poisson distribution. Because deviations from a Poisson have been found,
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Figure 5.5: Comparison of Poisson (bars) and Gauss (curves) distributions for
different values of γ.
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several other distributions were suggested [51, 70–73]. None of these distribu-
tions was found to be generally applicable. Therefore, when necessary, a Poisson
distribution will be used to determine the probability of zero-electron emission.

For low yields (γ ≤ 10) the procedure described in the previous section is
used to obtain the individual peak intensities Cn which are then fitted to a
Poisson distribution. The Poisson distribution is given by

Pn(γ) =
γn

n!
e−γ , (5.10)

where γ is the average yield. For the Poisson distribution it can be derived [74]
that the standard deviation is given by the square root of the average, which
in this case means

√
γ. For high values of γ eq. 5.10 converges to a Gaussian

distribution given by

G(n, σ, γ) =
1√
2πσ

e−
(n−γ)2

2σ2 , (5.11)

where σ is the standard deviation and in this very particular case, i.e. in the
limit γ ≫ 1, σ is equal to

√
γ thus resulting in

G(n, γ) =
1√
2πγ

e−
(n−γ)2

2γ . (5.12)

This implies that the average electron yield γ can be determined both from the
central peak position as well as the width of the distribution.

Figure 5.5 shows the comparison for various values of γ, of a Gaussian dis-
tribution and a Poisson distribution. It can be clearly seen from the figure that
the Gaussian distribution is symmetric, whereas the Poisson distribution has
an asymmetric shape with a long tail. For γ equal to 2 the agreement is rather
poor, while for γ equal to 20 both distributions are basically identical. Therefore
for low values of γ, say γ ≤10, a Poisson distribution should be used while for
higher values of γ a Gaussian distribution can be safely and conveniently used.

As practical illustration, figure 5.1(a) is further analyzed here. First the data
is fitted to eq. 5.7, which gives the backscatter probability p to be 0.18 and k
to be 0.55. Also the values of Cn (the individual peak intensities) are found
by fitting the spectrum to this equation. Figure 5.2 (c) and (d) show what the
individual contributions look like on a linear scale and a log scale, using the Cn
values obtained by this fitting procedure, panels (a) and (b) show the fits to the
data.

The intensity of the individual peaks are then fitted to a Poisson distribution
and for illustrative purpose to a Gauss distribution as well. The results are
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Figure 5.6: The extracted intensities of the number of electrons emitted in 7
keV Ar+ impinging on Au at an angle of 40◦ Cn (black closed circles, data from
fig. 5.1) with a Poisson distribution with γ = 0.53 (open circles connected by
dashed line) and a Gauss distribution with γ = 1.12 (solid line) fitted to them.

depicted in figure 5.6. It can be clearly seen that the Poisson function represents
the better fit: the tail of the distribution is totally missing in the case of a
Gaussian distribution. In addition, and in this case most importantly, the large
difference of one order of magnitude between the Poisson and Gauss distribution
for n = 0 is of note, which results in a factor of 2 difference in the average yield.
In numbers, the Poisson distribution yields γ=0.53 while assuming a Gaussian
distribution yields γ=1.12.

In order to check in more detail whether a distribution is indeed behaving
like a Poisson distribution, the simple relation

γ = (n+ 1)
Cn+1

Cn
(5.13)

needs to be fullfilled (cf. eq. 5.10). The outcome of such a check on the results
of fig. 5.1 is shown in fig. 5.7. If the data would fulfill this condition, the points
would lie on the indicated dotted line of γ = 0.53. The fact they are not lying
on this line shows that, in this example, for the higher electron numbers the
Poisson distribution is underestimating the larger electron numbers in the data.
This hints at a second (weak) class of interactions, having a different somewhat
higher electron yield [75].
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Figure 5.7: a) The values of Cn from one spectrum (dots) and the obtained
yield of γ=0.53 (dashed line). Panel b, c, and d show the ratio of Cn+1/Cn vs
γ/(n+ 1) for different values of n, obtained from multiple spectra.

The same procedure has been repeated for a series of spectra taken with 7
keV Ar+ under different incidence angles. For all these spectra the Cn values
have been determined. Figure 5.7 shows γ/(n + 1) as a function of Cn+1/Cn.
Here, it is obvious that for n = 1 (panel b) the results agree rather well, whereas
for higher n values, and thus the tail of the distribution, the spectra deviate from
a pure Poisson distribution. A similar behaviour has been observed by Lakits
et al. [70]. There, H, He, Ne and Ar ions with a kinetic energy ranging from
1-16 keV have been used. The fact that for higher n values the data fall below
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Figure 5.8: The average secondary electron yield of 91 keV Ar13+ ions on
Au(100) as function of incidence angle. The yields were determined either on
basis of the peak position (closed circles) or the width (open circles) of the Gauss
fitted to the secondary electron spectrum.

the γ/(n+1) curve hints again at a contribution with a higher average electron
yield. These effects will be discussed in more detail in section 5.2.

In order to analyze a spectrum with a higher yield, i.e. fig. 5.1(b), a Gauss
function is fitted to the raw data. As described earlier, the average electron
yield is then found from the centroid of the Gauss by applying a small (∼10%)
correction factor (eq. 5.9) to the position of the centroid. Since the Gaussian
function is expected to be a limit of a Poisson distribution, the squared standard
deviation of this Gaussian should yield the same γ value. In order to investigate
this further, an angular scan has been performed with Ar13+ ions on Au(111).
The average electron yields determined from the center and the width of the
spectrum are plotted in figure 5.8. As can be seen, for tilt angles of 40 degree
and above the relation γ = σ2 yields slightly higher γ values than the peak
positions suggest. For tilt angles below 40 degree, the two sets of γ results start
to diverge more and more as the tilt angle decreases.

In order to see whether the fitting itself can be improved, the data taken
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Figure 5.9: 91 keV Ar13+ impinging under an angle of 15◦ on Au(100). Panel
a) shows how the fit looks like with one Gaussian function fitted to the data,
while in b) and c) more Gaussian functions are added.

at an incidence angle of 15◦ are shown in fig. 5.9 with one, two and three
Gaussian functions fitted to it. Here it has to be noted that in the fit with a
single Gaussian function the standard deviation is taken as a free parameter,
whereas both for the fit with two and three Gaussian functions the standard
deviation is set to

√
γ.

For one Gaussian function it is obvious that the lower and higher electron
numbers are not properly represented by the Gaussian distribution, resulting in
a too broad distribution. Of course, this improves when more Gaussian functions
are added. The additional contributions may be linked to different trajectory
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Figure 5.10: The electron yields of 91 keV Ar13+ ions on Au(100) as function
of incidence angle, with 1 (open squares), 2 (open circles) and 3 (closed circles)
Gauss distributions fitted to it.

classes. This will be described in more detail in section 5.2.
When the weighted average of the Gauss distributions is taken however, the

average electron yield γ is only a bit higher (≤15%) than the value deduced from
the single-Gaussian function fit. Also, for larger incidence angles, one Gaussian
function seems to be sufficient to find the average electron yield. Figure 5.10
shows a compilation of the average electron yields for 91 keV Ar13+ impinging on
Au(100) determined by using one, two, or three Gaussian functions to represent
the spectra. Clearly visible is that for low incidence angles the average electron
yield starts to differ slightly, but for the somewhat higher angles they become
almost the same. Therefore, normally the spectra analyzed in this thesis are
fitted to a single Gaussian function.

Finally, in order to obtain an impression of how well reproducible the elec-
tron number statistics measurements are, the electron yield of 91 keV Ar13+ as
a function of incidence angle has been measured several times, on different days
with weeks between the first and last measurement. Figure 5.11 compares the
results of these measurements. First of all, one notices the very good agreement
between the data sets, demonstrating the reproducibility. Another noticeable
fact is that the results obtained on a single day all seem to deviate the same way
from the average. In figure 5.11 for example it can be seen that all closed circles
are below the average, whereas the closed triangles are all above the average.
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Figure 5.11: The electron yield of 91 keV Ar13+ ions on Au(100) as function of
incidence angle, measured on several different days.

This suggests that the small differences between data sets are not purely sta-
tistical but also have a systematic component. To illustrate this more clearly,
figure 5.12 shows the data relative to the average of all 4 different measure-
ments for every incidence angle taken, and the average. It becomes clear that
the differences between the measurements done at different days are small: the
standard deviation obtained from the normalized data is 0.036. In the following
we will assume conservatively an uncertainty associated with the electron yield
measurements of 5%.
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Figure 5.12: The electron yield of 91 keV Ar13+ ions on Au(100) as function of
incidence angle, relative to the average of all data for a specific incidence angle.



74 Total electron yields

5.2 Electron emission from hollow atoms at Au
surfaces

In this section we will discuss aspects of the electron yields of slow highly charged
Ar and Xe ions interacting with clean Au. Of prime interest is the electron
emission resulting from the transient hollow atom, i.e. the electron emission
driven by the potential energy carried by the incoming HCI. In the hollow atom
scenario (see chapter 1) the HCIs get resonantly neutralized into highly-excited
states that decay by Auger processes generating mainly low energy electrons
of 5-15 eV [76–79]. In the most simplified approach all the potential energy
is converted into low-energy Auger electrons and the yield becomes directly
proportional to the potential energy. For ions in charge states of 3+ to 8+
Arifov et al. [80] found a proportionality factor on the order of 1/50. By further
increasing the charge state the potential energy can be dramatically increased.
For xenon, for example, a 28+ ion already has a potential energy of 12 keV. On
basis of the above approach, one might then expect hundreds of electrons.

For a whole variety of such very highly charged ions Aumayr and coworkers
[29, 70, 81–84] have performed pioneering experiments on the dependence of
secondary electron yields on the charge state and species of the projectile ions.
In order to look into this for intermediate charged HCI’s (10-25+) and as a first
test of the newly developed IISIS setup, we used 70 keV Ar (7+ to 13+) and Xe
(10+ to 26+) ions. The ions were scattered on Au(100) at an incidence angle
of 45◦. Fig. 5.13 shows how the electron yield increases strongly when higher
charge states are used. From this figure, one sees that on average the yields for
Ar ions are higher than the ones obtained for Xe ions in the same charge state.
Furthermore the data are in very good agreement with comparable measure-
ments done by Aumayr and coworkers [83, 84] (not shown here) indicating that
our new IISIS set up is operating to specifications i.e. reproduces established
results.

In figure 5.14 the same data are shown but now as function of the potential
energy of the HCIs. The numerical values of the total potential energy, taken as
the sum of all ionization potentials up to the specified charge states for Ar and
Xe, are tabulated in Appendix B. In figure 5.14 it can be seen that the difference
between the electron yields from Ar and Xe ions impinging on Au disappears
by and large when plotting the data as function of the potential energy instead
of charge state.

In addition, in this regime the increase in electron yield is approximately
linear to the potential energy of the ion. However, the proportionality factor
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Figure 5.13: The electron yield as a function of charge state of the ion for Xe
(closed circles) and Ar (open circles) with a kinetic energy of 70 keV. The thin
lines are merely to guide the eye.

is around 1/150, which is thrice as small as the one at lower charge states
[80]. Kurz et al. [81, 83] have shown that for even higher charged ions the
factor reduces even further, in particular when initially K and L shell core
vacancies are present (q > 44+ for Xe and q>8 for Ar). Filling of the inner
shells by Auger processes will lead to energetic electrons, which would be so
energetic that only a small part of them will be attracted towards the detector.
Moreover, these fast Auger electrons carry away a larger part of the potential
energy, which is then not available for emission of slower electrons. However, for
heavier elements relaxation by X-ray emission becomes rapidly more important
than Auger transitions and will dominate the filling of the K-shells. Moreover
the filling of the inner shells may not be fast enough and full relaxation of the
ion might not be reached before it penetrates the surface. The last part of
the hollow-atom dynamics takes then place below the surface and not all the
electrons that are emitted will escape into the vacuum. Taking all these effects
into account, this leads to a reduction in the number of electrons emitted. On
the other hand extra electrons may originate from the peeling off [37, 85, 86] of
electrons from the hollow atom up on entering into the electron selvedge of the
surface or from scattering of energetic innershell Auger electrons in the target
which may lead to additional secondary electrons.
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Figure 5.14: The electron yield as a function of potential energy carried by the
ion for Xe (closed circles) and Ar (open circles) with a kinetic energy of 70 keV.
The thin line is merely to guide the eye.

Following Eder et al. [87] the electron yield γ can be divided in two main
components, one arising from the projectiles potential energy (γp) and one from
its kinetic energy (γk). One can distinguish three contributions to the potential
emission γp:

• Low-energy electrons from the autoionization relaxation of the hollow
atom supported by fast electronic transition transitions between the pro-
jectile and the surface \γpa’.

• Low-energy electrons from the promotional peeling off of electrons by the
enhanced electronic screening upon entering the target selvedge \γpp’.

• Energetic electrons from filling of inner shells which occurs mainly below
the surface and low-energy secondary electrons produced by these ener-
getic electrons in the target \γpi’.

For the kinetic emission one can identify two main processes:

• Collisions of the projectile with the target electrons \γkc’.

• Electron promotion into the continuum in projectile collisions with indi-
vidual target atoms \γkp’.
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The total electron yields γ measured in the experiments are thus equal to:

γ = γp + γk = γpa + γpp + γpi + γkc + γkp. (5.14)

Information on the hollow-atom dynamics is contained in γp and in partic-
ular γpa. This should be best accessible at low kinetic energies because below
a certain velocity threshold, kinetic electron emission due to direct projectile
electron collisions [87] is inhibited. The threshold velocity of the projectile vth
is given by:

vth =
1

2
vF (

√
1 +

Wϕ

EF
− 1), (5.15)

where vF and EF are the Fermi velocity and energy respectively.
For the Au targets used in this research, the threshold velocity is approx-

imately 2.8 x 105 m/s which corresponds to an energy of 400 eV/amu. Most
of our experiments have been performed below or somewhat above vth. The
most energetic Ar and Xe ions used are 91 keV Ar13+ (2.3 keV/amu) and 182
keV Xe26+ (1.4 keV/amu). On basis of the results of Eder et al. for Ar+ and
Xe+ one can estimate a kinetic energy driven yield γk (note γk = γkc + γkp) of
roughly 3 electrons per incoming 91 keV Ar13+ or 182 keV Xe26+ ion under an
incidence angle of 90◦ and which is a function of 1/v⊥ [88].

This reduces γ to γp+γkc of which γpa is most directly linked to the hollow-
atom electron dynamics. Previous experiments [29, 81, 89] have given evidence
for an empirical relation between the yield and the normal velocity in which γpa
is inversely proportional to the square root of the velocity component normal
to the surface and thus the square root of the interaction time. γpp depends
only weakly on the velocity [37, 81] and remains virtually constant in the energy
regime where the present experiments are performed. γpi is most relevant for
very highly charged ions carrying deep-lying K and L shell vacancies. Here
intermediately charged Ar and Xe ions are used. All this suggests the following
simple relation for the electron yields as function of normal velocity v⊥:

γ = γ∞ +
c√
v⊥/v0

+
γψ=90
kin

v⊥/v0
. (5.16)

Here, γψ=90
kin is taken from Eder et al. [87] and is taken as zero for energies

below the kinetic threshold. The simplest way to change v⊥ is done by changing
the incidence angle while keeping the total kinetic energy and therefore velocity
constant, since v⊥ = v0 sinψ. This has been done for 91 keV Ar13+ ions im-
pinging on Au(100), from 10◦ up to an incidence angle of 90◦ and is shown in
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fig. 5.15. When plotted as function of the incidence angle, the data should be
proportional to sin(ψ)−0.5 + sin(ψ)−1

If the yield is indeed proportional to this factor, it would mean that for
higher incidence angles (ψ ≥ 70◦) the yield should barely change. This has
been confirmed by other groups [29, 90, 91]. However, figure 5.15 shows that for
ψ ≥ 70◦ the electron yield continues to decrease. The reason for this lies in the
geometry of the experimental setup. The secondary electrons which are emitted
due to ion-surface interaction are typically emitted into all directions and when
near–normal incidence angles are used, many electrons are emitted away from
the detector. Although most of them are still detected, it is unavoidable that
some of them will not make it towards the detector. At normal incidence angle
the fraction of not detected electrons is estimated to be 10–20%, depending on
the energy of the electrons. In principle this could be corrected for by simulating
the collection efficiency and correct the measured electron yield afterwards [90].
In order not to introduce any additional uncertainty, this is not done but instead
only the data up to an angle of 60◦ are used for further data analysis.
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Figure 5.15: The electron yield as a function of incidence angle ψ, for 91 keV
Ar13+ ions impinging on Au(100).
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In order to see whether the data up to 60◦ obey equation 5.16, the incidence
angle has been transformed to the perpendicular velocity towards the surface.
The results are shown in figure 5.16. Here it can be seen that a fit according to
equation 5.16 fits the data very well.

To check whether the perpendicular velocity towards the surface is the only
parameter determining γ∞, a series of measurements has been conducted with
different initial kinetic energies E0. Also, for every given initial kinetic en-
ergy, an angular scan has been made. Figure 5.17 compiles the results of these
measurements. The initial kinetic energies E0 used are 4, 12, 40, 80 and 91
keV respectively, resulting in perpendicular velocities towards the surface in the
range of 3.6×104 to 6.2×105 m/s. The lines shown in figure 5.17 are fits ac-
cording to equation 5.16, where a single value for γ∞ is used for each individual
fit. Clearly it can be seen that they describe the data well. From the top right
down to the bottom left the initial kinetic energy goes down: the closed circles
are points belonging to 91 keV, whereas the closed triangles belong to the 4
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Figure 5.16: The electron yield as function of perpendicular velocity. The line
is a fit using equation 5.16 and ends at the velocity which corresponds to 90◦

incidence angle.
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keV series. It can be seen that for the same v⊥ the electron yield increases
with total kinetic energy. Using 91 keV Ar13+ the maximum electron yield is
as high as nearly 35 electrons, while using 4 keV Ar13+ with the same normal
velocity the yield is only halve of this i.e. ∼17. Having obtained the fit param-
eters, it is now possible to separate the potential and kinetic contributions to
the secondary electron yield. As visible in fig. 5.18, the contribution due to the
potential energy (black closed dots) of the ion is lying on a single curve, whereas
the contribution due to the kinetic energy (gray closed circles) of the ion varies
with the initial velocity of the ions.

The magnitude and direction of the initial velocity has a major influence on
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Figure 5.17: The electron yield as function of different perpendicular velocities
towards the surface using Ar13+ ions with different initial kinetic energies (see
text) and different incidence angles. The lines are fits according to equation
5.16 and end at velocities which correspond to 90◦ incidence angle.
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Figure 5.18: The potential electron-emission yields for Ar13+ ions colliding on
Au(100) as function of the perpendicular velocity (black closed symbols). The
yields are determined by subtracting the kinetic contribution (grey symbols)
from the total yields (open circles).

the trajectories of the ions. Figure 5.19 depicts very schematically three classes
of trajectories:

(a) (b) (c)

Figure 5.19: Tentative scenario of different trajectories: a) Ions penetrating the
surface 2) Binary collisions c) Scattering along/below the surface.
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1. penetration of ions into the bulk before a first hard atomic collision takes
place.

2. the first hard collision takes place near the surface after which the ions
are backscattered out of the crystal or penetrate deeper into the sample.

3. as 2) but the ions get scattered in a near-surface plane leading to long
near surface trajectories.

The different classes of trajectories may have different electron yields.
By means of coincidence measurements of scattered particles and electron

yields for 18 keV Ar8+ ions impinging on Au(111) under grazing incidence angle
Lemell et al. observed different trajectories which have an electron yield of 7
and 15 electrons respectively [75, 91].

For the experiments shown in fig 5.16 the initial velocity of the ions was
kept fixed and the velocity perpendicular to the surface changed by changing
the angle of incidence. At large, near-normal incidence most of the 91 keV Ar
projectiles will penetrate into the target and only a small fraction will scatter
off the surface. When lowering the incidence angle more projectiles will scatter
off the surface and the number of sub-surface trajectories will get reduced. At
even smaller angles of incidence, long above surface trajectories become feasible.
Since interaction times and trajectory lengths differ for the three classes of
trajectories, the electron yields for each class of trajectories differ. Therefore,
one can expect that when going from normal to grazing incidence impact of 91
keV Ar13+, contributions of subsurface trajectories will decrease, while the role
of binary surface trajectories and later on also above surface trajectories will
increase.

For Ar13+ it is already shown in figure 5.9 that multiple Gauss distributions
fit the data better then a single Gauss distribution. When each of these Gauss
distributions is associated with a different class of trajectories, the broadening
of the spectra at low incidence angles can be understood. In order to be able to
investigate this further, each individual spectrum measured during the angular
scan with 91 keV Ar13+ shown in figure 5.15 has been fitted with 3 Gauss
functions. Figure 5.20 shows the contributions of each of the individual Gauss
distributions to the total fit for all incidence angles. Clearly it can be seen that
for larger incidence angles only two contributions can be identified. For smaller
incidence angles however, a third component appears.

At near normal incidence energetic 90 keV Ar projectiles will deeply pene-
trate the target, there it is likely that the strongest component at large incidence
angles (closed circles in figure 5.20) are linked to penetrating trajectories. Then
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Figure 5.20: The individual contributions of the 3 Gauss functions fitted to the
spectra for 91 keV Ar13+ with different incidence angles (for an example, see
fig. 5.9). The different contributions may be identified as penetrating (closed
circles), binary collisions (open circles) and long near the surface trajectories
(closed triangles).

the other contribution (open circles) should be linked to binary scattering off
the surface. This is in line with the trend that when lowering the angle of
incidence penetrating trajectories become less. At even smaller angles a third
component (closed triangles) appears which should then be due to long “surface”
trajectories for which one expects the highest electron yields. Indeed, the third
component shows up at the highest electron numbers (cf. figure 5.10). Note
that at real grazing angles of incidence (theta ≪ 10◦) grazing above surface
trajectories become of importance which are expected to yield lower electron
yields [75].

When fitting the spectra taken with 4 keV Ar13+ ions however, it becomes
clear that multiple trajectories play a much smaller role compared to the 91 keV
Ar13+ series. When looking at the intensity of the two Gauss functions, see figure
5.21, one sees that even for the lowest incidence angle of 15◦ the contribution
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Figure 5.21: The individual contributions of the 2 Gauss functions fitted to the
spectra for 4 keV Ar13+ with different incidence angles.

is around 25% whereas in the case of 91 Ar13+ the second and third Gauss
contribute to around 60% of the total spectrum. These observations are in line
with the idea of different trajectory classes that contribute to the total electron
yield observed.

To check the validity of this scenario simulations have been performed with
SRIM [92]. Although SRIM does not simulate the neutralization and relaxation
of the HCI at the surface, it allows to get an idea about the trajectories the ions
undergo. As separation between penetrating (class 1) and near-surface trajec-
tories (class 2) the second atomic layer of the Au crystal was taken. Class 3 of
long near-surface trajectories was defined of having at least 3 collisions above
the second atomic layer. Figure 5.22 shows the result of the simulations, and
the normalized amplitudes of the three different Gauss distributions intensities
for different incidence angles. Here, the Gauss distribution intensity labeled 1
is connected to the lowest yield and thus penetration in the surface. Number
2 is connected to the center Gauss line (cf. fig. 5.9c) and connected to the
trajectories representing a single binary collision above the second atomic layer.
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The last one, number 3, is the class of trajectories associated with trajecto-
ries along the surface. First of all, it should be noted that all three processes
change gradually in both the experiment and the simulations. Further clarify-
ing these effects requires more experiments to be done, supported by trajectory
calculations.
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Figure 5.22: Normalized fractions of the three components contributing to the
electron number spectra in comparison to the SRIM intensities for the three
different trajectory classes, see text.
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5.3 Hollow atom dynamics on thin films of C60

on Au

This section will describe the first work done on total electron yields of HCI
interacting with thin films. So far, the only work done with highly charged ions
interacting with thin films focused on the change in the KLL Auger electron
spectra as function of surface coverage i.e. workfunction change [10, 14, 15].

In order to study the total secondary electron yield on thin films, monolayers
of C60 have been evaporated on Au. By evaporating monolayers of C60 on the
surface, a band gap in the surface density of states (SDOS) is introduced [93].
This band gap makes the surface behave like an insulator instead of a metal.

The evaporation of C60 layer by layer allows to measure the electron yield
as function of layer thickness and to investigate the transition from a metal
towards an insulator. When there is only one monolayer, one would intuitively
expect that when the ions penetrate the surface, they will soon encounter the
Au bulk material below the first monolayer of C60.

Figure 5.23 shows how the electron yield is affected by the thin film thickness
for a wide range of projectile charge states. More specifically, 70 keV Xeq+ ions
with q ranging from 10 to 26 are used impinging under an angle of 45◦. As
before, when the charge state of the ion is increased, an increase in secondary
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Figure 5.23: The electron yield as function of charge state for different thin film
thicknesses of C60 evaporated on Au(111).
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Figure 5.24: The electron yield as function of charge state using 70 keV Xeq+for
different thin film thicknesses of C60 evaporated on Au(111).

electron yield γ is observed for all layer thicknesses of C60 used. Furthermore
a clear increase in electron yield as function of layer thickness is seen: for 0
monolayers (clean Au(111)) the electron yield is around 50 electrons for q=26,
while the yield is as high as nearly 70 electrons for 3 and 5 monolayers of C60

deposited, meaning an increase of around 40% compared to clean gold.
In order to study the evolution of the secondary electron yield γ as function

of layer thickness, figure 5.24 shows the relative increase in secondary electron
yield per monolayer evaporated. Here, every different charge state has been
divided by the electron yield obtained at clean Au with the same ion.

The remarkable fact that the largest change in electron yield already occurs
after evaporation of a single monolayer is clearly visible from the figure. All the
data points together (from q=10 to q=26) have been fitted to an exponential
depending on layer thickness. This curve is shown together with the data points
(see figure 5.24). From this fit it can be seen that after deposition of 2 to 3
monolayers of C60 there is no noticeable change anymore of the electron yield.
This implies that within 2–3 ML the same electron yields are established as on
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Figure 5.25: The electron yield as function of charge state using 70 keV Xeq+for
different thin film thicknesses of C60 evaporated on Au(100)

bulk C60 (thick layers).
The same measurements have been performed on an Au(100) surface. The

electron yields obtained using this surface are depicted in figure 5.25. Here, the
same trend is again visible: when the number of monolayers of C60 is increased,
the electron yield is increasing as well. Similar to the Au(111) surface, changes
in electron yield above 2 or 3 monolayers are rather small according to the fit.

In order to compare the electron yield from both surfaces, the electron yield
as function of charge state of the ion is shown in figure 5.26. Here, every panel
shows the electron yield for a different number of layers of evaporated C60 on
Au(100) and Au(111). From the figure it is obvious that there is no difference
between the electron yields from these surfaces, even though the workfunction
of Au(100) and Au(111) differs slightly [94–99].

The increase in electron yield as a function of the number of layers of C60

may have different reasons. First of all, the SDOS is changed from a metal one
to an insulator one. The band gap associated with an insulator may block or
strongly restrict resonant ionization which is competitive to the Auger decay
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Figure 5.26: Electron yield from Au(111) and Au(100) surfaces covered with C60

monolayers. The number of monolayers deposited on the surface is indicated in
the panels.

of the hollow atom. This might lead to an increase of electron emission by the
hollow atom.

Figure 5.27 is adapted from Maxwell et al. [93] and shows the SDOS of clean
gold, 1 monolayer of C60 evaporated on gold and finally the SDOS of a thick
film of C60. At first sight, the SDOS near the Fermi level/workfunction does not
change dramatically when 1 monolayer of C60 is deposited. This would imply
that no band gap is introduced after deposition of one single monolayer of C60.
However, it has to be realized that the spectra shown are taken with photons
which have a wavelength of tens of nanometers and therefore might still interact
with the substrate as well since the C60 molecules have a diameter of 7 Å only
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Figure 5.27: Valence photoemission spectra adapted from Maxwell et al. [93]
The SDOS of the surface is altered when C60 is evaporated on Au. Clearly
visible is that a band gap is introduced when a thick layer is evaporated on Au.

[100, 101].

A second explanation for the increase in the secondary electron yield can be
found in the same figure: although no band gap is introduced into the SDOS,
the SDOS is greatly enhanced between 1 and 2 eV below the Fermi level. This
would provide electrons for electron capture by the ion, leading to an increase
in electron yield.

A third explanation for the increase in secondary electron yield could be that
the open structure of the C60 molecules allows for the electrons to escape from
deeper within the surface layer. This would mean that the escape depth of the
electrons is larger and electrons emitted from deeper within the solid are still
able to escape to the vacuum. A similar scenario has been suggested by Meissl
et al. [29] in the case of bulk LiF.
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5.4 Conclusions

It has been unambiguously shown in this chapter that the newly built setup IISIS
is excellently suited to measure secondary electron yields from ions interacting
with surfaces, at least for impact angles up to 60◦. A clear trend is visible in
electron yield when measured as function of ion charge: the electron emission
shows a linear increase with potential energy.

From the measurements done, it can be concluded that not all ions undergo
the same scattering trajectory. When using low incidence angles up to angles
of 40◦, the ion trajectories can be divided in different classes of trajectories,
causing different electron yields to contribute to the average electron yield.

For the very first time electron yields have been measured on thin films.
When C60 is evaporated on an Au substrate, it shows the same behavior as an
insulator: the yield is increasing as a function of the thickness of C60 monolay-
ers. Surprisingly enough, the major increase of the electron yield has already
occurred when a film thickness of one monolayer is reached. Although several
possible explanations are given, no definite scenario can be given solely on the
measurements done so far. In order to investigate this further, one of the very
first experiments which might provide insight in this phenomenon, would be to
measure the electron yield with very slow highly charged ions since these do
not penetrate the surface very deeply. This might provide insight on whether
a change in SDOS/workfunction and/or the introduction of a bandgap or the
escape depth of electrons is governing the change in electron yield.





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

93
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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



96 Summary

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



97

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.





Chapter 7

Samenvatting

Hoewel er al sinds lange tijd onderzoek gedaan wordt naar de interactie tussen
hooggeladen ionen en oppervlakken, zijn nog altijd niet alle aspecten bekend.
Wel is er een algemeen aanvaard scenario dat zich laat beschrijven door het
zogenaamde klassieke over-de-barrière-model. Wanneer een hooggeladen ion een
oppervlak nadert, zal het Fermi-niveau van het oppervlak op een zeker moment
gelijk zijn aan de potentiaalbarrière die tussen het oppervlak en ion bestaat. Op
dat moment kunnen elektronen vanuit het oppervlak overspringen naar het ion.
Deze elektronen belanden echter niet in de schillen die de grondtoestand van een
atoom kenmerken, maar in plaats daarvan in verder naar buiten gelegen schillen.
Dit proces herhaalt zich meerdere keren met als resultaat dat de schillen het
dichtst bij de kern in eerste instantie leeg blijven terwijl de buitenste schillen
elektronen bevatten. Dit wordt ook wel een hol atoom genoemd. Figuur 7.1
laat dit schematisch zien. Wanneer het hol atoom vervolgens het oppervlak
verder nadert, vinden er vele processen plaats. Het simuleren en modeleren
van de vorming en het verval van het hol atoom is erg lastig, daar dit een
dynamisch en complex proces is dat van vele factoren afhangt. Omdat het hol
atoom geen stabiele toestand is, vindt er deëxcitatie plaats. Voor de wat lichtere
ionen vindt de meeste deëxcitatie plaats via zogenaamde Augerprocessen, terwijl
zwaardere ionen ook deëxciteren middels de emissie van Röntgen-straling. Het
mooie aan de interactie tussen langzame, hooggeladen ionen en een oppervlak is
dat al deze processen boven of vrijwel direct onder het oppervlak plaatsvinden.
Wanneer het ion het oppervlak penetreert, vinden er andere processen plaats die
er voor zorgen dat het ion snel geneutraliseerd wordt. Hierdoor zijn langzame
hooggeladen ionen met name gevoelig voor de bovenste atomaire lagen van een
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oppervlak.

Bij veel Auger-processen wordt een elektron uitgezonden. Door de energie
van deze elektronen te meten is men in staat om iets te zeggen over de initiële
toestand waaruit het elektron vandaan is gekomen. Om in staat te zijn om
metingen te verrichten aan holle atomen is ooit het idee ontstaan om in plaats
van een enkel oppervlak een nanocapillair te gebruiken, ofwel holle cilinders
door het gehele materiaal. Hier zou een hooggeladen ion eerst interacties onder-
gaan met de wand van het nanocappilair om vervolgens als hol atoom hieruit
te komen. Dit zou de mogelijkheid geven om \in alle rust’ metingen aan een
\ongestoord’ hol atoom in vacuüm te kunnen doen.

Hoewel men is begonnen met capillairen van metaal, heeft dit geleid tot het
ontstaan van een nieuw veld in de fysica: ionengeleiding door een nanocapillair
gemaakt van een isolerend materiaal. Een isolerend materiaal kan minder snel
elektronen aan een oppervlak leveren dan een metaal. Hierdoor blijft het positief
geladen gat, gecreëerd door het elektron dat naar het ion is overgesprongen,

Figure 7.1: Terwijl het ion het oppervlak nadert, vinden vele processen plaats
waar elektronen bij zijn betrokken. Dit leidt tot een hol atoom, dat uiteindelijk
geneutraliseerd wordt.
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Figure 7.2: Een mogelijk scenario wat er gebeurt tijdens de initiele oplading
van een nano capillarie en wat het oscilleren van de positie van de geleide ionen
mogelijk verklaart.

bestaan voor langere tijd. Hierdoor ontstaat een kleine lading aan het oppervlak,
die groter wordt naarmate meer ionen elektronen uit deze plek wegtrekken.
Wanneer de lading op de wand hoog genoeg is, zorgt dit ervoor dat de ionen
die nu nog naar binnen komen worden afgebogen naar de centrale as van het
nanocapillair.

In dit proefschrift worden twee verschillende aspecten van deze nanocapil-
lairen behandeld. Het blijkt dat de ionengeleiding door de capillairen aan zo-
genaamde \schalingswetten’ voldoet. Deze schalingswetten voorspellen dat de
afbuiging een functie is van de lading en de energie van het inkomende ion. Om
deze schalingswetten nog verder te testen zijn metingen gedaan met een relatief
hoge kinetische energie. In hoofdstuk 4 staan de resultaten die verkregen zijn
met Ne7+–ionen, met een kinetische energie van 50 keV. Dit is voor het eerst
dat een zo hoge energie gebruikt is om onderzoek te doen naar ionengeleiding
door nanocapillairen. Niet alleen blijkt dat de nanocapillairen in staat zijn deze
hoog energetische deeltjes te geleiden, maar ook dat voor deze hoge energie de
geleiding aan de schalingswetten voldoet. Dankzij deze resultaten is het mo-
gelijk om de schalingswetten nog nauwkeuriger te bepalen, wat in de toekomst
gebruikt kan worden om het gedrag van deze capillairen beter te voorspellen.

Het tweede aspect dat in dit proefschrift beschreven wordt gaat over de
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initiële opladingseffecten. Het opladen van de capillairen blijkt een dynamisch
proces te zijn. In hoofdstuk 4 zjin de resultaten weergegevenwaaruit blijkt dat
wanneer de eerste ionen door de capillairen heen komen, deze in eerste instantie
niet naar de centrale as worden afgebogen, maar naar een grotere hoek. Nadat
meer lading verzameld is, beginnen de ionen echter naar de andere kant af te
buigen, dus een hoek lager dan de capillairas. Deze oscillaties vinden enkele
malen plaats, voordat uiteindelijk de evenwichtstoestand bereikt wordt. Het
oscilleren lijkt een algemeen proces te zijn: voor capillairen met verschillende
diameters, zoals in hoofdstuk 4 te zien is, is het proces waargenomen. Doordat
men zich pas sinds zeer korte tijd bewust is van deze oscillaties, is er helaas
nog geen theorie beschikbaar die dit proces beschrijft. In dit proefschrift echter,
is een scenario gegeven die deze oscillaties probeert te verklaren. In figuur 7.2
staat dit scenario schematisch weergegeven.

Een derde onderwerp dat beschreven is in dit proefschrift behandelt elek-
tronenstatistiek. Zoals eerder genoemd, wanneer een ion een oppervlak nadert
en elektronen begint in te vangen, worden er ook elektronen het vacuum in-
gestuurd. De elektronenstatistiek houdt zich bezig met het aantal elektronen
dat door een enkel ion uitgezonden worden. Om dit te meten, is er eerst een
opstelling gebouwd die de mogelijkheid geeft om dit te doen.

De eerste metingen die gedaan zijn met deze opstelling zijn metingen op
goud. Omdat er andere groepen zijn die hier al metingen op gedaan hebben,

5 10 15 20 25
0

20

40

60

 

 

E
le

kt
ro

ne
no

pb
re

ng
st

Ladingstoestand

(a)

0 2000 4000 6000 8000 10000
0

20

40

60

 
 

E
le

kt
ro

ne
no

pb
re

ng
st

Potentiële energie (eV)

(b)

Figure 7.3: De elektronenopbrengst als functie van de lading (figuur a) en po-
tentiële energie (figuur b). De metingen zijn gedaan met xenonionen (gesloten
cirkels) en argonionen (open cirkels). De lijn getekend in figuur b is geen fit
maar laat zien dat de opbrengst een lineaire functie is van de potentiële energie.
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was het mogelijk om te controleren of de opstelling volledig functioneerde. Door
het aantal elektronen te meten met ionen van verschillende lading was het mo-
gelijk om het aantal uitgezonden elektronen als functie van lading te verkrijgen.
Wanneer een bepaald soort ion een hogere lading heeft, houdt dit in dat de
potentiële energie ook hoger is. Hierdoor is er meer energie beschikbaar om
elektronen uit te zenden in het vacuüm, waardoor de elektronenopbrengst als
functie van de lading toeneemt. Belangrijk is echter ook de elektronenstructuur
van het atoom, wat betekent dat verschillende geioniseerde atomen met dezelfde
lading niet dezelfde hoeveelheid potentiële energie met zich meedragen.

Figuur 7.3 laat zien hoe dit verloopt voor argon– en xenonionen. Duidelijk
zichtbaar is dat de elektronenopbrengst inderdaad evenredig is met de potentiële
energie en niet de lading: de argonionen zenden meer elektronen uit dan de
xenonionen wanneer dezelfde lading gebruikt wordt. Dit wordt veroorzaakt
door het feit dat de potentiële energie van een argonion hoger is dan voor een
xenonion met eenzelfde lading. Wanneer de elektronenopbrengst echter uitgezet
wordt tegen de potentiële energie, vallen de meetpunten verkregen met argon
en xenon allemaal op een en dezelfde lijn. Deze resultaten zijn vergeleken met
resultaten van anderen en hieruit blijkt dat de opstelling goed werkt.

Wanneer er in meer detail gekeken wordt naar de verdeling van het aantal

0 10 20 30 40 50 60
0

100

200

300

400

500

600

 

 

In
te

ns
ite

it

Aantal elektronen

(a)

0 10 20 30 40 50 60
0

50

100

150

200

250

300

 

 

In
te

ns
ite

it

Aantal elektronen

(b)

Figure 7.4: Een typisch spectrum gemeten met behulp van Ar13+ ionen en een
goud oppervlak. Duidelijk zichtbaar in figuur a is dat het fitten met een piek
niet het hele spectrum dekt: de staart van de gemeten verdeling ligt duidelijk
boven de fit. Wanneer 3 Gaussverdelingen gebruikt worden, lijkt de fit echter
zeer goed.
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elektronen, valt op dat het verkregen spectrum niet altijd symmetrisch is en
een enkele symmetrische functie zoals een Gauss distributie niet zal voldoen om
de meetpunten geheel te beschrijven. Figuur 7.4a laat dit zien. Wanneer er
echtere meerdere Gaussfuncties gebruikt worden, zoals in figuur 7.4b, is zicht-
baar dat dat een hele goede fit geeft. Verder onderzoek heeft ons geleerd dat
de intensiteit van de pieken verandert als functie van de invalshoek. De reden
hiervan is dat wanneer een ion een oppervlak nadert, er min of meer drie ver-
schillende dingen kunnen gebeuren. Het ion kan het oppervlak penetreren en
afhankelijk van de initiële energie op een zekere diepte gestopt worden. Doordat
elektronen grofweg alleen uit de bovenste laag van atomen van het oppervlak
kunnen ontsnappen, zullen de elektronen die het ion op grotere diepte uitzendt
niet meer gemeten worden. Het lijkt daarom logisch om dit proces te verbinden
aan de Gaussverdeling met de laagste elektronenopbrengst.

De tweede categorie omschrijft de zogenaamde binaire botsingen. Het ion
kan van de oppervlakte of een laag daaronder \stuiteren’, wat plaats vindt in
een relatief korte interactietijd. Hierdoor lijkt het logisch om dit proces bij de
Gaussverdeling te plaatsen met de middelste opbrengst in figuur 7.4b, daar het
ion zowel op weg naar het oppervlak als daar vandaan elektronen uitzendt die
gemeten kunnen worden.

In het derde scenario \loopt’ het ion langs of net onder het oppervlak. Uitein-
delijk kan het ion dan alsnog het oppervlak dieper penetreren of ontsnappen.
Doordat het ion wat langere tijd op of net onder het oppervlak verblijft, is er
in verhouding met de vorige 2 processen meer tijd beschikbaar om elektronen
naar het vacuüm uit te zenden die gedetecteerd kunnen worden. Om deze reden
lijkt het logisch om dit proces aan de derde Gaussverdeling te koppelen. De drie
categorieën zijn weergegeven in figuur 7.5.

Om na te gaan of deze intüıtieve banen correct zijn, zijn er simulaties in
SRIM gedaan. Hierbij is onderscheid gemaakt tussen deze banen door te kijken
naar welke fractie van de ionen veel tijd in de bovenste laag van het oppervlak
spendeert, welke fractie het oppervlak penetreert en welke fractie een interactie
heeft met de bovenste laag. De simulaties laten zien dat het scenario met drie
verschillende soorten banen inderdaad de data goed representeert.

Naast metingen op schoon, puur goud zijn er ook metingen gedaan waarbij
er C60 op het oppervlakte opgedampt is. C60 heeft een zogenaamde verboden
zone, wat inhoudt dat het zich qua gedrag gedraagt als een isolator. Eerder
gedaan onderzoek heeft laten zien dat de elektronenopbrengst hoger is voor een
isolator dan voor een metaal. Het is echter nog niet bekend waarom dat zo is en
om dit verder te onderzoeken is C60 laag voor laag opgedampt. Op deze manier
kan gekeken worden naar wat er verandert in de elektronenopbrengst als functie
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van laagdikte. In hoofdstuk 5 worden de resultaten op C60 weer gegeven. Bij
C60 is het inderdaad ook zo dat de opbrengst toeneemt ten opzichte van schoon
goud. Het is zelfs zo, dat de grootste toename reeds heeft plaatsgenomen bij het
opdampen van een enkele monolaag C60. Uiteindelijk lijkt de opbrengst zo’n
35% hoger te liggen voor C60 dan voor schoon goud.

Voor de toename van de elektronenopbrengst kunnen verschillende oorzaken
zijn. Omdat C60 een verboden zone heeft, houdt dat in dat het zogenaamde pro-
ces van \resonante ionisatie’ minder kan plaatsvinden. Hier wordt een elektron
dat het ion vanuit het oppervlak heeft ingevangen weer opnieuw teruggevangen
door het oppervlak. Als dit proces geblokkeerd wordt, betekent dat automatisch
dat het concurrerende proces van Auger–verval waarbij een elektron uitgezon-
den wordt in het vacuüm waarschijnlijker wordt. Hierdoor zou men dus een
hogere elektronenopbrengst bij C60 dan bij Au verwachten.

Vlak bij de verboden zone van een enkele laag C60 zit een grote dichtheid
elektronen. Omdat deze grote dichtheid iets dichter bij het Fermi-niveau ligt
dan die van puur goud, zou het ook zo kunnen zijn dat het ion hieruit zijn
elektronen haalt. Omdat deze makkelijker in te vangen zijn, zou dit leiden tot
een hogere elektronenopbrengst.

Een andere mogelijkheid is dat de elektronen vanuit een grotere diepte kun-
nen ontsnappen uit een isolator ten opzichte van een metaal. Omdat de elektro-
nen niet in het materiaal worden ingevangen, houdt dat in dat terwijl het ion
de oppervlakte heeft gepenetreerd, de uitgezonden elektronen nog steeds naar
het vacuüm kunnen ontsnappen.

Om te bepalen welk van deze processen dominant is, is er echter meer theo-
retisch en experimenteel werk nodig. Hierbij zou het de vraag zijn of het mogelijk

(a) (b) (c)

Figure 7.5: Drie verschillende processen die kunnen plaatsvinden als een ion
een oppervlak bereikt. Deze processen, penetratie in het oppervlak, binaire
botsingen aan het oppervlak en processen waarbij het ion zich lange tijd bij het
oppervlak bevindt, zijn in meer detail beschreven in de tekst.
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is een enkele reden aan te wijzen voor de toename in elektronenemissie, of dat
het combinatie van de genoemde processen is.



Chapter 8

Dankwoord

Allereerst wil ik natuurlijk mijn promotor Ronnie Hoekstra bedanken omdat hij
mij de mogelijkheid gegeven heeft om te promoveren in de atoomfysica groep.
Daarnaast uiteraard ook voor zijn begeleiding, eeuwig voordurende en niet te
breken optimisme en het vertrouwen dat hij in mij had (en heeft). Daarnaast
waren de reizen samen met hem ook altijd een plezier, zeker wanneer hij zich
weer eens liet verleiden tot het doen van van een \onprofessorabele’ uitspraak.
Daarvoor waren zeker geen lange reizen nodig: zelfs een parkeerplaats bij het
nabijgelegen winkelcentrum was ver genoeg.

De mechanische werkplaats heeft mij vaak doen verbazen: voor ieder prob-
leem dat ik zag hadden zij een oplossing, voor zowel de simpele als de moeilijkere
dingen. In het begin hebben zij mij vaak geholpen met de bestaande opstelling
(SurPhyn) en later met het opbouwen van een nieuwe experimentele opstelling
(IISIS). Zonder hun hulp zou dat zeker niet mogelijk zijn geweest. Hartelijk
dank hiervoor!

Hoewel de mechanische werkplaats vaak voldoende had aan een halve lijn op
een stukje papier, waren sommige projecten hiervoor te gecompliceerd en waren
\echte tekeningen’ nodig. Hierbij heeft de tekenkamer mij fantastisch geholpen,
want zonder hun tekeningen had ik geen opstelling kunnen bouwen. Ook waren
zij tot op het laatste moment zeer bereid en enthousiast om mooie plaatjes te
maken voor mijn proefschrift.

Ook de elektronische werkplaats heeft voor mij heel wat betekend, daar een
opstelling niet zonder elektronica kan. Op de een of andere manier is het hun
gelukt om altijd rustig en behulpzaam te blijven en op die manier elk probleem
op te lossen. Ik herinner mij nog goed de dag in het (prille) begin van mijn
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promotie dat ik aanklopte bij elektronica en ik samen met een van jullie een
half uur heb gezocht naar de reden waarom de elektronica niet deed wat het zou
moeten doen. Naar het schijnt werkt elektronica toch beter als het aanstaat...

Ook de vacuümdienst heeft bijgedragen tot het succesvol verlopen van mijn
promotie: was het in begin nog met dingen zoals lekzoeken en het voorkomen
en verhelpen van problemen met vacuümpompen, later hebben zij er regelmatig
voor gezorgd dat ik zo nu en dan een haring kon eten.

Natuurlijk heeft ook de atoomfysica groep bijgedragen tot een plezierige tijd.
Mirko Unipan, Abel Robin, Dennis Bodewits, Fresia Alvarado, Steven Knoop,
Albert Mollema, Gabriel Hasan, Reinhard Morgenstern en natuurlijk de huidige
groep Hong Minh Dang, Sadia Baria, Jos Postma, Ina Blank, Olmo Gonzales en
Thomas Schlathölter, hartelijk dank! Ook de studenten die ik begeleid heb wil
ik hartelijk danken voor hun inzet die ze getoond hebben tijdens hun master-
dan wel bachelorproject: Erik Duisterwinkel, Adrian de Nijs, Benjamin Daniel,
Hendrik Bekker en Marcel Tiemens.

Niet alleen de atoomfysica heeft bijgedragen aan een plezierige tijd: hier
horen uiteraard ook mensen bij uit de theorie en Trimp groep die op vrijdagmid-
dag nooit te beroerd waren om bij atoomfysica op bezoek te komen. Hartelijk
dank voor de fijne tijd!

Furthermore I would like to thank Nico Stolterfoht for the insights he gave
me into the \world of the nanocapillaries’. Although it can be very hard to do
test after test before a real experiment starts, it seems that this is a proper
way of doing measurements on nanocapillaries, since this approach resulted in
quite some papers. Also I would like to thank Belá Zulik, Zoltán Juhász and
Veronica Bayer for enthusiastically participating in these capillary experiments.
Even though we might have had our little disagreements, I always enjoyed the
experiments we did together.

Also I would like to thank Benjamin Daniel, Daniel Winklehner, Gregor
Kowarik, Katherina Dobes and Fritz Aumayr for the experiments we did to-
gether on electron statistics. Even though the conditions were most certainly
not ideal (mounting a detector and try to do serious experiments in one week,
2 power failures at KVI within one week resulting in an oily UHV setup), you
always stayed optimistic and willing to try. Now, after four years in total, it
nevertheless seems that we have nice results on secondary electron yields, which
without the help of the TU Vienna group would not have been possible.

Dan is er natuurlijk nog dat kleine hokje in de buurt van elektronica en waar
ik zo nu en dan ook nog wel eens naar binnen wou lopen. Niet alleen waren
er vaak mensen bereid om mijn vele frustraties aan te horen, maar was er ook
altijd tijd voor discussies en natuurlijk \gewoon’ gezelligheid. Dit heeft mijn tijd
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als promovendus zeker aangenamer gemaakt. Hartelijk dank daarvoor!
Ook de personeelsvereniging heeft mijn tijd als promovendus zeer aange-

naam gemaakt. Uiteraard waren daar altijd de vergaderingen, die om de een
of andere reden altijd chaotisch waren, maar dan wel op een plezierige manier.
Los daarvan lukte het organiseren van de activiteiten altijd buitengewoon goed
en waren ook die een groot plezier om bij te wonen.

Omdat mijn paranimfen, Dennis Bodewits en Ina Blank mij in mijn laat-
ste daad als promovendus bijstaan, zou ik hun hier als (bijna) laatste willen
bedanken. Als laatste wil ik mijn ouders en Suzanne bedanken, voor al hun
geduld en steun.





Appendix A: Atomic units

atomic unit symbol value SI unit

length Bohr radius a0 5.29 ·10−11 m
velocity αc 2.19 ·106 m/s
time a0/αc 2.42 ·10−17 s
charge e 1.60 ·10−19 C
mass me 9.11 ·10−31 kg
energy E = m(αc)2 4.36 ·10−18 J
angular momentum ~ 1.05 ·10−34 Js

Relation between atomic units (a.u.) and SI units. The atomic unit of energy
is equal to the potential energy of a 1s electron in the hydrogen atom, i.e. 1
a.u.=27.2 eV. In atomic physics, equations are written with the conventions
~ = 1, e = 1 and me = 1.

The relation between the ion velocity vi in a.u. and the non-relativistic
kinetic energy Ekin in keV of the ion with mass Mi in amu is given by

vi = 0.2

√
Ekin
Mi

.

(1 eV=1.60 · 10−19 J and 1 amu=1.66 · 10−27 kg)
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Appendix B: Potential
energies

The potential energies are taken from the database of the Forschungszentrum
Dresden Rossendorf, available at http://www.dreebit.com/en/highly charged ions/data/
The ground electronic configuration of a Xenon atom is Xe(1s22s22p63s23p63d104s24p64d105s25p6).
The table gives the electronic configuration of the least bound subshell.

Ion Electron Potential Ion Electron Potential
configuration energy (eV) configuration energy (eV)

Xe1+ ...5p5 11 Xe16+ ...4d2 2592
Xe2+ ...5p4 31 Xe17+ ...4d1 2996
Xe3+ ...5p3 61 Xe18+ ...4p6 3430
Xe4+ ...5p2 103 Xe19+ ...4p5 3980
Xe5+ ...5p1 157 Xe20+ ...4p4 4561
Xe6+ ...5s2 223 Xe21+ ...4p3 5177
Xe7+ ...5s1 313 Xe22+ ...4p2 5827
Xe8+ ...4d10 417 Xe23+ ...4p1 6527
Xe9+ ...4d9 595 Xe24+ ...4s2 7263
Xe10+ ...4d8 797 Xe25+ ...4s1 8081
Xe11+ ...4d7 1025 Xe26+ ...3d10 8937
Xe12+ ...4d6 1280 Xe27+ ...3d9 10431
Xe13+ ...4d5 1561 Xe28+ ...3d8 12000
Xe14+ ...4d4 1875 Xe29+ ...3d7 13655
Xe15+ ...4d3 2219 Xe30+ ...3d6 15397
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The ground electronic configuration of Ar is Ar(1s22s22p63s23p6). The table
gives the electronic configuration of the least bound subshell.

Ion Electron Potential Ion Electron Potential
configuration energy (eV) configuration energy (eV)

Ar1+ ...3p5 15 Ar10+ ...2p4 1466
Ar2+ ...3p4 41 Ar11+ ...2p3 2004
Ar3+ ...3p3 80 Ar12+ ...2p2 2623
Ar4+ ...3p2 138 Ar13+ ...2p1 3309
Ar5+ ...3p1 212 Ar14+ ...2s2 4065
Ar6+ ...3s2 302 Ar15+ ...2s1 4915
Ar7+ ...3s1 424 Ar16+ ...1s2 5833
Ar8+ ...2p6 567 Ar17+ ...1s1 9952
Ar9+ ...2p5 988 Ar18+ - 14378
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