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Abstract 

Impact of slow multiply charged ions (MCI) on atoms, molecules and surfaces is of 
considerable interest in various fields of modern research as, e.g., thermonuclear fusion 
plasmas, astrophysical and ionospheric processes, and surface analytics and nanotechnology. 
To improve the understanding and permit the control of magnetically confined fusion 
plasmas, it is necessary to learn more about the relevance of multicharged impurity ions 
residing in these plasmas. 

In the present work, a compact experimental setup has been constructed and utilized 
for measuring absolute cross sections for single (SEC) and double electron capture (DEC) in 
collisions of slow singly and multiply charged ions with gaseous atoms and molecules. Our 
technique combines collection of slow product ions with primary ion beam attenuation and 
stopping in a differentially pumped target gas chamber, where the pressure is measured by an 
absolutely calibrated capacitance manometer. The primary ions are obtained from a 14.5 GHz 
all-permanent magnet electron cyclotron resonance (ECR) ion source with extraction 
geometry optimized for low ion beam energy. 

Reliability of the new experimental setup has been checked by proof-of-principle 
measurements in comparison with well established resonant SEC cross section for impact of 
slow singly charged noble gas ions on their atoms (He, Ne, Ar).  

SEC and DEC cross sections have been investigated for impact of slow doubly 
charged ions on their own atoms (He, Ne, Ar), where resonant DEC is clearly the dominant 
reaction. Moreover, SEC and DEC for He2+ collisions with Ne have been studied, where at 
low impact energy SEC is expected to proceed via a single channel only. Additionally, 
collisions of He2+ with simple diatomic molecules (O2, H2 and D2) have been carried out, for 
which again SEC and DEC have been measured. A theoretical analysis based on Landau-
Zener (LZ) theory and the extended over barrier model (EOBM) showed good agreement with 
results from this work, thereby providing additional insight in the physics behind these 
processes. 

The present experimental and theoretical results are compared to values available in 
the literature and the results are discussed. 



 

Kurzfassung 

Die Interaktion von mehrfach geladenen Ionen mit Atomen, Molekülen und Oberflächen ist 
von immenser Bedeutung in vielen Bereichen moderner, physikalischer Forschung, wie zum 
Beispiel bei der Untersuchung von Fusionsplasmen, in astrophysikalischen und 
ionosphärischen Prozessen, aber auch in der Oberflächenanalyse und allgemein in der 
Nanotechnologie. Um ein grundlegendes Verständnis und folglich die Kontrolle von 
Fusionsplasmen unter magnetischem Einschluss zu gewährleisten, ist eine profunde 
Untersuchung des Einflusses von hoch geladenen Fremdionen in ebendiesen Plasmen von 
unbedingter Notwendigkeit. 

In der hier vorliegenden Arbeit wird ein kompakter experimenteller Aufbau 
vorgestellt, der die Messung von absoluten Wirkungsquerschnitten für ein- (SEC) und zwei-
Elektroneneinfang (DEC) bei Stoßen von langsamen, ein- oder zweifach geladenen Ionen mit 
Gasatomen und –molekülen ermöglicht. Unsere Methode vereint dabei die Messung 
langsamer Produkt-ionen mit der Messung der Primärstrahlabschwächung und der selektiven 
Messung umgeladenen Projektil-ionem in einer differentiell gepumpten Reaktionskammer, in 
der der Druck mit Hilfe eines absolut geeichten Kapazitäts-Manometers gemessen und 
konstant gehalten wird. Die Primärionen werden in einer 14.5 GHz Permanentmagnet 
Elektronen–Zyklotron–Resonanz–Ionenquelle (EZR) produziert, deren Extraktionssystem für 
geringe Ionenstrahlenergien optimiert ist. 

Die Anwendbarkeit und Verlässlichkeit der vorgestellten Methode wurde durch 
Vergleichsmessungen mit bereits wohl untersuchten SEC Wirkungsquerschnitten für die 
Wechselwirkung langsamer einfach geladener Edelgas–Ionen (He, Ne, Ar) mit ihren 
jeweiligen Atomen überprüft und demonstriert. 

SEC und DEC Wirkungsquerschnitte für Stöße langsamer zweifach geladener Ionen 
mit Edelgasen des gleichen Elements (He, Ne, Ar) wurden vermessen. In diesen 
Stoßsystemen ist DEC der klar dominierende Prozess. Weiters wurden der 
Wirkungsquerschnitt für SEC und der DEC bei der Interaktion von He2+ Ionen mit Neon 
untersucht, da hierbei erwartet werden kann, dass bei geringen Stoßtenergien der SEC-
Ladungsaustausch in nur einem einzigen Kanal erfolgt. Zusätzlich wurden SEC und DEC 
Messungen für Stöße von He2+ mit zweiatomigen Molekülen (O2, H2 und D2) durchgeführt. 
Eine theoretische Analyse basierend auf der Landau-Zener-Methode (LZ) sowie auf einem 
erweiterten „Over - Barrier“ Modell (EOBM) erbrachte eine weitgehend zufriedenstellende 
Übereinstimmung mit den experimentelle Ergebnissen und dadurch eine tiefere Einsicht in die 
vorliegenden Prozesse. 

Sofern vorhanden wurden die erhaltenen experimentellen und theoretischen Werte mit 
bereits existierenden Daten aus der Literatur verglichen. Die Messergebnisse selbst, sowie die 
Ergebnisse des Vergleichs werden in der vorliegenden Arbeit diskutiert.  
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1. Introduction 

1.1. Collisions of multiply charged ions with atoms and 
molecules 

 

In future burning deuterium-tritium (D-T) fusion plasmas the resulting He ash will be the 

most important impurity species. Accurate knowledge of cross sections for charge-transfer 

collisions involving doubly ionized helium (He2+, i.e., α particles), and molecules present in 

the colder outer region of the plasma is of critical importance for plasma modelling as well as 

for helium ash removal from the divertor region of fusion devices [1]. Helium is also the 

second most abundant element in the universe and part of the solar wind. Interactions of He2+ 

with molecules like H2, O2 and CO have recently gained a lot of interest due to the 

observation of soft x-ray emission from comets which have been interpreted as being due to 

charge exchange between multiply charged ions of the solar wind and cometary atmosphere 

[2, 3]. Moreover, such processes are of relevance for many applied fields including ion 

implantation, thin film manufacturing and biological studies. 

The possibility to produce multi-charged ions has led to a significant improvement in 

the understanding of processes occurring in ion-atom collisions. Electron transfer processes 

are especially important in collisions between multi-charged ions and neutral atoms or 

molecules. After more than twenty years of dedicated research, one-electron charge transfer 

from neutral atoms or molecules to multi-charged ions is quite well understood. In contrast to 

this, the knowledge of processes in which more electrons are involved is still limited, 

although it is realized that multiple electron capture processes are important channels in 

highly charged ion collisions [4]. 



CHAPTER 1 – INTRODUCTION 

– 7 – 

 

1.2. Single- and double electron capture processes 
 

In collisions between ions and atoms or molecules several processes like target ionization, 

target excitation or charge exchange can take place depending on the impact energy. The 

charge-exchange (or electron-capture) process involves the transfer of charge (i.e. one or 

more electrons) from an atom or molecule to an atomic or ionic projectile during an inelastic 

collision. From a theoretical point of view, collisions are classified according to their relative 

velocity ν [5]. It is convenient to distinguish three different regimes, i.e. the high velocity 

region (ν >> ν0), the intermediate velocity region (ν ≈ ν0) and the low velocity region (ν << 

ν0), where ν0  is the “classical” orbiting velocity of the electron to be captured in the target 

atom or molecule (e.g. in the case of atomic hydrogen ν0  = 2.18·106 m/s). 

At low and intermediate collision energies electron capture is the dominant process in 

ion – atom/molecule collisions, much more likely than direct ionization [6-8]. Electron 

capture can be described by the following equation: 

 ( )

( )

( )
             ( )
             ( ' ') ,

q q

q s s

q s s

A B AB
A nl B E
A n l B E hv

+ +

− + +

− + +

+ →
→ + + Δ
→ + + Δ +

 (1.1) 

here, Aq+ denotes the projectile ion, B the target atom or molecule, ΔE the inelastic reaction 

energy defect and hv represents an emitted photon. When the (multiply charged) projectile ion 

Aq+ approaches the target B, first a transient quasi-molecular ion is formed (AB)q+. During the 

interaction a certain number s (s = 1,2,…) of electrons can be transferred to the projectile, the 

occurrence of this process is known as charge exchange or electron transfer. In the case of 

single electron capture (s = 1, “SEC”) only one electron is transferred; s = 2 denotes double 

electron capture (“DEC”) and s > 2 denotes multiple electron transfer. Usually, the projectile 

ion, and sometimes the electron deficient target Bs+ too, end up in an excited state. The 

excited state subsequently decays via photon emission. The lifetimes of the excited states are 

typically in the order of nanoseconds, which is longer than the collision times (few fs). The 

de-excitation therefore occurs long after the target and the projectile have separated again. It 

is an essential characteristic of low energy collisions that the captured electrons can only be 

found in states around a certain binding energy, very often highly above the ground state. As 

the highly excited states are deexited, characteristic photons are emitted as line radiation, 

leaving behind a “fingerprint” of the inelastic collision [9]. 
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1.3. The role of charge exchange processes in fusion- and 
astrophysical plasmas 

 

Nuclear fusion is the process by which two light nuclei join together to form a heavier 

nucleus, and it is usually accompanied by the release of a large amount of energy. Due to the 

Coulombic repulsion of the positively charged nuclei, it takes considerable high energy to 

force nuclei to fuse, even those of the least massive element, hydrogen. However the fusion of 

lighter nuclei, which create a heavier nucleus and also free neutrons, will generally release 

more energy than the necessary to overcome the Coulomb barrier — an exothermic process 

that can produce self-sustaining reactions. 

Because the binding energy that holds a nucleus together is far greater than the energy 

that holds electrons to a nucleus, the energy released in most nuclear reactions is much larger 

than that for chemical reactions. For example, energy gained by the combination of an 

electron with a proton (forming a neutral hydrogen atom) is 13.6 electron volts -- less than 

one-millionth of the 17 MeV released in fusion of the two hydrogen isotopes, deuterium and 

tritium, a reaction shown in Figure 1.1. This reaction is considered the most promising one for 

producing fusion power [10]. As a consequence it generates a helium nucleus (α particles) 

and a neutron as end products. 

The technological development of fusion as a possible power source is, however, a 

task of extreme complexity and difficulty. The research has developed mainly along two 

different confinement principles, those of magnetic and inertial plasma confinement. 

One point of particular concern is the edge region of magnetically confined fusion 

plasmas, i.e. the region where the hot plasma particles strike the wall. There, the helium ash 

produced by the fusion events needs to be exhausted, and the power load must be limited 

preventing the wall to melt and contaminating the plasma. The high temperatures needed for 

fusion imply the presence of multiply charged ions of impurity species in the plasma. Photon 

emission after electron capture can give information on the constituents of the plasma, i.e. it 

can be used as a diagnostics tool, either in a passive or active way [10-19]. This allows one to 

obtain for instance edge-plasma density profiles, impurity concentrations and temperature 

profiles if the relevant charge exchange cross sections are known. An important issue is the 

monitoring of the fusion born α particles and measuring or modelling their slowing-down, 

transport and charge state distribution. These tasks also require accurate knowledge of 

electron capture cross sections involving α particles [1, 20]. 
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Figure 1.1 – The deuterium-tritium (D-T) fusion reaction. A neutron with 14.1 MeV and a 
helium nucleus with 3.5 MeV energy are shown as end products [21]. 

 
 

Electron capture processes are not only important in man-made plasmas but also are 

significantly present in astrophysical plasmas. Recently [2, 3], a large effort has been 

dedicated to understand the interaction between highly charged ionic constituents of the solar 

wind and atomic or molecular particles of cometary atmospheres, leading to the emission of 

soft X-ray. Soon after the first surprising observation of this X-ray emission from comets 

[22], it was realized that it is caused by electron transfer reactions between highly charged 

solar wind ions and neutrals cometary gas molecules [23]. The X-ray line emission can thus 

be linked to properties of both, the solar wind and the comet, e. g. solar wind velocity and 

cometary atmosphere constituents [24, 25]. 

Electron capture and ionization processes are also found in (heavy particle) radiation 

damage of human tissue. Within the track of the primary radiation, secondary particles such 

as slow electrons and ions are formed. It is the interaction of these secondaries with 

biologically relevant structures such as DNA, which may cause major biological damage [26-

31]. Multiply charged ions as primary particles and their interaction with molecules are 

therefore of importance in radiotherapy or radiation exposure of astronauts. 
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1.4. Aim and outline of this work 
 

This thesis is focussed on experimental studies of single and double electron capture 

processes between slow ions and simple atoms or molecules. Special emphasis is given to 

fusion relevant alpha particles collisions with atom and molecules present in the edge fusion 

plasmas. 

To this purpose a novel experimental technique has been developed. The experimental 

results described in this thesis are obtained by a combination of three experimental 

techniques. The first one is ion beam attenuation, which may be regarded as the established 

technique for total charge exchange cross section measurement. The second technique, 

collects the slow particle (i.e. the ions and electrons) produced during the collision. In contrast 

to recoil-ion momentum spectroscopy (RIMS) [32], however, only the total charge of the 

recoiling target ions is measured. The third technique, applied for doubly charged ions 

projectiles, relies on a precise measurement of single electron capture events only. As a result 

absolute cross sections for single and double electron capture, respectively, as well as electron 

production are determined simultaneously. 

In this thesis an extensive study of SEC and DEC processes in collisions of ions with 

atoms and molecules is presented. The investigated collision energies range from a few 

eV/amu up to 2 keV/amu and therefore cover the pure electron capture regime well into the 

transition to ionization dominated interactions. The experimental data are presented in 

comparison to results of state-of-the-art theoretical calculations as well as more simple 

theoretical models. 

The present thesis is organized in the following way. In chapter 2 a short survey on 

various theoretical models, including Landau-Zener and the classical over-barrier model, is 

given. The experimental setup is described in chapter 3. Chapter 4 contains a detailed 

explanation of the experimental procedures used to determine the cross sections. Results are 

presented and discussed in chapter 5. Finally, general conclusions and an outlook are given in 

chapter 6. 
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2. Theoretical aspects 

2.1. Introduction 
 

In charge exchange processes at least 3 bodies are involved, therefore an analytic solution for 

the quantum mechanical problem describing the processes usually cannot be found. In the 

most sophisticated theoretical approaches numeric method are used. In order to reduce the 

computational time, the motion of the nuclei is usually described classically, only the 

electrons are treated quantum mechanically. The performance of the different models is 

largely dependent on the choice of the level in which the electronic wave functions are 

computed. On the other hand, although mixed quantum-classical approaches are usually less 

accurate than the full quantum approach, they are very good at describing the overall features 

of the charge exchange processes with less computational effort.  

In this chapter we will present a short review of basic quantum theory approach to 

the subject1, followed by the Born-Oppenheimer approximation, which leads to the non-

crossing rules for adiabatic potential curves. The Landau-Zener theory is then described in 

order to calculated transition probabilities between two adiabatic curves. Since the 

applicability of the Landau-Zener theory is limited (e.g. only exothermic channels can be 

considered, for doubly charged projectile ions only single electron capture can be calculated), 

we briefly introduce the (extended) over-the-barrier model, which is based on an intuitive 

classical picture including some quantum mechanical features. For simplicity, atomic units are 

used in this chapter unless otherwise stated. 

 
 
 
 
 
 

                                                 
1 For a more complete review of quantum chemistry and molecular theory, refer to the many excellent works 
available on the subject [33-35]. 
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2.2. The Schrödinger Equation 
 

A full quantum-mechanical non-relativistic treatment of collisions between ionic and atomic 

particles leading to charge transfer and ionization processes, relies on solving the time-

dependent Schrödinger equation for a given initial state [36]: 

 0 0
( ) ( ),      ( )ti H t t
t

∂Ψ = Ψ Ψ = Ψ
∂

 (2.1) 

where the Hamiltonian H = T +V takes into account the kinetic (T) and potential energies (V) 

of all particles. The probability of finding the system after the collision in a state f, 

represented by the wave function ψ f (t), can be determined from the projection of the total 

wave function Ψ(t) onto this state, i.e.  

 lim ( ) ( ) ,f ft
c t tψ

→∞
= Ψ  (2.2) 

for time t long after the collision at which the particles do not interact anymore. The 

probability is then given by |
fc |2. However, such an ab initio approach is complicated, even 

for the most simple one-electron systems, therefore the use of approximation methods are 

usually applied. 

 

2.3. The Born-Oppenheimer approximation 
 

If we consider an N-electron diatomic system with nuclei of masses MA and MB, nuclear 

separation R  and a set of electronic coordinates { }i N
r r= , the Hamiltonian operator is [34]: 

 ˆ ˆ ˆ ˆ( , )n eH T T V r R= + + , (2.3) 

here 

 2 21 1 1ˆ
2n A B

A B

T
M M
⎡ ⎤

= − ∇ + ∇⎢ ⎥
⎣ ⎦

. (2.4) 

In the centre-of-mass coordinate system 

 21 1 1 1ˆ
2n R

A B

T
M Mμ μ

= − ∇ = + , (2.5) 

and the electronic kinetic energy operator, êT , takes the form (me = 1 a.u. in atomic unit) 

 2

1

1ˆ
2

N

e i
i

T
=

= − ∇∑ . (2.6) 
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Moreover, the corresponding total wave-function must satisfy the time-independent 

Schrödinger equation 

 ˆ ( , ) ( , )H r R E r RΨ = Ψ , (2.7) 

( , )r RΨ  can be write as a product of nuclear and electronic wave functions 

 ( ), ( ) ( | )i i
i

r R F R r RφΨ =∑ , (2.8) 

Here the ( | )i r Rφ  are many-electron wavefunctions and the ( )iF R are the wavefunctions for 

nuclear motion in electronic state, i. For a fixed internuclear distance ( R ), equation (2.7) 

becomes: 

 ( )ˆ ˆ( , ) ( | ) ( ) ( | )e i i iT V r R r R U R r Rφ φ+ = . (2.9) 

Now, the eigenvalues, ( )iU R , and the eigenfunctions, ( | )i r Rφ , depend upon the fixed 

internuclear coordinate R . This leads to 

 
1ˆ ( ) ( ) ( ) ( ) 0

2
( ) 2 ( ) ( )

n i j ij i
i

ij ij ijR

T U R E F R C R F R

C R A R B R
μ

⎡ ⎤+ − − =⎣ ⎦

= ∇ +

∑
, (2.10) 

where Cij represents the coupling of different electronic states via the nuclear motion. 

Neglecting this electronic-nuclear coupling contained within the Cij amounts to adopting both 

the Born-Oppenheimer and adiabatic approximations simultaneously, because the 

wavefunction is now restricted to one electronic state with the form determined solely by the 

electronic Schrödinger equation. Within this approximation equation (2.10) reduces to 

 ˆ ( ) ( ) ( )n j j jT U R F R EF R⎡ ⎤+ =⎣ ⎦ . (2.11) 

This Schrödinger equation for the nuclei no longer consists of a set of coupled equations and 

can in principle be solved for each particular state j. The corresponding molecular 

wavefunction (2.8) is reduced to the simple product 

 ( ), ( ) ( | )j j jr R F R r RφΨ = . (2.12) 

Each ( )jF R describes the behaviour of the nuclei moving in the potential field defined by the 

single electronic state ( | )j r Rφ . The ( | )j r Rφ  are known as adiabatic electronic functions and 

the corresponding eigenvalues ( )jU R  are known as adiabatic electronic potentials. 

The Born-Oppenheimer and adiabatic approximations cannot be considered valid 

when two adiabatic states become nearly degenerate as the nuclear-electronic coupling term, 

Cij, now becomes significant [37]. One class of systems for which such degeneracy of states is 
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important is the charge-transfer reactions. This is illustrated by considering the collision of 

two atomic systems A + B that have an overall charge of 2+. Some of the adiabatic potentials 

will have an electron distribution of the form (A++B+), while others will be of the (A2++B) 

form. The (A++B+) potentials will be totally repulsive due to the Coulombic repulsion, 

whereas those for the (A2++B) distributions will be essentially flat, except for a large repulsive 

wall at small internuclear separations and perhaps a small potential well due to induced 

charges [38]. For systems with a suitably placed repulsive (A++B+) potential below a neutral 

(A2++B) potential, there will be a point, Rc, as the internuclear separation (R) decreases, at 

which the two potentials will approach the same energy value. Such a situation is illustrated in 

Figure 2.1. 

 

Po
te

nt
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l e
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(E
)
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q' q

p

R
c

(A2++B)

(A++B+)

 
Figure 2.1 – An avoided crossing of adiabatic potential energy curves. 

 

A collision between A2+ and B will initially follow the higher, flat potential and will cross the 

point Rc where the system’s energy is now very close to that of an (A++B+) potential. If, by 

some process, the system could “jump” nonradiatively to the nearby potential and the system 

ended the collision with this new electronic configuration, there would have been an effective 

transfer of an electron from B to A. Thus, the behaviour of the potentials at the point Rc is 

central to the overall rate of a possible charge-transfer reaction. As illustrated in Figure 2.1, 
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the adiabatic (A2++B) and (A++B+) potentials will not actually cross one another no matter 

how close in energy they become. This is termed the non-crossing rule [35]. 

2.3.1. The Non-Crossing Rule 
 

Within the Born-Oppenheimer and adiabatic approximations it is a general rule that, for a 

diatomic system, the energies of two purely electronic wavefunctions of the same symmetry 

can at no time become degenerate [35]. As a direct consequence, potential energy curves for 

the electronic states of a diatomic system plotted as a function of the nuclear separation, R, 

cannot cross one another. This sort of ‘interaction’ between two potential energy curves is 

termed an avoided crossing [37]. The potential energy curves of the two electronic states have 

a projected intersection at Rc; however, an energy gap effectively blocks the path of the 

potentials due to the non-crossing rule. For a system originally having an electronic 

configuration (A2++B) to remain in this configuration it would have to bridge this energy gap 

as it passes Rc. Failure to do so would result in it being converted to an (A+ + B+) 

configuration and following the p´ path in Figure 2.1. 

In order to understand this behaviour, let us consider two orthonormal adiabatic (i.e. 

within the Born-Oppenheimer and adiabatic approximations) electronic states of the diatomic 

system, labelled φ1(r|R) and φ2(r|R). U1(R) and U2(R) denote the corresponding energies of 

these states, respectively. At a nuclear separation Rc the energies of these states, U1(Rc) and 

U2(Rc), are nearly degenerate and are also eigenvalues of the Hamiltonian, Ĥc at the nuclear 

separation Rc. 

 1 1 1 2 2 2
ˆ ˆ( | ) ( ) ( | ) and ( | ) ( ) ( | )c c c c c c c cH r R U R r R H r R U R r Rφ φ φ φ= = . (2.13) 

Now, we must ask whether it is possible to make a small change δR such that U1 and U2 

become equal. The perturbed Hamiltonian at R+δR can be written 

 
ˆˆ ˆ ˆ ˆ   with    c

c
HH H V V R
R

δ ∂= + =
∂

, (2.14) 

where V̂  is a small correction to Ĥc. 

Since δR is a very small displacement, the eigenfunctions, ψ, at R+δR can be written 

as a linear combination of the zeroth-order eigenfunctions, i.e.  

 1 1 2 2c cψ φ φ= + . (2.15) 

Substituting equation (2.15) into 

 ˆ ˆ( )cH V Eψ ψ+ = , (2.16) 

gives 
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 1 1 1 2 2 2( ) ( ) 0c U E V c U E Vφ φ− + + − + = . (2.17) 

Multiplying this by *
1φ  and repeating this procedure for *

2φ  gives the fellow pair of equations 

[39]: 

 1 1 11 2 12( ) 0c U E V c V− + + =  (2.18) 

and 

 1 21 2 2 22( ) 0c V c U E V+ − + = , (2.19) 

here Vij = 〈φi|V̂ |φj〉. V̂ is Hermitian, so that V11 and V22 are real, and *
12 21V V= . Equations (2.18) 

and (2.19) are homogeneous and have a non-trivial solution if and only if 

 1 11 12

21 2 22

0
U E V V

V U E V
− +

=
− +

. (2.20) 

Expanding the determinant leads to the expression 

 22
1 2 11 22 1 2 11 22 12

1 1( ) ( )
2 4

E U U V V U U V V V= + + + ± − + − + , (2.21) 

which gives the first order energy eigenvalues at R+δR. For the states to be degenerate at this 

point (i.e. U1 = U2) it is required that 

 22
1 2 11 22 12

1 ( ) 0
4

U U V V V− + − + = . (2.22) 

The left hand side of the equation is the square root of the sum of two squares, so the only 

way to satisfy the degeneracy condition is to insist that both 

 1 2 11 22( ) 0U U V V− + − =  (2.23) 

and 

 12 0V = , (2.24) 

are simultaneously satisfied. However, there is only one arbitrary parameter δR. The only way 

in which this condition can be met is if the off-diagonal matrix element, V12, is zero near the 

avoided crossing [37]. This will be the case if φ1(r|R) and φ2(r|R) are of different symmetries. 

This leads to the conclusion that only potential curves that correspond to electronic states 

transforming as different irreducible representations of the molecular point group may cross 

one another within the Born-Oppenheimer and adiabatic approximations [39]. It is the energy 

changes caused by the interaction of two near degenerate states of the same symmetry that 

produce the apparent repulsion seen between the potentials. If a collision process involving an 

avoided crossing of this kind is treated purely within the Born-Oppenheimer and adiabatic 

approximations, then only adiabatic processes would be described (i.e. those that remain on 



CHAPTER 2 – THEORETICAL ASPECTS 

– 18 – 

the same adiabatic potential curve at all times during the collision). In reality, there is often a 

non-zero probability that a system will switch nonradiatively between two near-degenerate 

potential curves as it passes through an avoided crossing. A process involving such a 

transition is referred to as being nonadiabatic. In order to describe charge-transfer processes, 

we must calculate the probabilities of these nonadiabatic transitions. The simplest approach is 

the Landau-Zener approximation [40, 41]. This model has been specifically developed to deal 

with potential curve crossings at finite internuclear distance Rc. Such crossing occurs in 

collisions involving multiply charged ions because of the different nature of initial and final 

potential curves, e.g., an attractive polarization potential between ions and neutral atoms in 

the initial channel and a strong repulsive Coulomb potential between the two ions in the final 

electron capture channel. An extension of the Landau-Zener theory has been proposed by 

Tully and Preston [42] known as trajectory-surface-hopping method. The method allows 

transition not only in the vicinity of the avoid crossing but in all course of the collisions, 

therefore a precise knowledge of the potentials curves involved is required. More 

sophisticated approaches as the fully-quantal close-coupled scattering formalism [43] are also 

available. 

2.4. Landau-Zener theory 
 

The Landau-Zener model [40, 41] represents perhaps the simplest means of describing 

nonadiabatic transitions at the crossing of potential energy surfaces. Although its limitations 

are well known, the model continues to be used for a rough estimate of cross sections 

associated with various collision processes [44]. Here a brief description of the model as it is 

applied to charge-exchange processes of multiply charged ions will be given. 

 Let us consider a charge-exchange process, as described in equation (1.1), as: 

 ( 1)q qA B A B+ − + ++ → + . (2.25) 

At large internuclear distance R, the potential energy curves for the initial and final 

configurations are given by [45] 

 
2 2

4

( )( )
2i

q e AH R E
R
α≅ Δ −  (2.26) 

 
( )2 ( 1)2 2 2

4 4

( 1) ( 1) ( )( )
2 2

q

f

e Bq e q e AH R
R R R

αα − ++− −≅ − − . (2.27) 

Here spherically symmetric states are assumed and consequently the terms 1/R3 in the 

potential are neglected. EΔ  is the defect energy and α  denotes the polarizability of the atom 

or ion being considered. If 0EΔ > , the two curves cross at R = Rc where Rc satisfies 
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( )2 ( 1)2 2 2 2 2

4 4 4

( 1) ( ) ( 1) ( )
2 2 2

q

c c c c

e Bq e q e A q e AE
R R R R

αα α − ++− −= Δ − + + . (2.28) 

In the Landau-Zener model one assumes that the transition (electron transfer in our case) is 

limited to a narrow region around the crossing point Rc [45]. One further assumes that in this 

narrow region the potential energy separations varies linearly with the internuclear distance, 

 ( ),i f cH H R Rξ− ≅ ⋅ −  (2.29) 

and the coupling matrix element Hif, which corresponds to the energy separation between the 

adiabatic state- representative curves at the avoided crossing, is constant. The constant ξ  can 

be obtained for our case of charge transfer using equations (2.26) and (2.27), and can be most 

simply determined if polarization attraction is neglected [45]: 

 2

1( )
c

i f
R c

d qH H
dR R

ξ −= − . (2.30) 

For the potential curves of the two quasimolecular states, single-electron capture can be 

described as a transition at the respective avoided crossing with interatomic distance Rc [45]: 

 0
27,21( 1)( )

/c
qR a

E eV
−=

Δ
. (2.31) 

 The Landau-Zener transition probability as the system passes by the crossing point 

twice in a collision process is given by 

 [ ]2exp( ) 1 exp( ) ,P p p= − − −  (2.32) 

here 

 
2

12
1

2 2

2 ,

1
c

Hp
bv
R

π

ξ

=
⎡ ⎤⎛ ⎞
⎢ ⎥− ⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (2.33) 

b is the impact parameter, and v is the velocity of the ion at the crossing point. The integration 

of the probability P with respect to the impact parameter b yields the expression for the 

Landau-Zener cross section, 

 24 ( )LZ cR Iσ π η=  (2.34) 

where 

 
2 ( ) ( ) 3 12

 1

2( ) (1 ) ,   with   ( )x x HI e e x dx v
v

η η πη η
ξ

∞ − − −= − =∫ . (2.35) 

The application of the LZ-formula requires primarily appropriate values for the transition 

matrix element H12. The latter can be obtained for the specific collision partners either by 
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calculation of the adiabatic energy curves or from perturbation theory. In first approximation, 

it can be estimated according to the empirical relation suggested by Olson [46]: 

 1
4 ( ) exp 0.43( )i f i f i f c i f cH R Rε ε ε ε ε ε⎡ ⎤= + − +⎣ ⎦ . (2.36) 

All quantities in equation (2.36) should be expressed in atomic units, and iε  and fε  are 

determined by 2i iIε =  and 2f fIε = , where Ii and If  are the effective ionization 

potentials of the electron before and after the transfer, respectively. In fact, the effective 

ionization Ii and If are those that define the defect energy, i.e. f iE I IΔ = − . The empirical 

value shown in equation (2.36) is claimed by the authors to be correct within a factor of 2, 

therefore small adjustments can be made. 

 

 

Figure 2.2 – Screenshot of the C++ based program used to calculate the Landau-Zener cross 
sections [47]. The SEC cross section for the system He2++Ne (2s2 2p6 1S) → He+ (1s) + Ne+* 
(2s2p6 2S). I1 = 48.46 eV is the energy necessary to capture one electron from Ne (2s2 2p6 1S) 
plus the energy necessary to excite a second electron to the state Ne+* (2s2p6 2S), while I2 = 
54.4 eV is the potential energy released by the projectile He2+ during the capture of one 
electron into ground state of He+. In the bottom, the calculated crossing distance (Rc) and the 
coupling matrix element (H12) are shown. 
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In this work, the Landau-Zener type calculations have been carried out by means of a 

C++ based code [47]. Figure 2.2 shows the screenshot of the developed program. The inputs 

are the projectile mass, projectile initial charge, and the ionization potentials. The program 

allows one to choose the impact velocity range as well as the unit for the output values. It is 

also possible to compare directly the experimental data, adjust the coupling matrix element 

and to save the calculated cross sections as a function of impact velocity. 

 

2.5. Classical over-barrier model (OBM) 
 

The principles of the classical over-the-barrier model were introduced by Bohr and Lindhard 

[48], and were further developed by Ryufuku et al. [49] and Bárány et al. [50]. Niehaus [51] 

and Ostrovsky [52] have extended the initially static model involving the effects of the 

relative velocity of the target and the projectile. More recently, Sattin [53, 54] has proposed 

some improvements to the OB model as to treat the barrier-crossing process by the electron 

within a simplified quantum mechanical formulation. 

Despite of its simplicity, the model describes the overall features of electron capture 

processes rather well. It is based on the picture that the electron with a certain binding energy 

moves in the potential of the target core, superimposed onto the one for the projectile. For 

simplicity let’s consider that only the most loosely bound electron is involved in the process. 

The ionic cores are regarded as hydrogen-like, i.e. the inner electrons are assumed to provide 

perfect screening. The most loosely bound electron, based on the classical consideration, will 

be bound to the target until the potential barrier between the target and the projectile drops 

below the binding energy level of the electron. The model partially treats the electron 

quantum mechanically. The Coulomb field of the approaching projectile induces a Stark shift 

of the electron’s binding energy (in first order approximation): 

 ( ) / ,b bI R I q R= −  (2.37) 

where Ib(R) is the binding energy at internuclear separation R , Ib is the binding energy at 

infinite internuclear separation, and q is the charge of the projectile. The potential experienced 

by the electron at distance r of its parental nucleus is: 

 1( ) .qV r
R r r

= − −
−

 (2.38) 

From this the potential barrier height between the target core and the projectile can be 

deduced: 
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( )2

1
.barr

q
V

R

+
= −  (2.39) 

As the projectile approaches the target this barrier drops. At a certain internuclear distance the 

barrier becomes lower than the binding energy of the electron. From that point on, the 

electron can move across the barrier, and it will belong to the projectile as well as to the target 

forming a quasi-molecular state (see Figure 2.3). When the target and projectile are separated 

again the electron will be bounded either to the projectile or to the target. Based on the model, 

electron capture is only possible if the closest approach is smaller than the critical distance 

(Rcrit) at which the electron starts to become quasi-molecular. Assuming straight-line 

trajectories the closest approach of the projectile is equal to its impact parameter. Therefore 

the cross section of the process is: 

 2 ,critRσ π=  (2.40) 

where it is assumed that the probability of capture is 1 whenever the projectile approaches the 

target with smaller impact parameter than Rcrit. The critical distance can be obtained by the 

condition that the electron binding energy Ib(R) is equal to the barrier height: 

 
2 1

.crit
b

q
R

I
+

=
−

 (2.41) 

Since recapture by the target is not accounted, this most simple version of the over-

the-barrier model tends to overestimate the experimental cross sections. Another important 

question is which states the captured electron will occupy. This is mainly determined by the 

binding energy. The electron becomes quasi molecular with the binding energy Ib(Rcrit). On 

the way out, at Rcrit, the capture occurs and at this energy level the electron is resonantly 

transferred into a level of the projectile. One assumes that the quasi-continuum approximation 

is valid, i.e. the available states fill densely the energy diagram. The captured electron, 

however feels the Stark effect of the now ionized target. The asymptotic energy of the 

occupied state (with index f for final) therefore will be changed by 1/Rcrit: 

 1.f b
crit

qI I
R

−= −  (2.42) 
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Figure 2.3 – Pictorial representation of the classical over the barrier model. a) Way in – the 
projectile is shown at the distance where the first electron is almost quasi-molecular. b) Way 
in – the potential barrier reaches the binding energy of the second electron, while the first 
electrons is quasi-molecular. c) The closest approach, in this representation both electrons can 
move freely between the nuclei. d) Way out – The most loosely bound electron is captured by 
the projectile and the second one is recaptured by the target. 

 

So far, only one-electron processes were considered. In the extended version many-

electron processes are also included, and therefore predictions for two- or more-electron 

capture are also possible. The basic model predicts that the cross sections are velocity 

independent. The distributions of the captured electrons between the different states, however, 

are very much dependent on the collision energy. With the dynamic version of the model this 

can be explained and the relative populations of the states can be given. 

 

2.5.2. The extended Over-barrier model (EOBM) 
 
In this section, we will mainly follow the EOBM version proposed by Sattin [53, 54]. We 

consider the standard scattering experiment described in equation (2.25) and label T, P, and e 

respectively the target, the projectile ion, and the electron. The system T+e is the initial 

neutral atom. Let r be the electron’s position vector relative to target nucleous and R, the 

distance between the target and projectile nucleus. Let us further consider the plane P 
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containing all the three particles and use cylindrical polar coordinates ( , , 0)zρ φ ≡  to describe 

the position of the electron within this plane. We can assign the z axis to the direction along 

the internuclear axis. The two nuclei are considered as approaching at a velocity which is 

small compared to the orbital electron velocity. The total energy of the electron is: 

 
2 2

2 2 2 2
.

2 2 ( )
pt ZZp pE U

z R zρ ρ
= + = − −

+ + −
 (2.43) 

Zp and Zt are the effective charge of the projectile and of the target as seen by the electron, 

respectively. In the model a hydrogen-like approximation for both the target and the projectile 

is used, therefore an effective charge Zt = 1 is assigned to the target and an effective quantum 

number n is used to label the binding energy of the electron: 

 2 2 2/ 2 1/ 2n tE Z n n= = . (2.44) 

On the plane P we can draw a section of equipotential surface which represents the 

limit of the region classically allowed to the electron: 

 ( , , ) .p
n

Z
U z R E

R
ρ = − −  (2.45) 

When R → ∞ , this region is divided into two disconnected circles centred around each of the 

two nuclei. Initial conditions determine which of the two regions actually the electron lives in. 

As R diminishes there can be eventually an instant where the two regions become connected 

(see Figure 2.4). Figure 2.5 shows a representation of a section of the equipotential surface. It 

is the opening of the equipotential curve between P and T that leads to a leakage of electrons 

from one nucleus to another, and therefore to charge exchange. 

 

 

 

Figure 2.4 – Example of two-centre Coulombic potential as calculated by EOB model. a) Way 
in – the projectile (deeper well) is shown at the right side and is moving toward the target 
(shallower well) direction. b) The closest approach. c) Way out – the target and the projectile 
are separating to each other and the potential barrier is increasing. d) Way out – the target and 
the projectile are very well separated. 

 

a) b) c) d)
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Figure 2.5 – Representation of a section of the equipotential surface U = E, i.e., it is border of 
the region classically accessible to the electron. R is the internuclear distance. The parameter 

mρ  is the radius of the opening that joins the potential wells, mθ  the opening angle from T 
and z0 is the position of the potential’s saddle point. 

 

Solving the equation (2.45) for R by imposing a vanishing width of the opening ( 0)mρ =  and 

also by imposing that there is a unique solution for z in the range 0 < z < R one obtains [54]: 

 
1p

m
n

Z
R

E
α +

=  (2.46) 

where α  is a parameter that adjusts the value of the Rm [54]. In the region of opening, the 

potential U has a saddle structure along the internuclear axis with its maximum at 

 0
1 .

1p

z z R
Z

= =
+

 (2.47) 

Charge loss occurs when the electron is able to cross this potential barrier. Let NΩ  be the 

fraction of the trajectories that lead to electron loss at the time t. NΩ  is a function of the solid 

opening angle Ω , whose projection on the plane is the mθ±  angle. The quantity we are 

interested in is W(t): the probability for the electron to be still bound to the target, at time t. Its 

rate of change is given by [52] 

 ( ) ( ).T

em

fdW t N dt W t
TΩ= −  (2.48) 
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In this expression, /T emdt f T  is the fraction of electrons that cross any surface perpendicular 

to their motion (and enter the loss region) within time interval dt. Tem is the unperturbed 

period of the electron motion along its orbit, and fT, a corrective term that accounts for the 

perturbation: in absence of the projectile it would be fT = 1. The unperturbed period is 

obtained by 32emT nπ= . The leakage probability is given by [53] 

 
( ) 1 ( ) ( )

   1 exp .m
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l

t
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t
em

P P W dW t
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+
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= +∞ = − +∞ =

⎛ ⎞
= − −⎜ ⎟

⎝ ⎠

∫

∫
 (2.49) 

In order to integrate equation (2.49) we need to know the collision trajectory, then an 

unperturbed straight line with impact parameter b can be assumed, 

 2 2( )R b vt= +  (2.50) 

The fraction of the trajectories that lead to electron loss at the time t is given by (for more 

details see [53, 54]): 
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 (2.51) 

The limits of the time integration in equation (2.49) are defined by the Rm distance: 

 2 21 ,m mt R b
v

= −  (2.52) 

The SEC and DEC classical probabilities are given by [55]: 

 
2

2 (1 )SEC l l

DEC l

P P P

P P

= −

=
 (2.53) 

The cross section can be finally obtained after integrating over the impact parameter, the 

integration extends till the maximum b allowed: bm = Rm 

 max 

, , 0
2 ( ) .

b

SEC DEC SEC DECbP b dbσ π= ∫  (2.54) 

In order to compute the SEC and DEC cross sections a C++ code has been written 

[56]. Figure 2.6 shows the screenshot of the developed programme. The inputs are the 

projectile mass, projectile initial charge, target mass and the electron binding energy. The 

program allows one to choose the impact velocity range as well as the unit of the output 

values. It is also possible to compare directly the experimental data, adjust the parameters α  

and fT. It also saves the calculated cross sections as a function of impact velocity. 
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Figure 2.6 – Screenshot of the C++ based program used to calculate the EOBM cross 
sections. As an example, values for DEC for He2+ – He collisions are shown. 
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3. Experimental setup 

3.1. Introduction 
 
The aim of this thesis is to obtain detailed information on electron capture and ionization 

processes in collisions of ions with atoms and molecules, by measuring the cross sections 

dependencies on impact energy. For this purpose we have constructed a novel experimental 

setup which combines different techniques in order to measure absolute cross sections for 

single (SEC) and double electron capture (DEC) in collisions of slow singly and multiply 

charged ions with gaseous atoms and molecules. 

In this chapter an overview of the experimental setup will be given. The ion beam 

production is discussed, starting with a brief and general description of the Electron Cyclotron 

Resonance Ion Source (ECRIS), followed by a description of the charge exchange apparatus 

“SAMBA” (Studies on Atomic and Molecular collisions by Beam Attenuation). This 

description also includes the electrostatic lenses properties, pressure measurement and 

electrical connections. Finally, the data acquisition system is presented. 

 

3.2. Ion source and beam transport 
 

The projectile ion beam is generated by means of a compact home-built 14.5 GHz ECR ion 

source named “SOPHIE” (SOurce for Production of Highly charged Ions using ECR) which 

was developed in co-operation between the Vienna University of Technology and the Justus-

Liebig University in Gießen [57, 58]. 

An ECRIS is basically a magnetic bottle which confines a dual-temperature plasma, 

containing hot electrons and cold ions. Multiply charged ions are produced by means of 

sequential electron impact ionization. 
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Figure 3.1 - Cutaway view of the 14.5 GHz all permanent magnet ECRIS “SOPHIE” (total 
length app. 50 cm) [57]. 

 

In an ECRIS plasma electrons gyrate around magnetic field lines according to their 

cyclotron frequency /c eeB mω = . By applying microwave radiation the electrons gain energy 

in magnetic field regions where their cyclotron frequency ωc equals the microwave frequency. 

A review and historical overview on ECRIS can be found in [59]. 

A schematic view of the ion source “SOPHIE” is shown in Figure 3.1. The magnetic 

field configuration is provided by four permanent magnet rings and a Halbach-type hexapole 

and has a so-called minimum-B configuration, in which the plasma is confined. The plasma 

heating is done by injection of microwaves with a total power of up to 350 W in the frequency 

range of 12.75 to 14.5 GHz which is transmitted from the microwave system at ground 

potential through a Poly Tetra Fluoro Ethylene (PTFE) window into the water cooled 25 mm 

diameter plasma chamber. After the PTFE window, there is an insulated waveguide coupling 

system which allows the transition of a rectangular to a circular waveguide and which can 

also be used as a biased electrode. An aluminium liner at the confinement region enhances the 

production of highly charged ions. The plasma chamber is pumped by a small turbo-

molecular pump at ground potential through an insulating break. Two gas inlet valves, 

connected via an insulating break, permit operation in the gas-mixing mode. The triode 

“Accel-Decel” extraction system permits ion acceleration voltages between 1 and 10 kV.  

The ion source is fully controlled by a LabVIEW-based [60] programme called 

“CODIAN” developed at the Hahn-Meitner Institute in Berlin [61]. 
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Figure 3.2 - Screenshot of the IDL-program used to calibrate mass-over–charge spectra 
acquired with CODIAN [57].  

 

The extracted ion beam is focused by a magnetic quadrupole system and then mass-to-

charge-analyzed by a 60° sector magnet and guided to the specific beam line. The mass-over-

charge spectra are acquired by “CODIAN” as a function of the separation-magnet current. 

Due to the remanence of the separation magnet currents for achieving a specific mass-over-

charge ratio, it is necessary to calibrate the acquired charge-state spectra according to well 

identified mass-over-charge peaks. For this purpose an IDL program has been utilized [57]. 

After loading the raw data, the spectrum is plotted and two or more peaks must be identified 

by the user in order to obtain the mass-over-charge fit for the whole spectrum. The program 

calculates a calibration curve for the spectrum using a least-square fit routine (see Figure 3.2). 

Before travelling to the charge-exchange apparatus, the desired ion beam is steered 

horizontally and vertically by a first set of deflection plates and collimated by an aperture with 

2.5 mm diameter. This aperture is mounted electrically insulated such that the ion beam 

current on it can be monitored. A second set of deflection plates can be used to guide the ion 

beam into a set of 4 cylindrical electrostatic lenses for focusing and deceleration. Typical 
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beam-line vacuum is <10-7 mbar, which is low enough to prevent significant losses due to 

charge changing collisions with background gas. A schematic view of the entire experiment 

setup is shown in Figure 3.3. 

 

  

Figure 3.3 – Schematic view of the experimental setup at TU-Wien. Only the beam line used 
in this work is shown. 

 

3.3. Studies on Atomic and Molecular collisions by Beam 
Attenuation (SAMBA) 
 

3.3.1. Electrostatic lenses 
 

In order to assure that the ion beam is collimated when it enters the collision chamber even in 

cases when the ions are decelerated, a set of electrostatic lenses is placed before the collision 

chamber. By means of SIMION ion trajectory simulations [62] optimal geometry and field 

shapes for spatial focussing have been calculated. SIMION makes use of potential arrays that 

define the geometry and potentials of electrodes on which the Laplace equation is solved. The 

developed geometry file and generated potential arrays are given in the appendix of this 

thesis. It turned out that for our setup one needs four lens elements before the collision region. 
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The constructed electrostatic lenses setup is shown schematically in Figure 3.4. This figure 

also includes a representation of the potentials applied to the system. The setup consists of 

lens elements L1, L2, L3 and L4 which have 3.3 cm, 8.4 cm, 5.8 cm and 4.0 cm length, 

respectively. The charge-exchange apparatus is connected to the last electrostatic lens (L4) 

which defines the final collision energy and has a 3 mm diameter collimator aperture. The 

lenses radius is 20.5 mm and the gap between the elements is about 1.0 mm. The total length 

of the lens system including the gas cell is 40.4 cm. 

 

Figure 3.4 – Schematic view of the electrostatic lenses and the charge exchange apparatus 
with a representative potential applied to the system. The deflection plate system (DP) is 
placed before the electrostatic lenses, subsequent are the lens elements L1, L2, L3 and L4 and 
finally the gas cell. Two potentials are applied to the system: a deceleration potential voltage 
(Udec) at the gas cell and the last lens element (L4), and a focusing potential at L2 (UL2) (see 
text). 

 

In Figure 3.5 a cross section view of the electrostatic lens geometry is shown, 

including a potential-view calculated by SIMION [62]. A He2+ ion beam is travelling through 

the system with a kinetic energy of 2 keV and an initial opening angle of 3°. No focusing 

voltage is applied to the system, i.e. the entire system is at ground potential. Figure 3.6 shows 

the same setup where a deceleration voltage (Udec) of 900 V is applied to the gas cell while all 

others elements are kept at ground potential. It is possible to see that, for a such high 

deceleration voltage, a strong focusing is created by lens element L4. This focus effect, 

however, increases the ion beam diameter at the collision chamber entrance and therefore 



CHAPTER 3 – EXPERIMENTAL SETUP 

– 33 – 

reduces the ion beam intensity in the collision region. In order to correct this effect, an 

additional electrostatic voltage must be applied to element L2. Figure 3.7 shows the 

simulation where two voltages are applied. A positive voltage (UL2) of 800 V is applied to the 

lens element L2, while the collision chamber is at deceleration voltage Udec = 900V. The 

others lens elements are on ground potential (UL1 = UL3 = 0 V). These simulations were 

carried out for several ion species and kinetic energies and, as a general conclusion it was 

found that applying a voltage of 2 100L decU U= −  to the lens element L2 is usually sufficient 

to reach a collimated and intense enough ion beam profile in the collision region. These 

SIMION calculations have been successfully verified in our experimental investigations. 

 

Figure 3.5 – A SIMION simulation of the electrostatic lenses system and collision chamber. A 
He2+ ion beam with 2 keV and an initial opening angle of 3° passes through the centre of the 
system which has a cylindrical symmetry. In the bottom the potential-view is shown. In this 
simulation no voltage is applied to the system. 

 

 

Figure 3.6 – A SIMION simulation of the electrostatic lenses system and collision chamber. A 
He2+ ion beam with 2 keV and an initial opening angle of 3° passes through the centre of the 
system, now a deceleration voltage (Udec = 900 V) is applied to the charge exchange apparatus 
which is connected to lens L4, all other component are kept at ground potential. In the bottom 
the potential-view is shown. 
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Figure 3.7 – A SIMION simulation of the electrostatic lenses system and collision chamber. A 
He2+ ion beam with 2 keV and an initial opening angle of 3° passes through the centre of the 
system. Two voltages are applied to the system: a deceleration voltage (Udec = 900 V) to the 
charge exchange apparatus and a voltage of 800 V to the lens element L2, all other component 
are kept at ground potential. In the bottom the potential-view is shown. 

 

3.3.2. Collision chamber 
 

The collision chamber constructed during this thesis is shown schematically in Figure 3.8. – 

Figure 3.10. All components described here are made of stainless steel, unless otherwise 

explicitly mentioned. An insulated aperture (A1) with a 2.5 mm diameter slit is fixed at the 

chamber entrance and serves for monitoring the incoming ion beam current (Figure 3.8 

element 1). Inside the chamber is a first Faraday cup (FC1) which is fixed by an insulator 

Teflon ring (Figure 3.8 elements 3 and 4, also shown in the zoom-in). FC1 has a 1 mm 

aperture for normalizing the ion current measured in the second Faraday cup (FC2) to the 

incoming ion current.  

The collision region is covered by a meshed cylinder and a slow particle collector 

(Figure 3.8 elements 6 and 7, respectively). The meshed cylinder and the collector are aligned 

by two Teflon insulator holders with six holes each (Figure 3.8 element 5). These holes permit 

the target gas to flow into the collision region. The meshed cylinder consists of a cylindrical 

supporting structure with 6 slits, each with an area of 195 mm2 around which a 0.1 mm 

molybdenum wire is coiled, with each turn separated by 2 mm, resulting in a 98% 

transparency of the mesh. Figure 3.9 shows the meshed cylinder built as depicted in the 

SIMIo 
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SIMION programme. The main purposes of the meshed cylinder are to keep a uniform 

electric field in the collision region, to define the final impact energy and to allow slow 

charged particles (recoiling ions and electrons from the target gas) to reach the collector. 

 

 
Figure 3.9 – Detailed view of the meshed cylinder (element 6 in Figure 3.8). 

 

Behind the collision region a biased aperture A2 (Figure 3.8 element 11) can be used 

for discriminating singly charged ions produced by SEC from doubly charged ions. The 

procedure is called “beam stopping mode” and will become clear in the next sections. With a 

10 mm diameter aperture, A2 accepts a mean scattering angle of ± 8° and it can also be used 

to check the ion beam-opening angle. Subsequent to A2 a suppressor ring is biased negatively 

in order to keep secondary electrons in FC2 where the attenuated ion current is measured. 

Figure 3.10 shows the assembled charge exchange apparatus. The detailed dimension 

for each component is shown in the appendix of this thesis. The entire gas chamber has 13 cm 

total length and all components are placed inside an external cylinder which has an aperture 

for target gas inlet, see Figure 3.8 element 8. The gas chamber is divided internally by a 

flange which is used to align the system. This flange has a set of holes in order to assure a 

uniform gas pressure in the gas chamber, see Figure 3.8 element 9. The system is closed by an 

end flange which holds the FC2. All electrical connections are guided through this flange 

(Figure 3.8 element 14). 
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Figure 3.10 – Scheme of the assembled charge exchange experiment. 

 

3.3.3. Vacuum system, gas injection and pressure measurement 
 

The charge exchange apparatus is placed in a 100 CF cross recipient. The pre-vacuum system 

is evacuated by means of a rotary vane pump and the high vacuum conditions are reached by 

a 240 l/s turbo-molecular pump. The background pressure in the housing chamber is 

measured by a Penning gauge and is normally in the lower 10-8 mbar range while the pressure 

inside the gas chamber is generally one order of magnitude higher. Figure 3.11 shows a 

schematic view of the vacuum system, gas inlet and pressure measurement. 

The target gas is admitted through a needle valve and transported to the collision 

chamber via a connector gas tube with electrical insulator break. The total pressure in the gas 

cell is measured by a capacitance manometer (Baratron). The purity of the target gas is 

monitored by a quadrupole partial pressure gauge (QPPG). Figure 3.12 shows a typical 

residual gas spectrum inside the gas chamber measured by the QPPG after one day of 

pumping. At a total pressure of 3.3·10-6 mbar, high percentages of N2 and H2O are present. 

Figure 3.12b shows the pressure spectrum when the gas cell is filled with argon gas at a 

typical work pressure of 1.0·10-4 mbar. With 5% of the total pressure N2 is intolerably high. 

For normal operation, the total pressure in the gas cell therefore has to be about 1.0·10-7 mbar, 

where residual gases like N2 and H2O amount are less than 0.1% of the total background 

pressure when target gas is admitted to the collision chamber. 
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Figure 3.11 – End view of the experimental setup. a) charge exchange apparatus, b) 100 CF 
cross recipient, c) Penning pressure gauge, d) 240 l/s turbo-molecular pump, e) to rotary vane 
pump, f) electrical connections, g) 35 CF cross, h) capacitance manometer – Baratron, i) 
quadrupole partial pressure gauge, j) needle valve, l) target gas bottle, m) connector gas tube 
with electrical insulator break. 
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Figure 3.12 – Partial pressure spectra as measured by the quadrupole gauge inside the gas 
chamber. a) spectrum of residual gases, note that the gas intensities are given in percentages 
of the background pressure of 3.3·10-6 mbar. b) spectrum for the case of argon gas injection 
(partial pressures in percentages of a pressure of 1.0·10-4 mbar). 
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3.3.4. Electrical connections 
 

Figure 3.13 shows a schematic representation of the electrical connections for the electrostatic 

lens system and the collision chamber. The deflection system consists of two pairs of parallel 

plates positioned vertically and horizontally. The power supply connected to the deflection 

plates provides a maximum voltage of 60 V and can have the polarity inverted in order to 

change the beam deflection direction. The electrostatic lenses can be tuned independently and 

are connected to three distinct stabilized power-supplies which deliver a voltage of 3000 V 

maximum. 

 

Udec

A IFC

A IA2
A Icoll

A IFCn

Usup
UA2

Galvanic 
Insulation

A/D  converter

Pressure Gauge

L3 L2 L1

Deflection
plates

Ucoll

A IA1

 

Figure 3.13 – Scheme of electrical connections for the electrostatic lens system and the 
collision chamber. 

 

The voltage applied to the gas cell (Udec) is the reference potential for the other 

components of the charge exchange system, i.e. it is the “high voltage ground”. The plate A1, 

Faraday cup for normalization (FC1), meshed cylinder, plate A2 and the Faraday cup for 

current measurement (FC2) are biased at the same potential as the gas cell. The suppressor is 

biased always negatively with respect to the potential applied to the gas cell (Udec - 50V) in 

order to keep secondary electrons in the last Faraday cup. The collector is biased either 

slightly positively or negatively with respect to Udec depending whether collection of electrons 
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or ions is desired. Five picoammeters are dedicated to measure the currents. Those 

picoammeters are put on “high-voltage ground” using an insulator transformer. The 

picoammeters are equipped with an output signal voltage which is proportional to the 

measured current. This output signal is connected to a galvanic insulator in order to transform 

the signal to low voltages so it can be connected to the data acquisition system. 

The voltage settings are divided in three different modes depending on which event we 

are interest in, as shown in Table 3.1. The measurement modes will become clear in the 

chapter 4. 

 

Table 3.1 – Voltage settings for three different measurement modes as a function of Udec (0 ≤ 
Udec ≤ 3000V). 

Measurement mode: UL2 (V) UColl (V) UA2 (V) 
Attenuation + Slow ions Udec - 100 Udec – 15 Udec 

Attenuation + Slow electrons Udec - 100 Udec + 15 Udec 
Beam stopping Udec - 100 Udec Uaccel + 100 

 

3.3.5. Data acquisition 
 
During the measurements, the currents on the first isolated plate (A1), in the first Faraday cup 

(FC1), on the collector, on plate A2 and in the last Faraday cup (FC2) are constantly monitored 

by means of five picoammeters. Throughout the deceleration mode, a high voltage (Udec) is 

applied to the gas chamber elements and therefore the picoammeters have to be on high 

voltage ground and their analogue output has to be connected to a home made optical galvanic 

insulator as shown in Figure 3.13. 

The galvanic insulator and the Baratron controller analogue output are connected to a 

NI USB-6008 12-Bit multifunction data acquisition board which performs the analog/digital 

(A/D) conversion. A LabVIEW [60] based program was developed during this thesis and used 

to handle, save and analyze the data. Using this program it is possible to monitor all currents 

and target gas pressure in real time. 

Figure 3.14 shows the developed LabVIEW based program used for data acquisition 

and analysis. After pressing the button “START” the program begins to store the signal of 4 

channels: pressure (P), FC2 current (IFC2), collector current (Icoll) and current for normalization 

(IFC1). In order to assure a correct current dependency on pressure during the collisions, we 

normalize the current measured in the FC2 to the current measured in the FC1 (Inorm = IFC2 / 

IFC1). This ratio is displayed in an additional chart. In the main screen it is also possible to set 
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the voltage range for the NI USB-6008 and the coupling range for the picoammeters. If all 

settings are correctly defined, the target gas is admitted to the gas chamber. The program 

loads the stored arrays and plots them as a function of time. In order to analyse all events 

during the measurement, the plots are divided in “non normalized current” and “normalized 

current” as shown in Figure 3.15 and 3.16, respectively. The cross sections are evaluated in 

three extra windows (Figure 3.17, 3.18 and 3.19). The determination of the cross section will 

be presented in chapter 4. 

 

 

Figure 3.14 – Main-screen of the LabVIEW based program used to acquire and analyse the 
experimental data. 
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Figure 3.15 – Auxiliary-screens of the LabVIEW based program used to acquire and analyse 
experimental data. The non normalized currents of first Faraday cup(IFC1), collector (Icoll) and 
second Faraday cup (IFC2) as a function of time are shown for a typical case. 
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Figure 3.16 – Auxiliary-screens of the LabVIEW based program used to acquire and analyse 
experimental data. The normalized current IFC2/IFC1, Icoll/IFC2 and pressure as a function of 
time are shown. 
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Figure 3.17 – Evaluation-screen of the LabVIEW based program used to acquire and analyse 
experimental data in the “attenuation mode”. The attenuated normalized current as a function 
of target thickness is shown. 
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Figure 3.18 – Evaluation-screen of the LabVIEW based program used to acquire and analyse 
experimental data in the “slow particles collection mode”. The slow target ion current 
(normalized) is shown as a function of target thickness. 
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Figure 3.19 – Evaluation-screen of the LabVIEW based program used to acquire and analyse 
experimental data in the “beam stopping mode”. The (normalized) current of produced single 
charged projectiles as a function of target thickness is shown. 
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4. Experimental Procedure 

Using the experimental setup described in the previous chapter, collision experiments 

between ions and atoms as well as molecules have been carried out. In order to identify and 

evaluated the different events, several steps are needed. 

In this chapter a description of the experimental procedure will be given. The ion beam 

impact energy definition is discussed, followed by a description of the different possible 

methods for cross section evaluation. Finally, the step from data acquisition to data analysis is 

described. 

4.1. Definition of the primary ion beam impact energy 
 

As mentioned in the previous section, the projectile ions are extracted due to the potential 

Uaccel (between 1 and 10 kV) applied to the ion source. The initial kinetic energy (Ei) of the 

primary ion beam with charge q is given by: 

 ( ) eff
i accel plasma accelE q U U qU= + =  (4.1) 

where plasmaU  is the plasma potential (typically a few Volts) leading to an effective 

acceleration potential eff
accelU .  Considering the extraction of doubly charged ions (q = 2), the 

impact energy collisions range down to 2000 eV was mainly defined by changing the 

potential applied to the ion source.  To reach lower impact energies, the incoming ion beam 

was decelerated by means of appropriate potentials applied to the gas cell (see chapter 3.3). 

The final impact energy is therefore defined by: 

 ( )eff
f accel decE q U U= −  (4.2) 

where Udec is the deceleration potential applied to the gas cell. The final kinetic energy 

accuracy is mainly determined by the energy spread of the ion beam due to the influence of 

the plasma potential on extraction region. In our ion source the energy spread is estimated to 

be about ± 5·q eV. Because there is a protector resistor connecting the power supply to the ion 

source, the voltage applied to the ion source changes as a function of the plasma current 
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obeying the Ohmic law. Therefore the actual Uaccell is always measured by means of a voltage 

probe. 

 

4.2. Determination of the target thickness 
 

Once the ion beam enters the gas cell the most important parameter that can be changed 

during collisions is the target gas thickness (π). For a uniform target gas the target thickness is 

defined as target gas number density (n) times the length inside the gas cell (L) where the 

collisions take place. Therefore π has dimension of an area. The factor nL is obtained from: 

 
B

pLnL
k T

π π= ⇒ =  (4.3) 

where p is the gas target pressure, T the absolute thermodynamic temperature and kB the 

Boltzmann constant. Assuming that the pressure gradient in the entrance slit of the collision 

cell is linear, the effective collision path length for attenuated ion beam is the geometrical 

distance from the entrance slit of the FC1 to the centre of the suppressor corrected by the FC1 

aperture diameter. In our experiment the target thickness, at room temperature, was obtained 

from equation (4.3) considering the constant values as:  

 

kB = 1.38·10-23 J/K 

L = 7.56 cm 

T = 293 K 

Since 1 mbar = 10-4 J/cm3, we obtain: 
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 (4.4) 

 The target thickness accuracy is mainly determined by the instrumental error of the 

pressure measurement which is ± 5·10-6 mbar and the uncertainty of the value of the effective 

target length L. 
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4.3. Determination of cross sections 
 

In this work, the charge transfer reactions were identified by analysis of fast projectiles and 

slow product ions, and additionally by analysis of slow electrons produced during the 

collisions. Since the main goal of this thesis deal with doubly charged ions, the equation (1.1) 

becomes: 

 [ ]2 (2 ) ( )t rA B A B r t e++ − + −+ → + + −  (4.5) 

which lead to single (t = 1) and double (t = 2) electron capture (SEC and DEC, respectively). 

If t ≠ r the so-called target transfer ionization (TI) process occurs in which (r - t) electrons are 

ejected. In the case that t = 0 but r ≠ 0 a direct ionization (DI) process occurs, which means, 

the projectile ionizes the target without capture electron. The particle B can be an atom or a 

molecule. In the latter case, the molecular target can exhibit several exit channels after the 

collisions, e.g. excited or dissociative states, etc, depending on impact energy and accessible 

states. The cross sections associated to the identified reactions were obtained by a 

combination of different techniques, as described in the next sections. 

 

4.3.1. Attenuation method 
 

Let’s consider the collision system shown in equation (4.5). A beam of A2+ projectile ions, all 

assumed to have practically the same speed and direction of motion, is incident on a target 

consisting of particles B, which can be either atoms or molecules. Compared to the incident 

particle speed, the speed of the target particles can be neglected. In traversing the collision 

region we allow two possible results: (a) a projectile ion passes through the target with its 

charge unchanged; (b) the projectile ion captures t electron(s) from the target and therefore its 

final charge state will be (2 - t). Clearly, if the target thickness (π) increases, the probability of 

case (b) occur increases as well. 

Employing the experimental setup described in chapter 3, we obtain the attenuation of 

the flux of doubly charged ions by measuring the beam intensity (IFC) at the last Faraday cup 

as a function of target thickness (π). If the target thickness is increased from π to π + dπ, the 

change in the beam intensity (dIFC) in the FC is proportional to the change in thickness dπ and 

to the intensity of particles entering target IFC(π). That is, 

 ( )FC att FCdI I dσ π π= −  (4.6) 
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where the proportionality constant, σatt, inserted into equation (4.6) has the dimensions of an 

area and is usually referred to as the total attenuation cross section. Equation (4.6) can be 

integrated, leading to 

 ( ) ( )0 0( ) 1expFC att attI I Iπ σ π σ π= − ≈ −  (4.7) 

where I0 is the primary ion current measured in FC2 without attenuation. The linear 

approximation in equation (4.7) can only be applied for small current attenuation. To assure 

single collision the current attenuation has to be less than 10% of the initial current. 

Considering the decrease of the doubly charged ion current due to DEC and SEC 

processes and the related increase of the singly charged ion current due to SEC process as a 

function of small target thickness π, the total attenuated current from equation (4.7) can be 

written as: 

 ( )0
20 21( ) 2 2

2FC

I
I π σ σ π≈ − +⎡ ⎤⎣ ⎦  (4.8) 

where σ20 and σ21 are the DEC and SEC cross sections, respectively. 

A typical example of ion beam current attenuation is shown in Figure 4.1 for the 

symmetric collision system Ar2+ on Ar at 1 keV impact energy. It is important to note that the 

final attenuation in this example (at the highest π  values) was much higher than 10% and 

therefore neither linear approximation nor single collision conditions (σatt * π  << 1) are 

assured. 
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Figure 4.1 – Typical beam current attenuation data, showing the current measured in the last 
Faraday cup (IFC2) normalized to the incoming current measured in the first Faraday cup (IFC1) 
for Ar2+-Ar collisions at 1 keV impact energy. 
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4.3.2. Retarding field measurements (Beam stopping mode) 
 

In order to discriminate SEC and DEC processes (both contributing to beam attenuation, see 

equation (4.8)) a retarding field technique has been applied. After traversing the target gas 

cell, fast primary and (charge-exchanged) secondary ions are separated by a retarding field. 

For an initial ion acceleration voltage eff
accelU  the primary doubly charged ions will be reflected 

by a slightly higher retarding potential, while ions that have captured one electrons can only 

be reflected by a higher potential 2 eff
R accelU U≥ . For doubly charged primary ions, the SEC 

cross section can be obtained from the such separated current of fast singly charged ions 

which increase with target thickness π  as 

 ( )210 0
21( ) 1

2 2sepI
I Ie σ ππ σ π−= ≈−  (4.9) 

By means of SIMION ion trajectory simulations optimum retarding field geometry has 

been calculated. Figure 4.2 shows a cross section view of the gas chamber where He2+ ions 

(represented by the black lines) are flying through the system with 2 keV kinetic energy and 

3° initial opening angle. A positive voltage (UA2) of 1100 V is applied to the retarding ring 

A2, while the collision chamber is at deceleration voltage Udec = 900V. The blue lines 

represent singly charged produced ions (with 2 keV energy) which are not reflected by the 

1100 V retarding field.  

 

Figure 4.2 – A SIMION simulation of the retarding field method. A doubly charged ion beam 
with 2 keV kinetic energy (black line) passes through the centre of the system and is reflected 
by the retarding potential of 1100 V applied to A2. The blue lines represent the singly charged 
ions produced during SEC collisions. 
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Figure 4.3 – Potential-view of the collision chamber calculated by SIMION. A doubly 
charged ion beam with 2 keV kinetic energy (black line) passes through the centre of the 
system and is reflected by the retarding potential of 1100 V applied to A2. The blue lines 
represent the singly charged ions produced during SEC collisions. 

 

4.3.3. Collection of slow particles  
 

Charged slow secondary particles (target gas ions and electrons) produced in collisions can be 

collected on a cylindrical electrode surrounding the collision region which is shielded by a 

highly transparent mesh. To distinguish between slow positive ions and negatively charged 

electrons the potential applied to the collector with respect to the meshed cylinder is reversed. 

The next sections describe the procedure for measuring the currents of slow ions and 

electrons. 

4.3.3.1. Measurement of slow ions 
 

The measurement of slow (target gas) ions produced in the collisions is closely related to the 

attenuation measurement and can be used as a cross-check if charge conservation is 

considered. The dependence of slow positively charged ions measured on the collector (biased 

negatively) as function of π is given by 

 ( )0 0( ) 1
2 2coll

I I
I e σ ππ ε ε σ π++

+
−= ≈−  (4.10) 
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where σ+ is the slow ion production cross section and ε the transparency factor ( 0 ≤ ε ≤ 1 ) of 

the mesh in front of the collector electrode. This transparency factor is necessary because the 

meshed cylinder has 6 slits, each with an area of 195 mm2 (see Figure 3.9). Moreover, the 

mesh consists of a coiled 0.1 mm molybdenum wire, with 2 mm separating each turn, which 

gives 98% transparency. Due to this fact the collector can measure just a fraction of the total 

slow ions produced in the chamber during the collision. The efficiency factor ε  can be 

estimated by considering the local variation of the transparency with the location along the 

beam axis where the slow target ions are produced and by assuming an isotropic angular 

distribution of these particles. As a first estimation, we found that 38% of all slow ions 

produced can be measured on the collector electrode. 

A more refined estimate has to take into account the influence of the collector electric 

field on the mesh transparency. Figure 4.4 shows the meshed cylinder and collector as 

simulated using SIMION, together with a potential-view calculation. In this simulation the 

meshed cylinder is kept at ground potential while the collector is biased negatively (-15 V). It 

is possible to see a non uniform electric field close to the meshed cylinder wall. The influence 

of this non-uniformity on ε  depends on the target ions kinetic recoil energy. We have 

therefore decided to calibrate the efficiency factor ε  by measurements of resonant single 

electron capture cross section (as shown in chapter 5.2), rather than to calculate it. 

 

  

Figure 4.4 – A SIMION simulation of the meshed cylinder and collector electrode system. 
Left side: a cross section view is shown. Right side: the potential-view is shown. In this 
simulation the meshed cylinder is kept at ground potential while the collector is biased 
negatively (-15 V). 
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4.3.3.2. Measurement of slow electrons 
 

In order to investigate the transfer ionization cross section (σTI) (process (4.5) with t ≠ r) the 

collector is biased positively and consequently electrons ejected during the collisions can be 

measured. The increase of the slow electron current measured on the collector as a function of 

target thickness π is given by: 

 ( )0 0( ) 1
2 2

TITI
coll TI

I I
I e σ ππ ε ε πσ−′ ′= − ≈ −−  (4.11) 

here ε ′  is the transparency factor of the mesh for electrons, which probably differs from ε  

( 1ε ε ′≤ ≤ ). 

 

 
Figure 4.5 – A cross section view of the meshed cylinder and the collector. The ion beam is 
travelling in the centre of the collision region and perpendicular to the paper. A positive 
voltage of 15 V is applied to the collector (outer ring) while the mesh (inner ring) is keep at 
ground potential. 

 

An unavoidable effect of this method is that secondary electrons emitted by particle 

impact on the meshed cylinder walls are also collected and the measured electron current 

therefore has to be corrected. Figure 4.5 illustrates this problem by showing a cross section 

view of the meshed cylinder and the collector. The ion beam is travelling in the centre and 

perpendicular to the paper. The produced ions and electrons are assumed to spread in all 

directions. Since a positive voltage is applied to the collector, the electrons produced by the 

reactions will see the electric field close to the meshed cylinder walls and consequently will 

be measured in the collector. The produced slow ions do not have enough kinetic energy to 



CHAPTER 4 – EXPERIMENTAL PROCEDURE 

– 55 – 

reach the collector and, therefore, will be reflected back to the collision region. If some of 

these ions bombard the meshed cylinder walls they have a finite probability to release 

secondary electrons from this surface, which will be accelerated towards the collector. 

There are two distinct mechanisms for releasing electrons from a solid under ion 

bombardment: kinetic electron emission (KE) [63, 64] and potential electron emission (PE) 

[64-68]. 

The KE occurs at the expense of the kinetic energy of the projectile. At higher 

velocities most of the ejected electrons are generated in direct binary collisions of the ions 

with the valence electrons or with target atoms. The process involves normally three steps: the 

excitation of the electron, its transport to the surface, and its escape through the surface barrier 

[65]. KE arises irrespective of the projectile charge only above some impact velocity 

threshold which, however, is not well defined because of different possible contributions to 

the apparent electron emission [67]. 

Using the free electron gas model, the maximum energy transferred in a binary 

interaction with a light projectile is [63] 

 2 ( ),M e FT m v v v= +  (4.12) 

where me is the mass of the electron, v is the velocity of the ion, and vF is the Fermi velocity 

(vF ≈ 1.98·106 m/s for iron). The “classical” threshold velocity for the KE is obtained by 

setting TM equal to the work function of the material [63]. For stainless steel, the threshold 

velocity will be approximately 1.79·105 m/s. Corresponding to a kinetic energy of 166 

eV/amu. Figure 4.6 shows the current measured on the collector normalized to the current 

measured in FC1 as a function of the voltage applied to the collector for Ar2+ on Ar collisions 

at 1 keV impact energy and a fixed pressure in the collision chamber. From these 

measurements it is possible to see that the recoiling target ions have a maximum kinetic 

energy of about 5 eV. These measurements have been repeated for the other collisions system 

studied in this thesis, and show that the maximum kinetic energy never exceeds 10 eV. This is 

much smaller than the threshold for KE, so electron emission by the KE mechanism remains 

unlikely. 

The other electron emission mechanism is PE which uses the energy released upon the 

neutralization of an ion [66]. The incident ion can liberate electrons from the metal only if the 

ground-state recombination energy of the ion exceeds twice the work function of the target. 

PE yields are reasonably constant for ion velocities below 5·105 m/s (corresponding to a 

kinetic energy of 1.3 keV/amu) and steeply decrease at higher velocities [66, 67]. The first 

and second ionization energies, I1 and I2 respectively, of the target ions and molecules used in 
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the present work are shown in Table 4.1. It is important to notice that the second ionization 

potential of H2 can not be used as a potential energy to cause PE. Therefore two H+ ions, with 

13.6 eV potential energy each, should be used instead. For all ions presented in Table 4.1 the 

potential energies exceed 2 times the work function of stainless steel (φ ≈ 4.4 eV), so all 

recoiling ions have in principle enough potential energy to cause electron emission due to the 

PE mechanism. 
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Figure 4.6 – Current of slow target ions (Icoll) measured on the collector and normalized to the 
current (IFC2) measured in the last Faraday cup as a function of the potential between the 
collector and the meshed cylinder for collisions of incident single charged argon ions (1 keV 
kinetic energy) on neutral argon gas atoms (5·10-4 mbar pressure). 

 

Table 4.1 – The first and second ionization energies, I1 and I2 respectively, of the atoms and 
molecules used in the present experiment. 

 I1 (eV) I2 (eV) 
Ar a 15.8 27.6 
Ne a 21.6 41.0 
He a 24.6 54.4 
O2 

b 12.1 24.2 
H2 

c 16.1 31.7 
H c 13.6 - 

Ionization energies: a Ref. [69]; b Ref. [70]; c Ref. [71] 
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The semiempirical electron yield, i.e. the average number of electrons emitted per incident 

ion, for a potential energy Wq can at least be estimated by [72]: 

 0.2 (0.8 2 ),q
F

Wγ ϕ
ε

= −  (4.13) 

where εF is the Fermi energy ( ≈ 11.1 eV for iron), φ is the work function ( ≈ 4.4 eV for 

stainless steel). Table 4.2 shows the such estimated PE yield γ  for all possible product ions 

from the targets investigated in this work. The semiempirical formula does not take into 

account the projectile velocity as well as the gracing impact angle dependency [67] and 

therefore should be considered as an upper limit for γ . 

 

Table 4.2 – Calculated potential electron yield γ  in units of (e-/ion) for different ions. 

 Ar+ Ar2+ Ne+ Ne2+ He+ He2+ O2
+ O2

2+ H2
+ H+ 

γ  0.07 0.24 0.15 0.43 0.20 0.63 0.02 0.19 0.07 0.04 
 

 Using these electron yields it is possible to estimate the contribution of secondary 

electrons to the electron current measured on the collector. Experimentally, this current is 

 0( )
2coll
II π ε σ π−

−′= −  (4.14) 

with σ −  being the apparent electron production cross section. collI −  has mainly two 

contributions: 

 ( ) ( ) ( )TI
coll coll collI I I γπ π π− = + , (4.15) 

where ( )TI
collI π  is the current of electrons produced by transfer ionization and ( )collI γ π  is the 

current of secondary electrons produced by PE measured on the collector. ( )collI γ π  is 

proportional to the number of singly and doubly charge slow ions produced during the 

collisions, which means: 

 
2

1

( )
( ) q

coll q
q

I
I

q
γ π

π γ
=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑ , (4.16) 

where q is the charge of the slow ions (q = 1,2), qI  is the current of slow ions with charge q 

and qγ  is the respective potential electron emission yield (Table 4.2). In equation (4.16) we 

consider that all secondary electron emitted from the meshed cylinder walls to be measured 

on the collector cylinder, instead of introduce a new efficiency factor (or transparency factor) 

for secondary PE electrons. Considering single and double electron capture, equation (4.16) 

can be written as: 
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 ( )0
1 21 2 20( ) 2

2coll
II γ π γ σ γ σ π= + . (4.17) 

Finally substituting equations (4.14), (4.11) and (4.17) in equation (4.15) one obtains the 

following equation for the transfer ionization cross section TIσ : 

 ( )1 21 2 20
1 2TIσ σ γ σ γ σ
ε−= − +

′
. (4.18) 

The values of potential electron yield for singly and doubly charged ions, 1γ  and 2γ  

respectively, are obtained from Table 4.2. The use of equation (4.18) for the determination of 

the TI cross section bears severe limitations: 

• The associated error of TIσ  will be very large due to the error propagation of SEC and 

DEC cross sections; 

• The values for the PE yield are crude estimates, which might change considerably 

when impurities or adsorbents on the components are present; 

• The transparency factor ε ′  for electrons most likely differs from the value ε  for ions 

and cannot be determined experimentally in an independent way. 

 

4.4. Data acquisition and cross section evaluation 
 

The developed program for data acquisition described in chapter 3.3.5, is able to evaluate the 

cross sections for SEC, DEC and TI from equations (4.8), (4.9), (4.14) and (4.18). The data 

acquisition and cross section evaluation cycle is shown in Figure 4.7. Once kinetic energy and 

ion beam species are defined and sufficient beam intensity (typically 10 nA) is measured in 

the last Faraday cup, the experiment can begin. The first step is to monitor and record the 

currents and pressure measured in the apparatus. Then the programme will check whether 

these values (normalized and not normalized currents, as well as pressure) are sufficiently 

stable. The maximum accepted standard deviation is 1%. After that, the target pressure is 

varied and the total attenuation is measured. In order to assure single collisions a maximum 

attenuation value of less than 10% was accepted. After these first checks, the cross section 

evaluations are carried out for three different modes: a) collector biased negatively: 

attenuation and slow ions, b) collector biased positively: attenuation and slow electrons, c) 

beam stopping mode: A2 biased with the same potential as the ion source (this method is just 

applicable for incident doubly charged ions). 
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Figure 4.7 – Schematic representation of the data acquisition and cross section evaluation 
procedure. 
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5. Results and Discussion 

5.1. Experimental error sources 
 
In this work, the statistical uncertainty of the measured cross section values ranges typically 

from 0.3 to 8.3 %. The cross sections measurement have been successively repeated, until the 

data reached a determined standard deviation of less than 6%. For the total error estimates, 

several other factors are also taken into account: (i) target thickness uncertanty, (ii) analogue 

digital conversion precision, (iii) temperature variation of the target gas, (iv) target gas 

impurities. These are estimated to be 5, 2, 6 and 1 %, respectively. The total experimental 

error of the absolute cross sections can be obtained through the square root of the quadratic 

sum of these uncertainties, and was therefore of the order of 12%. 

5.2. Resonant single electron capture 
 

In order to check the reliability of the apparatus and applied experimental procedures and to 

calibrate the transparency factor ε  (see section 4.3.3.1), the resonant single electron capture 

processes, 

 + +
fast slow fast Slow

10X  + X   X   + X
σ

⎯⎯⎯→  (5.1) 

for X = Ar, Ne and He have been measured. For these processes the attenuation of the 

incoming ion beam as function of target gas density (equation (4.7)) is given by: 

 ( )0 10 0 10( ) exp( ) 1I I Iπ σ π σ π= − ≈ − , (5.2) 

where 10σ  is the single electron capture cross section and I0 the current in the last Faraday cup 

without attenuation. On the other hand, the current of slow ion current, as measured on the 

collector, increases nearly linearly as a function of the target thickiness: 

 0 10( )collI Iπ εσ π≈  (5.3) 
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Figure 5.1 – Left window – current measured in the last Faraday cup (IFC), slow ion current 
measured on the collector (coll) and value ( 0 ( )FCI I π− ) as a function of target pressure 
(related to target thickness) for Ar+–Ar collisions at 1 keV impact energy. The two last 
currents were multiplied by 10 for better comparison. Right window – efficiency factor ε  for 
slow ion collection as derived from equation (5.4) as a function of target pressure for Ar+–Ar 
collision at 1 keV impact energy.  

 

From equations (5.2) and (5.3) it is obvious that both techniques should provide the same 

cross section, since there is just one reaction channel. In this case, every charge exchanged 

fast ion should give rise to a corresponding slow ion. From this measurement it is, therefore, 

possible to calibrate the factor ε  discussed in chapter 4.3.3. An example of such type of 

measurement is shown in the left window of Figure 5.1 for the symmetric system Ar+
fast + 

Arslow  Arfast + Ar+
slow at 1 keV impact energy. The green diamonds give the value 

( 0 ( )FCI I π− ) which should be equal to the total current of slow ions produced in the 

collisions if all of them would be collected. It is possible to see that the collector electrode just 

receives a fraction ε  of these total slow ions. Therefore, the efficiency (transparency) factor 

ε  is obtained from the ration 

 
0

( )
( )

coll

FC

I
I I

πε
π

=
−

. (5.4) 

Figure 5.1 (right) shows that the transparency factor ε  is independent of the target gas 

pressure (as expected). The value was found to be 0.46 ± 0.02, in reasonable agreement with a 

estimated value of 0.38 calculated from geometrical considerations (c.f. 4.3.3.1) 

The reliability of this determination of the efficiency factor ε  was further checked in 

measurement of Ar+ – Ar, Ne+ – Ne and He+ – He collisions at different impact energies. 

Results are shown in Figure 5.2, 5.3 and 5.4, respectively. In all cases both techniques provide 

equal results (within our experimental uncertainties) when using the measured efficiency 
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factor 0.46ε = . Moreover, our data were found to be in good agreement with already 

published theoretical and experimental results. Additionally, we have performed EOBM cross 

section calculation for the resonant collision system in order to check the new developed code 

(see section 2.5). The calculated SEC cross sections were performed using the first ionization 

potential given in Table 4.1. The results were found to be in a reasonable well agreement with 

the values here presented. 
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Figure 5.2 – Resonant SEC cross section for Ar+ + Ar as a function of impact energy. Full 
squares – ion attenuation technique from this work, full circles – slow ion collection 
technique from this work, full line – theory of Copeland at al. [73], dotted line – theory of 
Sakabe at al. [74], open circles – experimental results of Hayden at al. [75], green dashed line 
– EOBM calculation from this work (c.f. chapter 2.5.2). 
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Figure 5.3 – Resonant SEC cross section for Ne+ + Ne as a function of impact energy. Full 
squares – ion attenuation technique from this work, full circles – slow ion collection 
technique from this work, full line – theory of Sakabe et al. [74], open circles – experimental 
results of Dillon et al. [76] , green dashed line – EOBM calculation from this work (c.f. 
chapter 2.5.2). 
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Figure 5.4 – Resonant SEC cross section for He+ + He as a function of impact energy. Full 
squares – ion attenuation method technique from this work, full circles – slow ion collection 
technique from this work, full line – theory of Sakabe et al. [74], dotted line – theory of 
Copeland et al [73], open triangles – experimental results of Hinds et al [77] , green dashed 
line – EOBM calculation from this work (c.f. chapter 2.5.2). 

 

5.2.1. Discussion of resonant charge-transfer 
 

A general feature of the resonant charge-exchange cross section in singly charged ion– atom– 

collisions is that it decreases with increasing energy, while non-resonant charge-exchange 

cross sections at first increase to a broad maximum and then decrease with further increasing 

energy [78]. Calculations of symmetric resonant charge-exchange cross sections are generally 

carried out by studying the process in three velocity ranges.  The present work lies in the 

“intermediate” to “low” velocity range (v < 108 cm/s). In this impact energy range the cross 

section for symmetric resonant charge exchange decreases with increasing impact velocity v 

as [79]: 

 
1
2( ) lnv a b vσ = −  (5.5) 

where a and b are constants. Table 5.1 shows the values of the constants a and b obtained by 

fitting equation (5.5) to the resonant SEC cross sections obtained for the collision system Ar+ 

– Ar, Ne+ – Ne and He+ – He using the two methods of beam attenuation and slow ion 

collection. The results of this fits are shown in Figure 5.5. 
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Table 5.1 – Values of the constants a and b obtained from the fitting of the resonant single 
electron capture cross sections using equation (5.5). 

 Attenuation method Slow ions collection 
 a b a b 

Ar 2.112 0.482 2.175 0.520 
Ne 1.669 0.289 1.651 0.283 
He 1.583 0.218 1.552 0.204 
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Figure 5.5 – Resonant SEC cross section as function of impact velocity. The cross sections for 
Ar, Ne and He singly charged ions collisions with their respective neutral gases are fitted 
accordantly to equation (5.5). 
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5.3. SEC and DEC for symmetric systems 
 

Single and double electron capture and transfer ionization cross sections for Ar2+, Ne2+ and 

He2+ ions in their respective neutral gases were measured in the collision energy range up to 

10 keV. The statistical accuracy for these cross sections for consecutive measurements is 

typically about 6%. Because the cross sections for double electron capture are obtained by a 

combination of equations (4.8) and (4.9) the error propagation leads to a somewhat reduced 

accuracy for the DEC cross section values as compared to the SEC values. In addition, the 

cross section for electron production was derived according to the procedure outlined in 

section 4.3. In the evaluation of equation (4.18) the effective transparency factor 1ε ′ =  was 

used and the error propagation leads to uncertainties, which varied for the different collision 

system and averaged 50 % of the absolute values in the worst case. Cocke et al [80] have 

reported that transfer ionization (TI) is the dominant channel at low impact energies, while 

direct ionization (DI, i.e. the target is ionized at the expense of only the projectile’s kinetic 

energy) can be neglected. Therefore, in this work we consider that the electron ejection from 

the target is mainly due to TI. 

In addition, we have performed LZ and EOBM calculations as outlined in sections 2.4 

and 2.5, respectively. We have calculated the SEC cross sections by Landau-Zener for the 

available exothermic channel and the resulting energy defect (ΔE), crossing radius (Rc) and 

interaction matrix elements (H12) are presented and the theoretical results are compared to the 

experimental values (and theoretical results, when available). Furthermore, we have 

calculated the SEC and DEC cross sections by the EOB. The values for the free parameters of 

the model were fixed at 2α =  and fT  = 2. Initially, a variation of the parameter α  has been 

performed in order to find a value for the minimum distance for electron capture (Rm) as 

realistic as possible based on the avoid crossing distance, in cases where the adiabatic curves 

were available. In the literature [54] it has been shown that a better agreement with 

experimental values is achieved for 1 2α< < . The theoretical results of SEC and DEC cross 

section by EOBM are discussed and compared to the experimental data (and theoretical 

results, when available). 
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5.3.1. Ar2+ on Ar 
 

Collisions of Ar2+ on Ar were performed in the impact energy range from 50 eV to 4 keV. 

This system has been extensively investigated in the literature and by means of translational 

energy spectroscopy several exit channels were found to be of importance for low impact 

energy [81, 82]. These different reaction channels in the symmetric collision system Ar2+ – Ar 

are summarised in Table 5.2.  The system has just one exothermic reaction with an energy 

defect of 11.9 eV, all other reactions are endothermic with ΔE values between -1.6 and -20.9 

eV. The smallest ΔE value leads to an excited Ar+* projectile ion formed in the 2S or 2P state. 

 

Table 5.2 – Individual reactions channels for charge transfer of Ar2+(3s23p4) + Ar (3s23p6) 
collisions [81, 82]. 

 Reaction products I2 (eV) I1 (eV) ΔE (eV) Rc (ao) H12 (a.u.) 
a) Ar+(3s2 3p5, 2P) + Ar+(3s2 3p5, 2P) 27.63 15.76 +11.87 2.29 0.187 
b) Ar+*(3s 3p6, 2S) + Ar+(3s2 3p5, 2P) 14.15 15.76 -1.61 - - 
c) Ar+*(3s2 3p4 3d) + Ar+(3s2 3p5, 2P) 11.23 15.76 -4.53 - - 
d) Ar+(3s2 3p5, 2P) + Ar+*(3s 3p6, 2S) 27.63 29.24 -1.61 - - 
e) Ar+*(3s 3p6, 2S) + Ar+*(3s 3p6, 2S) 14.15 29.24 -15.09 - - 
f) Ar+*(3s2 3p4 3d) + Ar+*(3s 3p6, 2S) 11.23 29.24 -18.01 - - 
g) Ar+(3s2 3p5, 2P) + Ar+*(3s2 3p4 3d) 27.63 32.16 -4.53 - - 
h) Ar+*(3s 3p6, 2S) + Ar+*(3s2 3p4 3d) 14.15 32.16 -18.01 - - 
i) Ar+*(3s2 3p4 3d) + Ar+*(3s2 3p4 3d) 11.23 32.16 -20.93 - - 
j) Ar2+(3s2 3p4) + Ar+ + e- 0 15.76 -15.76 - - 
l) Ar (3s23p6) + Ar2+(3s23p4) 43.39 43.39 0 - - 

 

The measured SEC and DEC cross sections ( 21σ  and 20σ , respectively) are plotted as a 

function of impact energy in comparison with previously published data in Figure 5.6. In the 

collision energies regime applied in our measurement, two-electron capture processes take 

place predominantly. The DEC cross section ( 20σ ) increases with decreasing impact energy. 

The explanation of this behaviour is straightforward, since the total internal energy before the 

collision is the same as that after the collision (Table 5.2 process l). Such events are called 

symmetric resonant DEC processes and there is generally a high probability for them to 

occur. The present values are in a good agreement with experimental results by Okuno [83] 

both in the energy dependence and in the absolute magnitude. The SEC cross sections from 

the literature, however, scatter significantly. Our measured SEC cross section agree with these 

previous measurements regarding the overall trend and the order of magnitude. Interestingly 

the single electron capture does exceed the double electron capture, even at the higher impact 
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energies used. The differences among the various experimental results may be caused by a 

different amount of highly excited metastable Ar2+ projectile ions present in the beam. For 

such metastable states curve crossings are available in a favourable region of inter-nuclear 

distances yielding a small energy defect and therefore higher cross sections, as has been 

pointed out by [82]. The binding energy levels of ground state different excited metastable 

Ar2+ projectile ions are compared in Figure 5.8. 
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Figure 5.6 – SEC and DEC cross section for Ar2+–Ar collisions as a function of impact 
energy. Double electron capture is represented by full black symbols, single electron capture 
by open red symbols. Circles – this work, squares – experimental results by Huber [81], 
triangles – experimental results by Cosby et al [84], inverted triangles – experimental results 
by Okuno [83], diamonds – experimental results by Kaneko et al [85]. Theoretical results: 
dashed black line – DEC cross section by EOBM from this work, dashed red line – SEC cross 
sections by EOBM from this work, full red line – SEC by LZ calculation from this work. 

 

Because of the complete lack of systematic theoretical work for this collision system, 

we have performed LZ and EOBM calculations as outlined in sections 2.4 and 2.5, 

respectively. The results of these calculations are shown in Figure 5.6 in comparison with the 

experimental values. 

The calculated SEC cross sections by Landau-Zener for the exothermic channel (Table 

5.2) has a maximum value of about 10-16 cm2 which fairly agrees with the values up to 1 keV 

impact energy. For lower impact energies, however, the model predicts much smaller values 

for this exit channel. More probable reactions in this energy range are those that have the 

smallest ΔE, i.e. processes b), c), d) and g) from Table 5.2. Because these reactions are 

endothermic, the cross section cannot be estimated by the Landau-Zener method.  



CHAPTER 5 – RESULTS AND DISCUSSION 
 

– 68 – 

Therefore SEC and DEC cross sections have been calculated by the EOB model using 

the respective ionization potentials listed in Table 5.2. Our EOB calculations result in Rm = 

3.77 a.u. and predict a DEC cross section almost independent of impact energy with the 

maximum value of about 1.1·10-15 cm2 which is in reasonable agreement with the 

experimental values. The calculated SEC cross sections have the correct order of magnitude 

as our experimental values and reproduce their impact energy dependence very well, 

approaching the maximum value predicted by LZ model at around 10 keV impact energy. 

In addition, the cross section for electron production was derived according to the 

procedure outlined in section 4.3. Figure 5.7 shows the electron production cross section 

values obtained in this work. Our TI cross sections are small for low impact energies but 

strongly increase with increasing the impact energy, however, remain in all cases well below 

the values for SEC and DEC. To our knowledge, there is no previous data on transfer 

ionization in the present energy range as well as for higher impact energies. 
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Figure 5.7 – Transfer ionization (TI) cross section as a function of impact energy for the 
collision system Ar2+ + Ar. 
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Figure 5.8 – Binding energy levels for some selected states relevant for single and double 
electron capture in Ar2+ – Ar collisions [69]. 
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5.3.2. Ne2+ on Ne 
 

Collisions of Ne2+ on Ne were performed in the impact energy range from 90 eV to 10 keV. 

The measured SEC and DEC cross sections are plotted as a function of collision energy and 

compared with previously published data in Figure 5.9. 

Similar to Ar2+ – Ar collisions, the DEC cross section is again dominant and the DEC 

cross section values increase with decreasing collision energy. On the contrary, the SEC cross 

section steadily increases with increasing impact energy. Our results are in reasonably good 

agreement to previously published experimental data for both single- and double- electron 

capture.  
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Figure 5.9 – SEC and DEC cross section for Ne2+–Ne collisions as a function of impact 
energy. DEC cross section: full circles – this work, full triangles – experimental results by 
Latypov et al [86], full squares – experimental results by Flaks et al [87], full diamonds – 
experimental results by Kaneko [85], full inverted triangles – experimental results by Hasted 
et al [78]. SEC cross section: open circle – this work, open triangles – experimental results by 
Hertel et al [88], open squares – experimental results by Flaks et al [87]. Theoretical results: 
dashed black line – DEC cross section by EOBM, dashed red line – SEC cross sections by 
EOBM 
 

Again, to our knowledge no systematic theoretical work has been carried out for this 

collision system, therefore we have performed LZ and EOBM calculations as outlined in 

sections 2.4 and 2.5, respectively. 

The calculated SEC and DEC cross sections by EOB model are shown in Figure 5.9 in 

comparison to the experimental values. The calculations were performed using the respective 
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ionization potentials listed in Table 5.3. EOB model leads to a minimum distance for electron 

capture of Rm = 2.54 a.u. and predicts a DEC cross section almost independent of impact 

energy for energies below 10 keV and has a maximum value of about 5.5·10-16 cm2 at the 

lowest impact energy. Both the absolute magnitude and the dependency on impact energy are 

in a reasonable good agreement with our experimental data. The SEC cross sections 

calculated within the EOBM roughly agree in impact energy dependence but show much 

higher values for impact energies below 10 keV than our experimental SEC cross section 

data. 

In order to perform Landau-Zener calculations, possible exothermic reaction channels 

must be identified. Table 5.3 summarizes the different reaction channels in the symmetric 

collision system Ne2+ - Ne and gives the energy defect (ΔE), crossing radius (Rc) and 

interaction matrix elements (H12) obtained by the Landau-Zener method for these exothermic 

channels. Three exothermic channels can be associated to a single electron capture leaving the 

neon target in Ne+ 2s2 2p5 ground state configuration. However, it has been shown [89] that 

the dominant process should be the capture of a 2s electron into the Ne+ ground state (process 

b) in Table 5.3) which is moderately endothermic and produces a 2s2p6 state in the target. The 

results of our LZ SEC calculation for the three exothermic channels from Table 5.3 are shown 

in Figure 5.10 and compared to the experimental data. For the exit channel a) the LZ model 

predicts much smaller values than the observed experimentally, while for exit channels d) and 

g) the cross section is overestimated. These results indicate that, although these exit channels 

have small energy defects, a SEC followed by excitation of the projectile is not very probable. 

 

Table 5.3 – Individual reactions channels for charge transfer of Ne2+(2s22p4) + Ne (2s22p6)  
collisions. Energy levels obtained from ref. [69]. 

 Reaction products I2 (eV) I1 (eV) ΔE (eV) Rc (ao) H12 (a.u.) 

a) Ne+(2s2  2p5) + Ne+ (2s2 2p5) 40.96 21.56 19.40 1.40 0.376 

b) Ne+(2s2  2p5) + Ne+* (2s 2p6) 40.96 48.47 -7.51 - - 

c) Ne+(2s2  2p5) + Ne+* (2s2 2p4 3s) 40.96 49.41 -8.45 - - 

d) Ne+* (2s 2p6) + Ne+ (2s2 2p5) 26.91 21.56 5.35 5.08 0.017 

e) Ne+* (2s 2p6) + Ne+* (2s 2p6) 26.91 48.47 -21.56 - - 

f) Ne+* (2s 2p6) + Ne+* (2s2 2p4 3s) 26.91 49.41 -22.50 - - 

g) Ne+* (2s2  2p4  3s) + Ne+ (2s2 2p5) 27.85 21.56 6.29 4.32 0.035 

h) Ne+* (2s2  2p4  3s) + Ne+* (2s 2p6) 27.85 48.47 -20.62 - - 

i) Ne+* (2s2  2p4  3s) + Ne+* (2s2 2p4 3s) 27.85 49.41 -21.56 - - 

j) Ne (2s2  2p6) + Ne2+(2s2  2p4) 62.52 62.52 0 - - 
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Figure 5.10 – SEC cross section for Ne2+ – Ne collision as a function of impact energy. 
Experimental data as in Figure 5.9. Full lines – present Landau-Zener calculation for the three 
exothermic reaction channel listed in Table 5.3 (c.f. text). 

 

The cross section for electron production was again derived accordantly to the 

procedure outlined in section 4.3. Figure 5.11 shows the resulting electron production cross 

section values again interpreted as due to TI. These TI cross sections are small for lower 

impact energies but increase with increasing the impact energy. To our knowledge, there is no 

previous data on transfer ionization in the present energy range as well as for higher impact 

energies. 
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Figure 5.11 – Transfer ionization cross section for Ne2+ – Ne collision as a function of impact 
energy. 
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5.3.3. He2+ on He 
 

Collisions of He2+ with He atom were performed in the impact energy range from 0.25 to 2.5 

keV/amu. The measured cross sections for DEC and SEC are plotted as a function of collision 

energy together with previously published data in Figure 5.12. For the He2+ on He collision 

system there is a general agreement -both theoretically and experimentally - that the single 

electron capture cross section is small for energies below 10 keV/amu and the most 

favourable reaction is double electron capture. On the other hand, at energies above 10 

keV/amu one-electron transitions dominate over two-electron transitions. This general feature 

of the He2+ - He collision system has been observed experimentally [90-92] and confirmed in 

calculations with adiabatic two-electron molecular wave-functions [93, 94] and in atomic 

orbital (AO) close coupling calculation [95]. As shown in Figure 5.12, our results are in good 

agreement with the data from the literature both for single- and double- electron capture. 

Moreover our results extend the cross section data to considerably lower impact energies, 

demonstrating that the observed trend continue with decreasing impact energy (i.e. the DEC 

cross section is dominant and its value increases while the SEC cross section is decreasing 

with decreasing impact energy). 
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Figure 5.12 – Cross section for He2+-He collisions as a function of impact energy. DEC cross 
section: full circles – this work, full triangles – experimental results by Berkner et al [92], full 
diamonds – experimental results by Bayfield et al [91], full inverted triangles – experimental 
results by Afrosimov et al [90], full red line – AO calculation by Fritsch [95]. SEC cross 
section: open circle – this work, open triangles – experimental results by Berkner et al [92], 
open inverted triangles – experimental results by Afrosimov et al [90], open diamonds – 
experimental results by Bayfield et al [91], full red line – AO calculation by Fritsch [95]. 
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In addition we have performed LZ and EOBM calculations as described in sections 2.4 

and 2.5, respectively. 

The SEC and DEC cross sections as calculated by EOBM are also shown in Figure 

5.12. The calculations were performed using the respective ionization potential given in Table 

5.4. The calculated DEC cross sections lead to the minimum distance for electron capture of 

Rm = 1.91 a.u. and are in very good agreement with the experimental and theoretical data. On 

the other hand, the SEC cross section estimated by the EOBM predicts too higher values for 

impact energies below 10 keV (about a factor of 2) and only agrees qualitatively with the 

impact energy trend observed experimentally. 

To perform Landau-Zener calculations, the possible reaction channels with exothermic 

reaction energy defect must be identified. The different reaction channels in the symmetric 

collision system He2+ - He are summarised in Table 5.4 together with the energy defect (ΔE). 

The crossing radius (Rc) and the interaction matrix element (H12) values obtained by the 

Landau-Zener method for the exothermic channels are also shown in the table. The system is 

characterised by four exothermic channels, all of then associated to single electron capture 

and the remaining target in He+ 1s configuration. All processes leading to target excitation 

have an endothermic energy defect and consequently the Landau-Zener method is not 

applicable. 

 

Table 5.4 – Individual reactions channels for charge transfer of He2+ + He (1s2 1S) collisions. 
Energy levels obtained from ref. [69]. 

 Reaction products I2 (eV) I1 (eV) ΔE (eV) Rc (ao) H12 (a.u.) 

a) He+ (1s) + He+(1s) 54.42 24.58 +29.84 0.91 0.552 

b) He+ (1s) + He+*(n = 2) 54.42 65.31 -10.89 - - 

c) He+ (1s) + He+*(n = 3) 54.42 72.95 -18.53 - - 

d) He+ (1s) + He+*(n = 4) 54.42 75.60 -21.18 - - 

e) He+*(n = 2) + He+ (1s) 40.81 24.58 +16.23 1.67 0.326 

f) He+*(n = 3) + He+ (1s) 48.37 24.58 +23.79 1.14 0.478 

g) He+*(n = 4) + He+ (1s) 51.02 24.58 +26.44 1.03 0.514 

h) He+*(n l) + He+*(n l) - - <0 - - 

i) He+ (1s) + He2+ + e- 54.42 ~77 ~ -23† - - 

j) He2+ + He (1s) + e- 0 24.58 -24.6†   

l) He (1s2 1S) + He2+ 79.0 79.0 0 - - 
† Ref. [96] 
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Figure 5.13 shows the SEC cross section as calculated by Landau-Zener theory 

together with experimental- and theoretical results as a function of impact energy. Results are 

shown for each exothermic channel in Table 5.4. The values for the crossing radii were found 

to be in a good agreement with the values from adiabatic potential energy curves [97, 98]. 

Electron capture into n=2 with the target remaining in He+ 1s ground state (process e)) has the 

highest cross section in comparison to the other exothermic channels calculated by LZ theory. 

However the SEC values become very small for lower impact energy. These results show 

suggest that the target does not stay in the He+ 1s ground-state when an electron is captured.  
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Figure 5.13 – Single electron capture cross section as a function of impact energy for the He2+ 
– He collision system. Experimental data as in Figure 5.12. Full lines – present Landau-Zener 
calculation for the four exothermic reaction channels listed in Table 5.4. 

 

 

Similar to the collisions system presented previously, the cross section for electron 

production was derived accordantly to the procedure outlined in section 4.3. Figure 5.14 

shows the resulting electron production cross section values again interpreted as due to TI. 

Our TI cross sections increase with increasing the impact energy are in a fair agreement with 

the tabulated values given by ref. [99]. 
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Figure 5.14 – Transfer ionization cross sections as a function of impact energy for the He2+ – 
He collision system. Full black circles – this work, open red circles – values from ref [99]. 

 

5.4. Charge-exchange in He2+ – Ne collisions 
 

Collisions of He2+ on Ne have been extensively used for translational energy spectroscopy 

(TES) calibration [100, 101] in view of the fact that the associated energy defect for SEC is 

very characteristic. Nonetheless, only a few experimental results for SEC and DEC cross 

sections for this system exist and no theory has been applied so far. In the present work, we 

have measured SEC and DEC cross sections in the collision impact energy range from 0.1 to 

6 keV. Additionally, we have carried out LZ and EOBM calculations as described in chapters 

2.4 and 2.5, respectively. 

The measured SEC cross sections and the results of our calculations are shown as a 

function of collision impact energy in Figure 5.15 and compared with previously published 

data. Our SEC cross section values increase monotonically with increasing impact energy and 

are in an excellent agreement with the experimental results of Hanaki [102]. Unfortunately, 

the connection to data points for impact energies above 5 keV/amu is not quite clear. 

By means of TES, some exit channels have been found to be present [101] in collision 

of He2+ with Ne. The by far most probable reaction channel for SEC is given by [100]: 

 2 2 6 1 * 6 22 2 (1 ) 2 2    with  E = 5.94 eVHe Ne s p S He s Ne s p S+ + ++ → + Δ , (5.6) 

this reaction has a crossing distance (Rc) at about 4.6 a.u. as shown in the potential curves of 
1Σ+ states for the (HeNe)2+ quasimolecule (see Figure 5.16, [103]). 
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The SEC cross sections calculated by LZ theory predicts a maximum value of 8.5·10-16 

cm2 at an impact energy about 7 keV/amu, which is a factor of 1.7 higher than the maximum 

value measured by Rudd et al [104]. Furthermore, the theoretical cross sections decrease 

abruptly for impact energies below 1 keV/amu, a trend not observed experimentally. On the 

other hand, the EOBM results show a much better agreement with the experimental impact 

energy dependence but are about a factor of 1.5 higher than the experimental values. The 

model predicts a maximum SEC cross section for impact energies between 10 and 20 

keV/amu, which is in a fair agreement with the data of Rudd et al [104] and Dubois et al 

[105]. 
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Figure 5.15 – SEC cross section cross sections for 3He2+-Ne collisions as a function of impact 
energy. Full circles – experimental results from this work, full diamonds – experimental 
results by Hanaki et al. [102], full squares – experimental results by Rudd et al. [104], full 
triangles – experimental results by Baragiola et al [106], inverted triangles – experimental 
results by DuBois et al [105], open diamonds – experimental results by Afrosimov [90] et al. 
Theoretical results from this work: dotted line – LZ theory, full line – EOBM calculation. 

 

 

Our measured DEC and calculated EOBM cross sections and are plotted as a function 

of collision energy in Figure 5.17 together with previously published data. In fair agreement 

with the data of Hanaki [102] our measured DEC cross section values decrease with 

decreasing impact energy, however the absolute values of these authors are about a factor of 2 

smaller than ours at 600 eV/amu. The present results can be smoothly connected to data at 
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higher impact energies [104, 106]. For impact energies above 500 eV/amu, the DEC cross 

sections exceed the SEC cross section values. The corresponding reaction channel is [107]: 

 2 2 6 1 * 3 2 4 32 2 (2 ) (2 )    with   E = -3.41 eVHe Ne s p S He S Ne p P+ ++ → + Δ . (5.7) 

which has a smaller energy defect than the most favourable reaction for SEC. For impact 

energies lower than 500 eV/amu, however, the SEC cross sections are surprisingly greater 

than DEC. 
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Figure 5.16 – Quasidiabatic potential curves of 1Σ+ states for the (HeNe)2+ quasimolecule 
(taken from [103]). 

 

We have also carried out EOBM calculations for DEC. The results are shown in 

Figure 5.17. While there is a quite good agreement with experimental data at high impact 

energies, the model predicts a monotonically increasing cross section with decreasing impact 

energy for impact energies below 1 keV/amu in striking contrast to our experimental results. 

A possible explanation for these high cross sections at lower impact energies could be the fact 

that the model considers hydrogen-like states for both the target and the projectile in order to 

calculate the effective quantum number n which labels the binding energy of the electron 

(equation (2.44)). This approximation results in the “no-return” -hypothesis: once the electron 

crosses the barrier, it will not return to the target. This hypothesis migth be well justified for 

projectiles with high atomic number, as already pointed out in [54], but this is not the case for 
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He2+ – Ne collisions, where the atomic number of the projectile is much smaller than the 

atomic number of the target and therefore the recapture of electron by the target must be taken 

into acount. 
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Figure 5.17 – DEC cross section for 3He2+ – Ne collisions as a function of impact energy. Full 
circles – experimental results of this work, full diamonds – experimental results by Hanaki et 
al [102], full squares – experimental results by Rudd et al [104], open circle – experimental 
results by Baragiola et al [106], open triangles – experimental results by DuBois et al [105], 
dotted line – EOBM calculation from this work. 

 

Figure 5.18 shows the resulting electron production cross section values again interpreted as 

due to TI. Our TI cross sections increase with increasing the impact energy and can be 

smoothly connected to the electron production measurement by Rudd et al [104]. 
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Figure 5.18 – Transfer ionization cross section for He2+ – Ne colision as a function of impact 
energy. Full black circles – experimental results from this work, open red circles – 
experimental results by Rudd et al [104]. 

 

5.5. Electron capture for doubly charged ions colliding with 
molecules  
 

Collisions of He2+ with O2 and H2 were measured for ion impact energies below 2000 

eV/amu. The final impact energies were defined by both the potential applied to the ion 

source and the deceleration voltage applied to the gas cell. In order to check the influence of 

electrostatic lenses at low impact energies, several different combinations of the source and 

deceleration voltages leading to the same impact energy were applied but no systematic 

difference between the results was found. The associated error bars give the absolute errors. 

In the worst case the absolute errors were estimated to be about 20%. 

In contrast to ion-atom collisions, the EOB model is very limited for application to 

ion-molecule collisions because the potential barrier formed between collision partners is 

considered with a two-centre Coulombic potential for the respective electrons. The 

applicability for molecular collision would be justified as far as the relevant critical barrier 

distance is much larger than the molecular sizes, which are not the case of the ion-molecule 

collision systems investigated in this work, for which the multi-centre nature of target 

molecules is expected to be of great importance. A three-centre Coulomb over-barrier model 

has been proposed by Ichimura and Yamaguchi [108] but their model is velocity independent 

consequently resulting in a geometrical cross section (similar to equation (2.40)). A more 
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precise model would incorporate the multi-centre nature of the molecular targets, the relative 

velocity between the nuclei, the molecules orientation and the angular momentum of the 

electrons, but this development is out of the scope of this thesis. 

 

5.5.1. He2+ - O2 collisions 
 

In charge exchange processes of He2+ colliding with O2, cross section data are still scarce in 

the literature and no systematic theoretical work has been carried out. Ishii et al. [109] 

reported SEC and DEC cross sections for He2+ - O2 collisions at low impact energy where 

they showed that the DEC cross section appears to dominate the SEC cross section below 100 

eV/amu. Okuno et al. [110] studied the DEC processes for He2+ - O2 collisions by means of a 

double coincidence time of flight spectroscopy where they identified the exit channels with 

respective branching rations. Recently Kusakabe et al. [111] presented single and double 

electron capture cross sections for He2+ impact on various molecular targets (among them O2 

and H2) in the energy range from 0.6 to 2.7 keV/amu. Other experimental investigations of the 

He2+ - O2 collision system have been concerned mainly with the measurements of state 

selective single electron capture by means of translational energy spectroscopy (TES) [100, 

112-115]. 

For the impact energy range investigated in this work, it is expected that the following 

processes are most important during single collisions of He2+ with O2 molecules: 

(Non-dissociative SEC)      2
2 2( 2) ( 1.3 )He O He n O E eV+ + ++ → = + Δ =  (5.8) 

(Dissociative SEC)               2 *
2 2( 1) (many dissociative states)He O He n O+ + ++ → = +  (5.9) 

(Dissociative DEC)              2
2He O He O O+ + ++ → + +  (5.10) 

                                              2 2
2He O He O O+ ++ → + +  (5.11) 

(Diss. DEC with ionization) 2 2
2He O He O O e+ + + −+ → + + +  (5.12) 

The processes (5.10), (5.11) and (5.12) were identified by means of double coincidence time-

of-flight [110] at 1 keV/amu impact energy with 78%, 9.9% and 12% branching ratios 

respectively. The process (5.8) represents the non-dissociative single electron capture into 

n=2 states of He+ with production of 2O+ in the ground state 2( )gX ∏ . Process (5.9) has a 

rather broad energy gain (6 < ΔE < 10 eV) and represents the dissociative single electron 

capture into the n=1 state of He+ with production of 2O+  in several excited states [100, 112, 

113]. 
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In our setup we are only able to distinguish between SEC (process (5.8)+(5.9)) and 

DEC (process (5.10)+(5.11)+(5.12)). The measured SEC and DEC cross sections are shown 

in Figure 5.19 and Figure 5.20 as a function of impact energy. The measurements were not 

only performed with 4He2+ but also with 3He2+ isotopes in order to check whether possible 

impurity ions with the same mass to charge ratio (e.g. H2
+) as 4He2+ influence the measured 

signals. The cross section results for both isotope projectiles agree very well, which indicates 

that the contribution from H2
+ projectiles is of no relevance. 

As far as SEC cross sections are concerned, the present results are in reasonably good 

agreement with previous measurements, although we could neither fully reproduce the trend 

presented by Ishii et al. [109] nor Kamber et al [112]. The SEC cross section increases with 

increasing incident energy. Unfortunately the connection with data for impact energies above 

5 keV/amu is still not clear yet (see Figure 5.19). 
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Figure 5.19 – SEC cross section for 4He2+ and 3He2+ – O2 collisions as a function of impact 
energy. Full circles – experimental results from this work (4He2+ projectiles), full squares – 
experimental results from this work (3He2+ projectiles) , full triangles – experimental results 
by Kusakabe et al. [111], open diamonds – experimental results by Kamber et al. [112], open 
triangles – experimental results by Ishii et al. [109], open circles – experimental results by 
Rudd et al. [104], inverted open triangles – experimental results by Shah and Gilbody [116]. 

 

In the impact energy range from 0.2 to 2 keV/amu our data for the DEC cross section 

agree very well with earlier experimental results (Figure 5.20). For impact energies below 0.2 

keV/amu our cross sections increase as the collision energy decreases. This is in qualitative 

agreement with results of Ishii et al [109], but these authors obtained higher values for the 
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DEC cross sections. A possible explanation for this difference could be the limited acceptance 

angle of their experiment leading to an artificial increase of beam current attenuation with 

decreasing impact energy. Our apparatus, on the contrary, is designed to accept scattering 

angles up to ±8° (c.f. chapter 3.3.2). 
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Figure 5.20 – DEC cross section for 4He2+ and 3He2+ on O2 collisions as a function of impact 
energy. Full circles – experimental results from this work (4He2+ projectiles), full squares – 
experimental results from this work (3He2+ projectiles) , full triangles – experimental results 
by Kusakabe et al. [111], open triangles – experimental results by Ishii et al. [109], open 
diamonds – experimental results by Rudd et al. [104], inverted open triangles – experimental 
results by Shah and Gilbody [116]. 

 

5.5.2.  He2+ – H2 and He2+ – D2 collisions  
 

For charge exchange processes of He2+ with H2 molecules quite a few number of 

experimental data [9, 91, 100, 104, 106, 111, 117-120] and theoretical results [71, 121-123] 

have been published at intermediate and low impact energies. However, for ion impact energy 

< 1 keV/amu these results remain inconclusive. Measurements by Shah and Gilbody [116] 

and Kusakabe et al. [118] of SEC and DEC processes above 1 keV/amu showed that SEC is 

dominant by about an order of magnitude in the cross section. The measurement of the same 

processes at low energies by Okuno et al. [120] has indicated that the DEC cross section 

dominates over the SEC cross section. Shimakura et al. [71] studied theoretically SEC and 

DEC processes in the energy range from 17 eV/amu to 0.67 keV/amu based on a molecular 

orbital expansion method and showed that the calculated DEC cross sections values indeed 
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exceed the SEC values below 100 eV/amu. Recently Kusakabe et al. [111] presented their 

experimental SEC and DEC cross section in the energy range from 0.6 to 2.7 keV/amu where 

they found that SEC is the dominant reaction and that the DEC cross sections have a nearly 

constant value at their impact energy range.  

In the low impact energy range the following processes are most relevant in He2+ – H2 

(D2) collisions:  

 2
2He H He H H+ + ++ ⎯→ + +  (5.13) 

 2
2 2He H He H+ + ++ ⎯→ +  (5.14) 

 2
2He H He H H+ + ++ ⎯→ + +  (5.15) 

 2
2 2He H He H e+ + + −+ ⎯→ + +  (5.16) 

Process (5.13) is the double electron capture (DEC), with associated cross section σ20, which 

leads to target dissociation due to Coulomb explosion. Process (5.14) is the non-dissociative 

single electron capture (SEC-ND) leading to the formation of He+ (n = 2) with a minimum 

endothermic energy defect about -1.8 eV which can be broadened due to vibrational 

excitation (ν = 0 → ∞) of the H2
+ molecular product ions [117]. The dissociative single 

electron capture (SEC-D) reaction (process (5.15)) also carries a broad defect energy 

associated to the limits of Franck-Condon transitions from the H2 1Σg ground state to repulsive 

states of H2
+ leading to H+ + H(2s) and H+ + H(2p) products [100, 117]. Process (5.16) is the 

single electron capture with target excitation followed by electron ejection (SEC-TI) and can 

possible to form a large number of dissociative H2
+* states. At our low impact energies SEC-

TI reaction channels prefer considerably small exothermic defect energy (typically ΔE = 5 eV 

[100]). 

The present experimental cross sections for SEC (reactions (5.14) - (5.16)) and DEC 

(reaction (5.13)) of 3He2+ colliding with H2 as a function of impact energy are shown in 

Figure 5.21 and Figure 5.22, respectively. In contrast to O2 target, only 3He2+ ions have been 

used as projectiles because back-diffusion of H2 from the collision cell into our ECR ion 

source could be observed. 

Our experimental SEC cross section results are found to be in agreement with Okuno 

et al. [120] and connect smoothly to Kusakabe et al. [118] and Shah and Gilbody [116]. We 

note that the present SEC cross sections are in excellent agreement with the close-coupling 

calculation of Kusakabe et al. [111] and fair agreement with the theoretical results of 

Shimakura [71]. 
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Figure 5.21 – SEC capture cross section for 3He2+ – H2 collisions as a function of impact 
energy. Experimental results: full circles – this work, full squares – Kusakabe et al [111], 
open diamonds – Kusakabe et al. [118], open inverted triangles – Okuno et al. [120], open 
squares – Rudd et al. [104], open triangles – Shah and Gilbody [116]. Theoretical results: full 
lines – Errea et al. [121], dashed line – Shimakura and Kimura [71], dotted line – Kusakabe et 
al. [111] dashed-dotted line – tabulated values from [99]. 

 

For the DEC cross section, all experimental and theoretical results are in reasonable 

agreement above 1 keV/amu impact energy. For lower impact energies considerable 

deviations occur. Okuno et al. [120] found that DEC cross section has a monotonically 

increasing trend as impact energy decreases and dominates over the SEC cross section for 

lower impact energies. The theoretical work by Shimakura et al. [71] based on a molecular 

orbital expansion method supports this trend by showing that indeed the calculated DEC cross 

sections values exceed the SEC values below 100 eV/amu. In the experimental results 

presented by Kusakabe et al [111, 118] on the other hand the DEC cross section values do not 

exceed the SEC cross section. They even report a plateau in the range of 0.13-0.8 keV/amu 

for DEC cross section, which is to some extent supported by their own close-coupling 

calculation. The present DEC cross section for 3He2+ on H2 collisions are shown in Figure 

5.22 together with previous data. Our DEC cross sections increase monotonically as the 

impact energy decreases and exceed the SEC for impact energies below 100 eV/amu. Our 

data are in very good agreement with the theory by Shimakura et al [71] and closely follow 

the trend of the data by Okuno et al, whose absolute cross section values are about a factor of 
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2 higher. Again a possible reason for this difference could be due to the small acceptance 

angle of their experiment, as discussed before. The present DEC cross sections were cross-

checked by measurements of the slow ions produced during the collision. As a result we 

found no discrepancy between the DEC cross section obtained from slow ions- and from 

attenuation- measurements within our experimental uncertainties. 
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Figure 5.22 – DEC capture cross section for 3He2+ – H2 collisions as a function of impact 
energy. Experimental results: full circles – this work, full squares – Kusakabe et al [111], 
open diamonds – Kusakabe et al. [118], open inverted triangles – Okuno et al. [120], open 
squares – Rudd et al. [104], full diamonds – Afrosimov et al. [124], open triangles – Shah and 
Gilbody [116]. Theoretical results: full lines – Errea et al. [121], dashed line – Shimakura and 
Kimura [71], dotted line – Kusakabe et al. [111]. 

 

In addition, the transfer ionization cross section ( TIσ ) obtained by measurement of slow 

electrons (Eq.(4.11)) has been determined and is shown in Figure 5.23. The TIσ  cross section 

for transfer ionization (reaction (5.16)) increases with increasing impact energy and can be 

smoothly connected to the measurement by Rudd et al [104]. 
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Figure 5.23 – TI cross section (process (5.16)) for 3He2+ – H2 collisions as a function of 
impact energy. Full circles – present work, full squares – Rudd et al [104], dashed line – TI 
from ref. [99]. 

 

We have also carried out additional measurements for 3He2+ – D2 collisions. D2 was used 

since the electronic processes are expected to be identical to those in H2 targets but the 

heavier isotope provides kinematic differences e.g. projectile scattering with a larger 

laboratory angle. SEC and DEC cross sections for 3He2+ – D2 compared to 3He2+ – H2 

collisions as a function of impact energy in the centre of mass system are shown in Figure 

5.24. We do not observe any systematic changes between H2 and D2 results and therefore 

conclude that our apparatus collects practically all product ions during the collisions even for 

larger scattering angles. 
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Figure 5.24 – SEC and DEC cross sections for 3He2+ – D2 compared to 3He2+ – H2 collisions 
as a function of impact energy in centre of mass system. SEC: open circles – experimental 
results for the H2 target, open squares – experimental results for the D2 target. DEC: full 
circles – experimental results for the H2 target, full squares – experimental results for the D2 
target. 
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6. Conclusion and outlook 

In this thesis an experimental study of electron capture and ionization processes for (singly 

and doubly charged) ions colliding with atoms and molecules at low impact energies is 

presented. These processes play an important role in man-made and astrophysical plasmas. 

We have designed, tested and built an apparatus for single- and double-electron 

capture cross section measurements, which is especially well suited for low impact energy 

(100 < E < 2000 eV). The experimental technique combines collection of slow product ions 

with primary ion beam attenuation and projectile ions selection by a retarding electric field in 

a differentially pumped target gas chamber, where the pressure is measured by an absolutely 

calibrated capacitance manometer. 

During the thesis, the experimental setup has been improved to achieve more precise 

data. In earlier measurements of the resonant SEC cross section for impact of slow singly 

charged noble gas ions on their atoms (He, Ne, Ar), a discrepancy between values obtained by 

attenuation technique and slow ions collection has been found.  By introducing a larger 

aperture after the collision region, we could show that the acceptance angle of the initial 

design was not sufficiently large to collect all projectiles. Therefore, the experimental setup 

was modified in order to accept larger scattering angles. The good agreement between results 

for both techniques allowed us to calibrate the transparency factor for the meshed cylinder. 

Reproducibility of the measured cross sections for different experimental runs was achieved 

by monitoring the target impurities. The experimental results obtained for the resonant SEC 

cross sections were found to be in a good agreement with previously published data from the 

literature, which gave us confidence to also conduct investigations for more complicate 

collision systems.  

Measurements of SEC and DEC cross sections of doubly-charged projectile ions 

incident on their own neutral atoms (Ar2+, Ne2+ and He2+) have been carried out. For all 

symmetric collision studied in this work, we found that two-electron capture processes take 

place predominantly at low collision velocity but decrease with increasing impact energy. 

Such behaviour can be understood because of the resonant nature of the capture process (i.e. 
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the total internal energy before the collision is the same as that after the collision). On the 

other hand, the SEC cross sections steadily increase with increasing impact energy. With the 

exception of Ar2+ – Ar collisions, we have extended the cross sections values for the first time 

towards very low impact energies. All our results were found to be in a reasonably good 

agreement with previously published experimental data for both single- and double- electron 

capture. 

SEC and DEC cross sections for He2+-Ne collisions have been determined at low 

impact energies for the first time. To our surprise, we found that at impact energies lower than 

500 eV/amu the SEC cross sections exceed the DEC values, although the DEC process has a 

smaller energy defect associated with it than the SEC. At higher impact energies, the results 

are also found to be in good agreement to previously published data. 

Furthermore, we have measured single and double electron capture cross sections for 

He2+ colliding with O2, H2 and D2. For all molecular targets investigated in this thesis the 

single electron capture cross sections increase slowly as the collision energy increases, while 

the opposite trend is observed for the double electron capture cross sections. For H2 and D2 

targets the DEC cross section exceeds the SEC for impact energies below 100 eV/amu. This 

fact could be of considerable importance for the removal of He-ash in future burning D–T 

fusion plasmas. The large cross sections for DEC at low energies can be attributed to the 

existence of outgoing channels with favorable (small) energy defects. 

Additionally, also the electron production in collisions of doubly charged ions with 

atoms and molecules has been measured. From such measurements, TI cross sections were 

derived by subtracting contribution due to ion induced electron emission. This procedure, 

however, results a large uncertainty for the obtained TI-values. Despite the large error bars, 

we have found that the TI cross sections are small at low impact energies but increase with 

impact energy, while this is, in principle, expected. It was, in most cases, not possible to 

compare the obtained experimental results to literature values, because there are no previous 

data on transfer ionization in the present energy range or at higher impact energies. 

Moreover, calculations based on the LZ theory and the EOB model have been 

performed and the results compared to our experimental data. In the majority of the cases, the 

calculated SEC by LZ theory underestimates the experimental values, which can be 

understood by the fact that only exothermic channels are considered in this theory. On the 

other hand, the EOBM results surprisingly show a much better agreement with the 

experimentally observed impact energy dependence as well as the absolute cross section 

magnitude. Due to the two-centre Coulombic potential character of the model, it was only 



CHAPTER 6 – CONCLUSION AND OUTLOOK 

– 91 – 

possible to apply the model for ion – atom but not for ion-molecule collisions. To apply the 

EOBM for ion – molecule collisions would requires incorporating the multi-centre nature of 

the molecular targets, the relative velocity between the nuclei, the molecules orientation and 

the angular momentum of the electrons. 

Once published our experimental data, will hopefully also stimulate more refined 

theoretical (e.g. close coupling) calculations for a more complete understanding of the 

behaviours of these important cross sections. At least, several theory groups have meanwhile 

expressed their interest in doing so. 
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7. List of acronyms 

AO – atomic orbital 

CODIAN – LabVIEW based program for the control of ECR ion sources 

DEC – double electron capture 

DI – direct ionization 

ECR – electron cyclotron resonance 

ECRIS – electron cyclotron resonance ions source 

EOBM – extended over barrier method 

FC – Faraday cup 

KE – kinetic emission 

LZ – Landau-Zener 

ND – non-dissociative 

OBM – over barrier method 

PE – potential emission 

PTFE – poly tetra fluoro ethylene 

QPPG – quadrupole partial pressure gauge 

RIMS – recoil-ion momentum spectroscopy 

SAMBA – studies on atomic and molecular collisions by beam attenuation 

SEC – single electron capture 

SIMION – ion and electron optics simulator 

SOPHIE – source for production of highly charged ions using ECR 

TES – translational energy spectroscopy 

TI – transfer ionization 
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8. Appendix 

A.  Technical drawings 
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Figure 8.1 – Cross section view of the complete assembled apparatus. 
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B. Geometry file (SIMION) 
 

The geometry file is a basic code which generates the geometrical potential arrays for 

SIMION simulation. Here the geometry file developed for the complete system is given, for 

more information about the code see [62]. 

 

pa_define(170,170,1300,p,n)   ;### Scale factor in SIMION 0.33 mm/gu 
 
locate(85,85,250,3) ; (x,y,z,scale,az,el,rt)     
       {  
 e(1) ;MESH CILYNDER        
  { 
    fill{ 
                       within{cylinder(0,0,0,7.5,,54)} 
                       notin{cylinder(0,0,0,6.5,,54)} 
                    
;CREATION OF THE SLITS 
                   notin{locate(0,0,-9.5,1)        { box3d(-7.5,-1.5,0,7.5,1.5,-35)}} 
     notin{locate(0,0,-9.5,1,0,60,0) { box3d(-7.5,-1.5,0,7.5,1.5,-35)}} 
                   notin{locate(0,0,-9.5,1,0,120,0){ box3d(-7.5,-1.5,0,7.5,1.5,-35)}} 
                    
;CREATION OF THE CIRCULAR SHAPES IN THE SLITS - BEGINING 
                   notin{locate(0,0,-9.5,1,90,0,60)  {cylinder(0,0,8,1.1,,16)}} 
                   notin{locate(0,0,-9.5,1,90,0,120) {cylinder(0,0,8,1.1,,16)}} 
                   notin{locate(0,0,-9.5,1,90,0,0)   {cylinder(0,0,8,1.1,,16)}}  
 
 
;CREATION OF THE CIRCULAR SHAPES IN THE SLITS - END 
                   notin{locate(0,0,-45,1,90,0,0){cylinder(0,0,8,1.1,,16)}}  
                   notin{locate(0,0,-45,1,90,0,60){cylinder(0,0,8,1.1,,16)}} 
                   notin{locate(0,0,-45,1,90,0,120){cylinder(0,0,8,1.1,,16)}} 
         } 
fill{;coiled wire 
                          within{cylinder(0,0,0,7,,0.1)} 
                          notin {cylinder(0,0,0,6.9,,0.1)} 
                          within{cylinder(0,0,-2,7,,0.1)} 
                          notin {cylinder(0,0,-2,6.9,,0.1)} 
                          within{cylinder(0,0,-4,7,,0.1)} 
                          notin {cylinder(0,0,-4,6.9,,0.1)} 
                          within{cylinder(0,0,-6,7,,0.1)} 
                          notin {cylinder(0,0,-6,6.9,,0.1)} 
                          within{cylinder(0,0,-8,7,,0.1)} 
                          notin {cylinder(0,0,-8,6.9,,0.1)} 
                          within{cylinder(0,0,-10,7,,0.1)} 
                          notin {cylinder(0,0,-10,6.9,,0.1)} 
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                          within{cylinder(0,0,-12,7,,0.1)} 
                          notin {cylinder(0,0,-12,6.9,,0.1)} 
                          within{cylinder(0,0,-14,7,,0.1)} 
                          notin {cylinder(0,0,-14,6.9,,0.1)} 
                          within{cylinder(0,0,-16,7,,0.1)} 
                          notin {cylinder(0,0,-16,6.9,,0.1)} 
                          within{cylinder(0,0,-18,7,,0.1)} 
                          notin {cylinder(0,0,-18,6.9,,0.1)} 
                          within{cylinder(0,0,-20,7,,0.1)} 
                          notin {cylinder(0,0,-20,6.9,,0.1)} 
                          within{cylinder(0,0,-22,7,,0.1)} 
                          notin {cylinder(0,0,-22,6.9,,0.1)} 
                          within{cylinder(0,0,-24,7,,0.1)} 
                          notin {cylinder(0,0,-24,6.9,,0.1)} 
                          within{cylinder(0,0,-26,7,,0.1)} 
                          notin {cylinder(0,0,-26,6.9,,0.1)} 
                          within{cylinder(0,0,-28,7,,0.1)} 
                          notin {cylinder(0,0,-28,6.9,,0.1)} 
                          within{cylinder(0,0,-30,7,,0.1)} 
                          notin {cylinder(0,0,-30,6.9,,0.1)} 
                          within{cylinder(0,0,-32,7,,0.1)} 
                          notin {cylinder(0,0,-32,6.9,,0.1)} 
                          within{cylinder(0,0,-34,7,,0.1)} 
                          notin {cylinder(0,0,-34,6.9,,0.1)} 
                          within{cylinder(0,0,-36,7,,0.1)} 
                          notin {cylinder(0,0,-36,6.9,,0.1)} 
                          within{cylinder(0,0,-38,7,,0.1)} 
                          notin {cylinder(0,0,-38,6.9,,0.1)} 
                          within{cylinder(0,0,-40,7,,0.1)} 
                          notin {cylinder(0,0,-40,6.9,,0.1)} 
                          within{cylinder(0,0,-42,7,,0.1)} 
                          notin {cylinder(0,0,-42,6.9,,0.1)} 
                          within{cylinder(0,0,-44,7,,0.1)} 
                          notin {cylinder(0,0,-44,6.9,,0.1)} 
                          within{cylinder(0,0,-46,7,,0.1)} 
                          notin {cylinder(0,0,-46,6.9,,0.1)} 
                        } 
     } 
      e(2) ; Collector 
 { 
    fill{ 
                      within{cylinder(0,0,-4,11,,46)} 
                      notin{cylinder(0,0,-4,10,,46)} 
                       } 
         }   
 
     e(3) ; FC1 
 { 
    fill{ 
                      within{cylinder(0,0,4,5,,8)} 
                      notin{ cylinder(0,0,4,4,,6)} 
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        notin{ cylinder(0,0,4,0.5,,8)}  
                       } 
         }  
    
 e(4) ; ALL HOUSE!! 
 { 
    fill{; first house aperture 
                      within{cylinder(0,0,6,25,,2)} 
                      notin{cylinder(0,0,6,1,,2)} 
                      ;second aperture 
                      within{cylinder(0,0,-56,25,,2)} 
                      notin{cylinder(0,0,-56,5,,2)} 
 
                      ;GUARD RINGS OF SECOND APERTURE 
                      within{cylinder(0,0,-51,6,,5)} 
                      notin{cylinder(0,0,-51,5,,5)} 
                      ;Ring between stop and suppressor 
                      within{cylinder(0,0,-61,6,,2)} 
                      notin{ cylinder(0,0,-61,5,,2)}  
                       } 
         }  
 
     e(5) ; RFR - Retarding field ring (A2) 
 { 
    fill{ 
                      within{cylinder(0,0,-58,6,,2)} 
                      notin{cylinder(0,0,-58,5,,2)} ;original 
                       } 
         } 
 
     e(6) ; SUPPRESSOR 
 { 
    fill{ 
                      within{cylinder(0,0,-63,6,,2)} 
                      notin{ cylinder(0,0,-63,5,,2)} 
                       } 
         } 
 
     e(7) ; FARADAY CUP 
 { 
    fill{ 
                      within{cylinder(0,0,-66,6.5,,15)} 
                      notin{ cylinder(0,0,-66,5.5,,14)} 
                       } 
         } 
 
     e(8) ; Plate A1 
 { 
    fill{; first plate aperture 
                      within{cylinder(0,0,7,7.5,,0.5)} 
                      notin{cylinder(0,0,7,1,,0.5)} 
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                      } 
         } 
 
;LENS SYSTEM!!!! 
 
 e(9) ; Cylinder between L4 and Gas Cell 
 { 
    fill{; first house aperture 
                      within{cylinder(0,0,66,15,,60)} 
                      notin{cylinder(0,0,66,14,,60)} 
                       } 
         } 
 
 e(10) ; L4 
 { 
    fill{ 
                      within{cylinder(0,0,68,15,,2)} 
                      notin{cylinder(0,0,68,1.5,,2)} 
                      within{cylinder(0,0,108,15,,40)} 
                      notin{cylinder(0,0,108,14,,40)} 
                      within{cylinder(0,0,109,25,,1)} 
                      notin{cylinder(0,0,109,14,,1)} 
                       } 
         } 
 
 e(11) ; L3 
 { 
      fill{;  
                      within{cylinder(0,0,111,25,,1)} 
                      notin{cylinder(0,0,111,14,,1)} 
                      within{cylinder(0,0,169,15,,58)} 
                      notin{cylinder(0,0,169,14,,58)} 
                      within{cylinder(0,0,170,25,,1)} 
                      notin{cylinder(0,0,170,14,,1)} 
                       } 
         } 
 
 e(12) ; L2 
 { 
    fill{;  
                      within{cylinder(0,0,172,25,,1)} 
                      notin{cylinder(0,0,172,14,,1)} 
                      within{cylinder(0,0,255,15,,83)} 
                      notin{cylinder(0,0,255,14,,83)} 
                      within{cylinder(0,0,256,25,,1)} 
                      notin{cylinder(0,0,256,14,,1)} 
                       } 
         } 
 
 e(13) ; L1 
 { 
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    fill{;  
                      within{cylinder(0,0,258,25,,1)} 
                      notin{cylinder(0,0,258,14,,1)} 
                      within{cylinder(0,0,291,15,,33)} 
                      notin{cylinder(0,0,291,14,,33)} 
                      within{cylinder(0,0,292,25,,1)} 
                      notin{cylinder(0,0,292,14,,1)} 
                       } 
         } 
 
 e(14) ; Apperture before L1 
 { 
    fill{;  
                      within{cylinder(0,0,320,25,,1)} 
                      notin{cylinder(0,0,320,1.5,,1)} 
                       } 
         } 
 
          };end main locate 
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C. Generated potential array (SIMION) 
 

Here we give the generated geometrical potential arrays using the geometry file given in 

appendix A as shown in SIMION program. 
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