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Chapter 1

Introduction

1.1 General Introduction

The field of atomic physics investigates phenomena connected with atoms and their con-
stituents, but also ions, electrons, photons and their mutual interaction. It is strongly inter-
twined with the fields of optical and molecular physics. For the electronic structure of atomic
particles very precise theoretical knowledge and high-resolution experimental data are avail-
able. The understanding of dynamic processes in atomic collisions is seriously lagging behind
due to very large theoretical problems in describing time-dependent many-particle reactions
and due to experimental difficulties hampering “complete” scattering experiments, in which
all quantities are accessible. From a theoretical point of view this might sound surprising be-
cause in atomic systems the interaction potential is exactly known. The lack of understanding
of the dynamics of many-body atomic systems is in troubling contrast to their importance for
our everyday world, being at the basis of chemical reactions and all biological systems.

An example of a dynamical many-body problem is electron removal from an atomic or
molecular target in a collision with an ion. At least three particles participate, namely one
or more target electrons, the target core and the projectile. The underlying processes are
electron capture and ionization. Electron capture, also named charge exchange or charge
transfer, means that a projectile ion captures an electron from a neutral target into a bound
state. In an ionization event the projectile ion removes electrons from the target without
capturing them, resulting in free electrons.

Electron capture processes in ion-atom collisions play a significant role in all (plasma)
environments consisting of neutral and (highly) charged particles. Knowledge obtained from
fundamental theoretical and experimental research can be applied to study and understand
these environments. An important feature of electron capture is its population of excited states
which decay radiatively. The resulting photon emission spectra can be seen as “fingerprints”
of the primary capture process and can be used to probe the properties of plasmas.

An example of environments where electron capture processes play a key role are man-
made (tokamak) plasmas under current development to achieve controlled thermonuclear fu-
sion as an energy source. High temperatures (108-109 K) are used to obtain fusion of deu-
terium (2H) and tritium (3H). The high temperatures imply the presence of highly charged
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2 Introduction

ions of impurity species in the plasma. Because photon emission after electron capture gives
information on the constituents of the plasma it can be used as a diagnostics tool, either in a
passive way or actively by injection of fast neutral beams [1–4], to obtain for instance edge
plasma density profiles, impurity concentrations and temperature profiles. An important issue
is the monitoring of the fusion bornα particles and measuring their slowing-down, transport
and charge state distribution. This requires accurate knowledge of electron capture processes
involving α particles [5,6].

Electron capture processes are also prominently present in astrophysical plasmas. Re-
cently a lot of effort has been put in understanding the interaction between the highly charged
solar wind minor ions and the atomic and molecular constituents of cometary atmospheres
which produces X-ray emission. Soon after the first observation of this X-ray emission from
comets [7] it was realized that the emission results from electron transfer between highly
charged solar wind ions and neutrals in the out-flowing cometary gas [8]. The X-ray line
emission can be linked to properties of both the solar wind and the comet, for example the
solar wind velocity [9,10].

Another manifestation of electron capture and ionization processes is found in (heavy-
particle) radiation damage in human tissue. Within the track of the primary radiation, sec-
ondary particles such as electrons and ions are formed. It is the interaction of these secon-
daries with biologically relevant structures such as DNA which may cause major biological
damage [11,12]. In close connection multiply charged heavy ions as primary particles are of
importance in radiotherapy and radiation exposure of astronauts.

Restricting ourself to one-electron processes in ion-atom collisions, the possible pathways
which lead to electron removal from the target can be summarized as,

Aq+ +B(n0, l0,m0) → A(q−1)+(n, l ,m)+B+, electron capture, (1.1)

Aq+ +B(n0, l0,m0) → Aq+ +B+ +e−, ionization, (1.2)

where(n0, l0,m0) and(n, l ,m) are the sets of relevant quantum numbers, namely the principal,
angular momentum and magnetic substate quantum number, of the active electron before and
after the collision, respectively. The relative importance of these processes depends besides
on the projectile and target properties also strongly on the collision energy. The projectile
velocity vp is often compared to the (classical) orbital velocity of the target electron ve. For
atomic hydrogen ve = αc, whereα = 1/137is the fine structure constant andc is the speed
of light. Generally speaking, for low velocities (vp ¿ ve) electron capture dominates and
the associated cross sections can easily exceed 10−14 cm2. At high velocities (vp À ve)
ionization is the most probable process. These two processes and their interplay in particular
around vp ∼ ve, are the research topic of this thesis.

At this point a third process in ion-atom collisions should be mentioned, namely

Aq+ +B(n0, l0,m0)→ Aq+ +B∗(n, l ,m), excitation, (1.3)

where the target electron is excited to another bound target state by the interaction with the
projectile ion. Around vp ∼ ve and at higher velocities, excitation can be as important as
electron capture and ionization. Main difference with electron capture and ionization is that
the target stays neutral after the collision, i.e. the charge balance is not changed. The theo-
retical challenge in describing ion-atom collisions at intermediate velocities is that all three
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Figure 1.1: Energy dependence of cross sections for one-electron processes in He2++Na(3s) collisions.
CAPTURE: recommended experimental data as defined in chapter 6 (¥), Dubois [13] (•) and theory
by Shingalet al [14] (—). EXCITATION : Schlatmannet al [15] ( ¤), Dehonget al [16] ( ◦) (both
Na(3p→ 3s) emission cross sections) and theory by Jain and Winter [17] (– –).IONIZATION: present
experimental data (H), Dubois [13] (N) and present theoretical data (· · · ). The classical orbital
velocity (ve) of the3s electron corresponds to an collision energy of 9.5 keV/amu.

processes can contribute equally and many channels, involving both bound and continuum
states, have to be treated for an accurate calculation of the cross sections. As an illustration
the energy dependencies of the one-electron capture, excitation and ionization cross sections
for He2++Na(3s) are shown in figure 1.1.

Electron capture processes can be studied on different levels of sophistication, from total
to partial cross sections, separating the final projectile state according to theirn, l or evenm
quantum numbers. For pure ionization processes, besides the total cross section the velocity
distribution of the emitted electron provides valuable information. Differential cross sections
with respect to the projectile scattering angle are studied to obtain insight at an even deeper
level, i.e., impact parameter dependencies.

For transitions involving more than one electron a multitude of combinations of capture,
ionization and excitation processes can occur. The general expression of an ion-atom colli-
sion, in which the charge states of all particles are specified, is

Aq+ +B→ Ai+ +Br+ +(r + i−q)e−, (1.4)

meaning thatq− i electrons are transferred from the target to the projectile andr + i − q
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Figure 1.2: A CCD image of a cloud of a few million ultracold sodium atoms, trapped and cooled in
our magneto-optical trap. The size of the cloud is a few millimeter in diameter and the temperature is
about 200µK, which means that the sodium atoms move with a velocity smaller than 1 m/s.

electrons are emitted, leaving the target as ar-fold charged recoil ion1. The corresponding
cross section is often labelled asσqi

r , in which the superscript represents the charge state of the
projectile before and after the collision, respectively, and the subscript the final charge state
of the target. Thus in the above given example of He2++Na(3s) collisions, the one-electron
capture cross section is abbreviated asσ21

1 and single ionization asσ22
1 .

Ever since the advent of highly charged ion sources in the 1980s, interactions between
slow (keV) multiply charged ions and atoms have been studied extensively, thereby stim-
ulating advances in theory. In general one can state that the understanding and theoretical
modelling of one-electron capture from (quasi) one-electron targets (alkalis and atomic hy-
drogen) is rather well established [18]. The theoretical methods are still developing, for
example to deal with multi-electron targets, multi-electron capture processes and capture into
high n-states. Here we address such cases experimentally to test and guide the theoretical
progress. Direct ionization in fast ion-atom collisions is rather well understood, whereas for
velocities near and below ve the mechanisms which promote the electrons into the continuum
are still under discussion and a general picture is lacking [19].

An other motivation of this work is to further develop a novel experimental technique.
The experiments described in this thesis are based on combining two major experimental
developments in the 1980’s and 1990’s. The first one is laser cooling and trapping2, which
may be regarded as the most important development in atomic physics since the invention of
the laser. By applying near-resonant laser-light atoms can be cooled and an ultracold gas of
atoms can be stored in a so-called magneto-optical trap (MOT) [20]. Here we apply the MOT
to provide a sample of ultracold target atoms, approximating the situation of a target at rest
(figure 1.2). Note that laser cooling and trapping was an important step for the experimental

1Projectile ionization is not considered here.
2Nobelprize C. Cohen-Tanoudji, S. Chu and W. D. Phillips in 1997
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Figure 1.3: The experimental technique of recoil-ion momentum spectroscopy relies on the precise
measurement of the recoil momentum of the target atom. Here the situation is depicted thatr electrons
are transferred from the target atom to the projectile ion. From the momentum component along the
projectile axis (plong) one can determine in which projectile states those electrons are captured while the
momentum component perpendicular to the projectile axis (ptrans) is directly related to the scattering
angle of the projectile (θ ).

realization of Bose-Einstein condensation3 [21,22].
The second technique, cold-target recoil-ion momentum spectroscopy or COLTRIMS,

initiated a break-through in atomic collision physics in the first half of the 1990s. It provided a
novel method to investigate atomic collisions by combining high-resolution and 4π detection
efficiency thereby providing the ‘bubble chambers of atomic and molecular physics’ [23].
The technique relies on a precise measurement of the recoil momentum of the target after
the collision to obtain kinematically complete information (see figure 1.3). As a result both
scattering angle information and final state distributions are determined simultaneously.

By using a MOT to supply the ultracold target for COLTRIMS experiments, the tech-
nique of MOTRIMS was born. Results of the first generation MOTRIMS experiments were
reported in 2001 [24–26]. One of the main issues of the present work was the further de-
velopment of our MOTRIMS experiment. By achieving high resolution momentum spec-
tra MOTRIMS has become competitive and complementary to the successful COLTRIMS
method. Furthermore, it has provided new experimental possibilities for the study of cold
atoms [27].

1.2 Outline

In this thesis an extensive MOTRIMS study of electron capture and ionization processes in
collisions of H+, He2+, C6+ and O6+ projectile ions on ground state Na(3s) and laser excited
Na∗(3p) is presented. The investigated energy range of1−25keV/amu covers the transition
from pure electron capture to ionization dominated interactions. The experimental data are
presented in conjunction with state-of-the-art theoretical calculations. Classical trajectory
Monte Carlo calculations have been carried out by Ron Olson (Rolla, USA). Close-coupling
two-center basis generator method calculations were performed by Matthias Keim and Hans

3Nobelprize E. A. Cornell, C. E. Wieman and W. Ketterle in 2001
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Jürgen L̈udde (Frankfurt, Germany) and Myroslav Zapukhlyak and Tom Kirchner (Clausthal,
Germany).

This thesis is organized in the following way. In chapter 2 a survey of various theoretical
models is given, including Demkov, Landau-Zener, Bohr-Lindhard and the classical over-
barrier model. After that a description of the basis generator method and classical trajectory
Monte Carlo calculations is given. The principles of recoil-ion momentum spectroscopy and
an introduction to COLTRIMS and MOTRIMS are given in chapter 3. Chapter 4 contains a
detailed description of our MOTRIMS setup.

In the next chapters the results are presented for the following collision systems: H++Na(3s)
(chapter 5), He2++Na(3s) (chapter 6), O6++Na(3s) (chapter 7). In chapter 8 collisions of
He2+ and O6+ on laser excited Na∗(3p) are discussed.

In chapter 9 all our findings on (multi-)electron capture are compiled and compared to
identify general trends. For single ionization a similar approach is presented in chapter 10.
Finally a summary and outlook are given in chapter 11.




