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CHAPTER

ONE

Introduction

1.1 General Introduction

Collisions of ions with atoms play a very important role in many fields of funda-
mental research and applied physics. In order to understand the processes which
take place during the collisions first of all the electronic structures of the particles
involved need to be known. For that, very precise theoretical and experimental data
are available. The dynamics of the collisions are harder to resolve due to the theoret-
ical challenges involved in describing time-dependent many-particle reactions and
to the experimental difficulties in accessing all quantities in a scattering experiment.

A very important process during the collision of ions with atoms is the transfer
of one or more electrons due to the charge imbalance between the collision partners.
The transfer can occur from the neutral target into a bound state of the projectile
in which case we deal with electron capture, also called charge exchange or charge
transfer. If the ion removes electrons from the target without capturing the process
is called ionization.

The cross section for electron capture increases rapidly with the projectile charge
state [1] and because of that, highly charged ions play an important role in astro-
physical and man-made plasmas. For example, after the first observation of X-ray
emission from comets [2] the question raised: how can a cold astronomical body
such as a comet generate X-ray emission? It was realized that the emission results
from electron transfer between highly charged solar wind ions and neutrals particles
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2 Introduction

in the cometary gas [3].
An important feature of electron capture is the population of excited states which

decay radiatively. The resulting photon emission spectra can be seen as “finger-
prints" of the primary capture process and can be used to probe the properties of
plasmas. Therefore the X-ray line emission of comets contains information on prop-
erties of both the solar wind and the comet, for example the solar wind velocity [4,5].

The need for an alternative energy source led to the development of thermonu-
clear reactors (tokamak) in which controlled thermonuclear fusion can be achieved.
The high temperatures (108-109 K) obtained in the plasma are needed to fuse deu-
terium (2H) and tritium (3H). Such high temperatures imply the presence of highly
charged ions of impurity species in the plasma. Photon emission after electron cap-
ture in collisions of those highly charged ions with neutral particles from the injected
heating beams is used as a diagnostics tool to obtain information about plasma pa-
rameters such as impurity concentration and temperature [6–9]. The reliability and
accuracy of such measurements depend strongly on the quality of the cross sec-
tions for electron capture. In particular neutral beams of species with low-Z (hy-
drogen, deuterium and helium) are used for such diagnostics in order to minimize
the bremsstrahlung losses. A small fraction of the neutral beam consists of collision-
ally excited (H(2s), He(1s2s 1S) and He(1s2s 3S)) metastable atoms. Capture from
these excited neutrals can resonantly populate high-lying states which give rise to
light emission in the visible spectral range that is used for CXRS (charge exchange
recombination spectroscopy). Therefore, a small fraction of metastables can strongly
influence the CXRS signals [10]. Experiments with metastable targets are up to now
not feasible. However, capture from ground state sodium Na(3s) and excited sodium
Na(3p) can be used to estimate cross sections for metastable H and He [11]. The basis
for this estimate is the similarity in binding energies of the metastables to Na(3s) and
Na(3p).

To obtain detailed information on electron capture and ionization processes in
ion-atom collisions to test and/or benchmark theory one needs to measure state-to-
state transition probabilities and their dependencies on the impact parameter.

Such a complete set of information for keV collision systems can be extracted
from precise measurements of the recoil momentum of the target [12–15]. Because
typically the recoil momenta are very small, one has to use targets with an even
smaller initial momentum spread, i.e. cold targets. Traditionally supersonic gas-jets
are used to fulfill this condition and in conjunction with the technique of recoil-ion
momentum spectroscopy (RIMS) this experimental approach is called cold target
recoil-ion momentum spectroscopy (COLTRIMS). COLTRIMS provides a very pow-
erful method to investigate atomic collisions by combining high resolution with 4π
detection efficiency. However, this technique is limited to just some types of atoms,
namely noble gasses (He, Ne).

An alternative is the use of laser-cooled atoms trapped in a magneto-optical trap
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(MOT), which provides much lower target temperatures. In principle, a whole vari-
ety of target species is available (Li, Na, K, Cs, Rb, Mg, Ca,...) for laser cooling and
trapping. The technique combining a MOT target with RIMS is called MOTRIMS
[16–19].

Alkali targets (which are very suitable for laser cooling) provide (quasi) one-
electron collision systems, because capture of the loosely bound valence electron
dominates over all other electronic processes. The cross sections for one-electron
capture from alkali atoms are large, typically of the order of 10−14 cm2. Already
for collisions with moderately charged ions (q>1) capture will take place in high n-
shells of the projectile. For instance for He2++(Li,Na,K) collisions [20–24] endother-
mic capture into the n ≥ 5 shells has been observed and shown to contribute signifi-
cantly [25]. To obtain state-selective cross sections for collisions between alkali atoms
and highly charged ions (q>>1) photon emission spectroscopy (PES) has been ap-
plied [26–35]. However, information on impact parameter effects is not accessible.

In this thesis, extending the previous work in our group by Knoop etal. [36] a
comprehensive MOTRIMS study of electron capture and ionization processes in col-
lisions of He2+, Xe18+, Xe24+ and O6+ projectile ions on ground state Na(3s) and
He2+ ions on laser-excited Na∗(3p) is presented. All the experimental data are pre-
sented in conjunction with state-of-the-art theoretical calculations, whenever avail-
able.

1.2 Outline
This thesis is structured in the following way: In chapter 2 a survey of various the-
oretical models is given. After an overview of the classical over-barrier model a
description is given of the main ingredients of close coupling-calculations including
the basis generator method and of the classical trajectory Monte Carlo calculations.

In the third chapter the principles of laser cooling, recoil-ion momentum spec-
troscopy and an introduction to MOTRIMS are given followed by a detailed descrip-
tion of our MOTRIMS setup.

In chapter 4 one-electron capture and ionization in collision of He2+ in the energy
range 1.5-14 keV/amu with ground state Na(3s) and excited Na(3p) are presented.

In chapter 5 the results on one-electron capture in collision of Xe18+ and Xe24+

with ground state Na(3s) are presented. These ions are the ones with the highest
charge used so far.

In the sixth chapter the results on two-electron capture in collisions of O6+ on
ground state Na(3s) are presented. It will be shown that different two-electron cap-
ture mechanisms can be distinguished.

Finally, a summary and an outlook are given in chapter 7.






