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1 Introduction  

Interactions between ions atoms and molecules are of 

importance in manmade and astrophysical plasmas. The 

interactions may result in changes in both the charge and 

electronic state distributions
1,2

. They have a major influence on 

the ionization balance and the radiation losses of plasmas. 

Calculating the outcome of the collisions is a complicated many-

body quantum mechanical problem, and the different theoretical 

approaches often lead to inconsistent results. Especially at low 

collision energies various effects make the theoretical description 

quite difficult. The induced polarization of the neutral molecule or 

atom leads to mutual attraction, therefore at low energy the 

distance of the closest approach of the ion becomes significantly 

smaller than the impact parameter. This gives rise to an 

enhancement of electron capture processes. Another difficulty 

arises from the extended time of the quasi-molecular phase of the 

collision. Therefore, it is important to test the different theoretical 

models experimentally. The lack of accurate theoretical cross 

sections is a serious drawback in plasma modeling. Experimental 

data therefore are in strong demand. In this thesis we present our 

experimental research on ion – molecule collisions. We obtained 

data for collision systems and energies, which are especially 

important for astrophysical plasmas. These data will form the 

cross sectional basis for a simulation of the interaction of the solar 

wind minor ions with comets, which is presented in chapter 6.  

Electron capture processes in low energy ion – neutral 

collisions mainly populate excited states, which decay via 

characteristic photon emission. Therefore they are particularly 

important in view of diagnostic applications in astrophysics and 

controlled thermonuclear fusion research. Satellites like ROSAT, 

EUVE, Chandra have opened the way to explore X-ray and 

vacuum ultra violet (VUV) emissions of celestial objects. For 

example, comets appear to be bright X-ray sources, as was first 

discovered by ROSAT
3
. This was quite unexpected since comets 

are known to be cold objects. Today many observations testify 

that X-ray emission is a general feature of comets
4
. The most 

widely accepted scenario is that the emission is due to charge 

exchange between solar wind ions and cometary molecules. The 
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EUVE satellite has performed sophisticated spectroscopic studies 

of comets in the VUV spectral range2,5
. The lines observed in the 

spectra have confirmed that charge exchange processes are 

present in comets. Some of the spectral lines of helium appeared 

to be very bright, and were well separated from other lines. They 

are the result of de-excitation subsequent to electron capture into 

excited states of singly charged or neutral helium. From the 

observations the luminosities of those lines have been determined. 

To interpret them one needs to know the underlying charge 

exchange and subsequent line emission cross sections.  

It was our primary aim to obtain data essential to 

understanding cometary VUV photon emission. The energies of 

the solar wind ions are relatively low (50-5000 eV/amu). For this 

range of energies, charge exchange data are lacking for nearly all 

relevant collision systems. Therefore, to fill this gap we have 

performed spectroscopic studies of collisions of singly and doubly 

charged helium with H2, CO and CO2 molecules, which are 

(prominently) present in cometary comas.  

Another incentive for our work is related to fusion reactor 

research. Recently large efforts have been made to produce self-

sustaining fusion in tokamak facilities. One of the key factors to 

achieve stable operation is the efficient helium ash removal from 

the plasma torus
6
. In order to understand and control the transport 

and slowing down of the -particles resulting from the fusion of 
2
D and 

3
T a diagnostic technique has been developed

7,8,9,10
. This 

technique relies on neutral gas injection into the plasma. Due to 

charge exchange between the plasma ions and the neutral gas 

molecules photons are emitted. From the shape and intensity of 

the emitted lines the density and temperature of the different ionic 

species can be determined if one knows accurately the energy 

dependence of the corresponding cross sections. The scrape-off 

layer of the plasma is of high importance since its interaction with 

the walls can sputter impurities into the plasma. Therefore, most 

of the fusion reactors are ran in the so-called divertor mode, in 

which the impurities are collected and removed. In these regions 

the collision energies can be as low as 1 eV/amu. Here there is 

another need for charge exchange data.



1.1 General description of charge exchange 
processes
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At low and intermediate collision energies electron capture 

is the most likely process in ion – molecule (or atom) collisions in 

comparison to direct ionization and excitation. Electron capture 

can be described by the following: 
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where,  denotes the projectile ion, B  the target molecule or 

atom , E  the kinetic energy change due to the collision and 

represents the emitted photon. When the projectile approaches 

the target first a transient quasi-molecular ion is formed

During the interaction a certain number (s) of electrons may be 

transferred to the projectile. Practically speaking the projectile ion 

and the target exchange charge (electrons) therefore the process is 

referred to as charge exchange or electron transfer. Usually, the 

projectile ion (and sometimes the electron deficient target B
too) ends up in an excited state. The excited states subsequently 

decay via photon emission. The lifetimes of the excited states are 

on the ns scale much longer than the collision times (few fs). The 

de-excitation therefore occurs mainly when the target and the 

projectile are well separated. It is an essential characteristic of the 

low energy collisions that the captured electron occupies only a 

few well-defined states around a certain binding energy, which 

very often lies highly above the ground state. As the highly 

excited states are cascading down a few (high-energy) photons are 

emitted in several spectral lines, leaving behind a “fingerprint” of

the collision. 

h
qAB)( .

s
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1.2 Different experimental techniques 

There are different methods to obtain information on the 

outcome of ion – neutral collisions. In the following we 

summarize those that are related to our research as a comparative 

or alternative method or have provided reference data relevant for 

our research: 

Charge changing measurements determine total cross 

sections by analyzing the charge state of the product 

ions
11,12

. After the projectile ion beam passes through a 

gas cell with known length and gas pressure the product 

ions are separated by an electrostatic field. Measuring the 

yield of the different charge states of the projectiles after 

passage through the gas cell, the absolute total charge 

changing cross sections can be determined directly. The 

ionized and often fragmented target can also be analyzed. 

Using time of flight and coincidence measurements it is 

possible to determine whether the electron capture was 

accompanied by dissociation or ionization. An important 

advantage of the method is that there is usually no need to 

use other measurements for calibration. However, 

autoionization processes can strongly influence the final 

charge state distribution. 

Translational Energy Spectroscopy (TES) measures the 

kinetic energy change of the projectile
13,14

. Under certain 

conditions the kinetic energy change directly related to the 

change in the electronic binding energies before and after 

the collision. State selective results can thus be obtained 

for all states including capture into ground and metastable 

states, which is not possible with spectroscopic methods. 

However the method suffers from low resolving power, 

the different reaction channels often cannot be fully 

separated.

Photon Emission Spectroscopy (PES) detects the photons 

emitted by the projectile (and sometimes by the target) 

subsequent to the charge exchange reaction. The different 

spectral lines reveal with good resolution the occupied 
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electronic states. The line emission cross sections obtained 

can be directly applied for simulations of radiating 

plasmas. This technique was used in our research15,16,17
.

Recoil Ion Momentum spectroscopy (RIMS) observes the 

momentum kick the ionized target atom suffers during the 

collision. With this technique the collision dynamics of a 

3-body system can be fully resolved. Since the momentum 

change is usually small the target has to be very cold to 

achieve good resolution. Two types of targets are used: 

cold atomic jets
18

 and atoms trapped by Magneto Optical 

Traps (MOT)
19

.

A key element in all these experimental methods is the ion 

source, which limits the variety of the available projectiles and the 

collision energies. Typically only ions with a minimal energy of 

several keV can be extracted efficiently. Therefore, in the past 

most studies of charge exchange processes have been performed 

at energies above several keV. In the 10-1000 eV energy range, 

which is crucial for plasma modeling, research has only recently 

become possible due to new techniques.  

One way of studying low energy collisions is to decrease the 

relative velocity of the collision partners while keeping their 

velocity in the laboratory frame high. This is the so-called 

merged-beams technique
20

, where usually two ionic beams are 

deflected into a common beamline. Collision energies as low as 

0.1 eV/amu can be achieved this way. Ion – atom collisions can 

also be studied by the method. In this case one of the initially 

ionic beams has to be neutralized before merging with the other 

one. Preparing a well-defined neutral target is therefore laborious. 

Another way is to decelerate the ion beam, using an ion guide 

system to avoid beam losses due to the increasing radial 

divergences caused by the deceleration. The decelerated beam is 

crossed with a neutral gas jet. The ejection velocity and the 

average thermal velocity of the gas jet is much smaller than the 

velocity of the beam. Therefore the collision energy is primarily 

determined by the beam. For guiding the ions the radio frequency 

multipole ion guide technique has been developed by Teloy and 

Gerlich
21

. Gerlich has reviewed the technique in great detail
22

.

Okuno
23

 has been the first to use an octo pole to measure total 
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electron capture cross sections of multiply charged ions. For our 

research we also used an octo pole and simultaneously using the 

PES method we obtained state selective cross sections for low 

collision energies. Our experimental set up is described in chapter 

2.

1.3 Theory 

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 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 basis set in which the 

electronic wave functions are expanded. Classical approaches are 

usually less accurate but they are very good at describing the 

overall features of the charge exchange processes with less 

computational difficulty.  We briefly introduce the over-the-

barrier model, which is based on an intuitive classical picture 

including some quantum mechanical feature. For simplicity 

atomic units are used in this section. 

The principles of the over-the-barrier model were 

introduced by Bohr and Lindhard
24

, and were further developed 

by Ryufuku et al.
25

 and Bárány et al.
26

. Niehaus
27

 has extended 

the initially static model involving the effects of the relative 

velocity of the target and the projectile. 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 superposed onto the one of 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 the Stark shift of the electron’s binding energy (in first 

order approximation):

(1.2),/)( RqIRI bb

7

)(RIbwhere  is the binding energy at inter nuclear separation R ,

 is the binding energy at infinite inter nuclear separation, and q

is the charge of the projectile. The electric potential experienced 

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

bI
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From this the potential barrier height between the target core and 

the projectile can be deduced: 

.
1

2

R

q
Vbarr (1.4)

As the projectile approaches the target the barrier drops. At a 

certain inter nuclear 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 target forming a quasi-molecular state (see Figure 1.1). When

the target and projectile are separated again the electron decide 

whether it will stay with the projectile or the target. Based on the 

model electron capture is only possible if the closest approach is 

smaller than the critical distance ( ) the electrons at which start 

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: 

critR

critR

,2

critR (1.5)

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

the projectile approaches the target with smaller impact parameter

than .
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Figure 1.1 Illustration of the over-the-barrier model. The electrons occupy

certain levels in the superposed fields of the target core (B+) and the projectile

(Aq+). a) the projectile approaches the target. b) the projectile is about at its 

distance of closest approach, and the most loosely bound electron becomes

quasi molecular. c) the projectile leaves the target capturing an electron.

The critical distance can be obtained by the condition that the 

electron binding energy is equal to the barrier height: 

8
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Therefore the expression obtained for the cross section is: 

.
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2
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The over-the-barrier model tends to overestimate the experimental

cross sections by a factor of 2. Since recapture by the target, 

which is not accounted for, is also possible, this can be expected. 

It is another important question, which states the captured electron 

will occupy.   This is mainly determined by the binding energy. 

The electron becomes quasi molecular with the binding energy 

. On the way out at  the capture occurs and at this 

energy level the electron is transferred resonantly into a level at 

the projectile. We assume that the quasi-continua 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 higher by :
critR

1

.
11
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b
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Using the hydrogenic approximation the principal quantum

number of the occupied state can be obtained: 

.
2 fI

q
n

(1.10)

This generally will not give an integer, usually the state with the 

closest match to n will preferably be populated by electron 

capture.



So far only one-electron processes were concidered. In the 

extended version many-electron processes are also included, and 

therefore predictions for two- or more-electron capture are also 

possible. The model predicts that the cross sections are velocity 

independent. This is in accordance with the experimental findings 

for total electron capture cross sections in the intermediate energy 

range. The distribution of the captured electrons between the 

different states, however, are very much dependent on the 

collision energy. With the dynamic version of model it can be 

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

If the impact parameter of the projectile is very small not 

only one but more or even all of the electrons of the target can 

become quasi molecular. Indexing the electrons according to their 

binding energies, starting with the most loosely bound one, the 

electron with index i becomes quasi molecular at the critical 

distance:

.
2

,

,
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I

iiq
R (1.11)
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out are: 

Processes on the way in and the way out must be distinguished 

because the captured electrons on the way out alter the charge 

states of the collision partners. The critical distances on the way 

,

2

,,
iq

cicq
RR

iiin

icrit

out

icrit (1.12)

where ci is number of electrons captured by the projectile by the 

time when the ith  electron ceases to be quasi molecular. The 

different capture processes are usually indexed with a string of 

zeros and ones. The length of the string corresponds to the 

number of electrons that become quasi molecular during the 

process. 1 is written when the projectile captures the electron and 

0 when the electron is recaptured by the target. The string {01} 

therefore means that the second electron is captured by the 

projectile and the most loosely bound is recaptured by the target. 

The binding energies of the captured electrons (assuming resonant 

processes) are: 
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and for the recaptured electrons: 
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In reality transfer is possible not only to the states, which are 

perfectly resonant, because the binding energies of the transient 

states have an uncertainty. There is a finite time available for the 

capture process. The uncertainty of the binding energy is assumed

to be equal to the variation of the barrier height during this time:

(1.15)

where

vrad is the radial velocity of the projectile. Using the quantum

mechanical uncertainty relation  the minimum

uncertainty of the binding energy can be determined:

,tv
dR

dV
t

dt

dR

dR

dV
t

dt

dV
V rad

barrbarrbarr

tV

.rad
barr v

dR

dV
V (1.16)

For vrad an averaged radial velocity should be used where the 

average should be taken over all possible impact parameters

within the critical distance. It is usually close to the relative 

velocity of the target with respect to the projectile. The derivative 

 should be evaluated at the critical distances on the way in 

and out. The root square sum of the uncertainties on the way in 

and out gives the uncertainty of the final states: 

dR

dVbarr

.
22 in

i

in

ii VVE (1.17)

Assuming Gaussian distribution the probability of the capture 

realized to the state with energy E is given by:
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This, which is often called reaction window, describes roughly the 

distribution of the final states. It is suitable to predict which states 

will be populated by electron capture. At high collision energies 

the window is wide, therefore many states can be populated. At 

low energies usually only one or two levels will be eligible for

electron capture. 
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