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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

3

qA

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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(1.1)

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

.
1

)(
rrR

q
rV (1.3)

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: 

.
12

2

bI

q (1.8)

9

)( critb RI critR

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

)(
crit

b

crit

critbf
R

q
I

R
RII (1.9)

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

,

,

ib

in

icrit
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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1
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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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2 Experimental Setup

2.1 Introduction to the laboratory

The experiments described in this thesis were carried out 

at the Atomic Physics laboratory of KVI Groningen. The main

objective of the laboratory is the study of interactions of highly 

charged ions with matter. An Electron Cyclotron Resonance Ion 

Source (ECRIS) is used for producing the highly charged ions. 

The ions extracted from the ECRIS are transported by a beamline

system to several experimental systems (see Figure 2.1).
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Figure 2.1: The beamline system at the Atomic Physics laboratory of KVI 

Directly after they leave the ECRIS
1
 the ions are selected by a 

110  magnet according to their m/q value, where m is the mass of 

the ions and q is their electric charge, with a resolution of about 

1% FWHM. The residual gas pressure in the beamline (< 2 10
-7

mbar) is kept sufficiently low to prevent significant losses due to 

charge exchange or even neutralization in interaction with 

background gases. In order to facilitate efficient ion beam transfer 

steering- and quadrupole focusing-magnets are installed in the 

beamline.  The magnetic fields can be tuned by changing the 
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current flowing through them. Finding a good magnet setting is 

crucial for a good transmission. The beam is guided into the 

experiments by 45  bending magnets. Our setup called AGORA 

is connected to the second switching magnet from the ECRIS (see 

Figure 2.1). It has been developed to study low energy (10eV-10 

keV) collisions of ions and neutrals.  

2.2 The Electron Cyclotron Resonance          
Ion Source 

 The basic idea of ECRIS is the extraction of ions from a 

magnetically confined plasma which is resonantly heated by a 

microwave frequency field (schematic view is given in Figure 

2.1). In the plasma the electrons and the ions move along the 

magnetic field lines by gyrating around them with the betatron 

frequency.  The vacuum chamber of the ECRIS is surrounded by 

a permanent hexapole magnet, which gives a high magnetic field 

(around 1 T) in the outer layer of the chamber’s cavity, which 

decreases quadratically to zero in the middle. The charged 

particles prefer low field regions so the magnetic field turns them 

back from the walls where the magnetic field is higher. This 

confines the plasma in the radial direction.  At the end caps of the 

chamber there are solenoids, which provide the magnetic 

confinement in the axial direction. This is the so-called magnetic-

bottle configuration (see Figure 2.2). The first source based on 

this principle was developed by Geller and Jacquot
2,3

. The plasma 

is heated by feeding microwave power into the source. When its 

frequency (14 GHz) is equal with the betatron frequency the 

electrons resonantly absorb the radiation, increasing their kinetic 

energy. This happens at a certain magnetic field strength. In the 

source this resonance criterion is fulfilled along a closed surface, 

the so-called ECR surface. 

 The ions are created by electron impact ionization. More 

and more electrons are sequentially removed from the atoms, 

resulting in a wide distribution of charge states of the ionic 

species. Usually the higher the charge state the lower the yield 

because a longer storage time is needed for the increasing number 

of necessary collisions and every successive electron removal 

requires a higher energy than the previous one. The ionization 



cross sections are maximal around a collision energy twice as 

high as the ionization energy. Therefore 20-50 eV electrons are 

the most effective to remove one electron, but for fully stripped 

ions 1-2 orders of magnitude higher energies are necessary. 

Production of extremely high charge states is very limited and 

requires very high microwave power.  The ions are extracted by 

an electrostatic puller lens, which can be put on negative voltage 

to improve extraction. The whole source is floating on high 

voltage in order to give kinetic energy to the extracted ions. The 

energy is defined by the potential difference between the place 

where the ions are created and the place of the investigation 

(usually on ground potential). The highest possible source 

voltage is about 25 kV. Lowering the voltage the ion yield 

becomes smaller which determines a lower limit in usable 

energies. The lowest source voltage used was typically 3.5 kV. 

The significance of the puller is increasing with decreasing source 

voltage. It is necessary to put the puller on high negative voltage 

at low source voltage for the best yield. However, the yield at 3.5 

kV is at least a factor of five times less than at 20 kV. In the 

present state the source is optimized for high energy but for the 

future a new more sophisticated puller-lens system is being 

developed which probably will pave the way for intense, low-

energy beams.
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Figure 2.2: Schematic view of the ECRIS. Light grey curve shows the axial

magnetic field.
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2.3 The crossed-beam apparatus: AGORA

The investigation of ion - molecule collisions in the 

AGORA setup is carried out by crossing the ion beam with a 

molecular gas jet (see Figure 2.3). The observed quantity in our 

case is the number of VUV photons coming from the collisions. 

From this the charge-exchange cross sections are determined. The 

method is called Photon Emission Spectroscopy (PES). 

Cooled

nozzle

Electr

lens sy

Octopole

ion guide

Faraday cup

Optical fiber

To VUV

spectrometer

To visible light

spectrometer

ostatic

stem

Figure 2.3: Schematic diagramm of the AGORA set up. Ions are entering from

the right, pass through the lens system and are injected into the octopole ion

guide. Only six of the eight poles are being shown for the sake of clarity.

The experiment is performed in a vacuum chamber connected to 

the beamline by an about 80 cm long tube. The lens system is 

situated at the end of the tube, having diaphragms of 1 mm

diameter in it, thereby separating the volumes of the chamber and 

tube. It is important to keep the pressure low enough to avoid 

significant charge exchange with the background gases in these 

last sections. Therefore oil diffusion pumps are installed to both 

sections with 1300 l/s pumping speed for the chamber and 200 l/s 

for the tube. The best pressure achieved in the chamber is about 
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2 10-7
 mbar, but when target gas is introduced during the 

measurements the background pressure is significantly higher. Its 

typical value is about  5 10
-6

. If the cross section is assumed to be 

10
-15

 cm
2
 typical for He

2+
 less than 0.3% of the ions undergoes a 

charge exchange collision as they pass through the chamber (path 

length 20 cm). The tube section is more crucial due to its larger 

length. Initially rubber sealings and long bellows having large 

outgassing surfaces were used. To improve the situation the 

original tube has been replaced by a new construction, which has 

short bellows and copper seals connections. This way the inner 

surface was reduced which significantly improved the pressure. It 

didn’t exceed 1 10
-7

 mbar even when target gas was used. The 

estimated charge exchange collision rate is about 0.02% in this 

section.

2.3.1 The deceleration system 

For understanding many astrophysical processes and for 

fusion diagnostics accurate knowledge of charge-exchange cross 

sections is required at collision energies as low as 10-100 eV. It is 

impossible to extract ions from the ECRIS at these low energies 

with sufficient intensity. However it is possible to get low energy 

ion beams with sufficient intensity by decelerating ions extracted 

at high energies. Due to the deceleration itself and the higher 

space charge of the decelerated beams the radial divergences are 

increasing and therefore handling low energy beams takes extra 

care. The ions have to be guided. In the AGORA setup the key 

element is the octopole, which has the function of guiding the 

beam. The octopole consists of eight symmetrically placed 

metallic electrodes. The ion beam enters on axis. The ion energy 

is primarily determined by the potential difference between the 

source and the octopole area. By putting high voltage onto the 

electrodes we can decelerate the beam basically to an arbitrary 

low energy, limited only by the energy spread of the source. We 

have used specially designed pie-shaped electrodes (see Figure 

2.3), which ensure that the potential in the octopole is nearly the 

same as the set voltage. The grounded surroundings somewhat 

lower the potential amongst the electrodes, but due to the special 

design this effect is less than 0.002% according to SIMION model 
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calculations. The guiding effect is due to an RF voltage 

superposed onto the static high voltage. This will be discussed in 

chapter 3 of this thesis. The RF voltages on the neighboring poles 

have opposite polarity but the same magnitude. We need RF 

amplitudes of several hundred Volts to efficiently guide the ions, 

but on the beam axis it causes only a few Volts modulation of the 

static voltage. Its effect on the beam energy is very small and will 

be discussed in chapter 3. The RF signal is supplied by a function 

generator and is further amplified. A resonance circuit is formed 

by the octopole and a coil where the octopole plays the role of a 

capacitor. It has been designed to have a sharp resonance peak 

(around 40 MHz) in order to achieve sufficiently high voltages. 

The resonance circuit is fed inductively by a loop to which the 

amplified signal is connected. The resonance circuit is electrically 

separated and floated on the deceleration potential. The poles are 

divided into two groups with four poles in each of them. A 

voltage divider is connected to each group by a small capacitor. 

This way we can control the RF signals on the two groups of 

poles. The voltages on the two groups have opposite polarity and 

the same magnitude. We can measure the amplitude with about 5 

V accuracy. The balance is maintained within 4%. The maximum 

achievable voltage is about 800 V peak to peak. Significant phase 

deviations have not been observed. 

To control divergences the beam is injected into the 

octopole by a lens system. Putting appropriate voltages onto the 

different elements the beam divergence can be minimized. For 

ideal settings the voltages usually gradually increase from the 

ground potential to the octopole potential. This way the beam is 

pre-decelerated step by step rather than in one big step that would 

cause large divergences. The beam is crossed with the gas jet in 

the middle section of the octopole. The gas comes through a 1 

mm inner diameter nozzle. It is connected to a liquid nitrogen 

container in order to produce a denser target by cooling. This 

nozzle is placed between two neighboring electrodes of the 

octopole. The gap between them is very small. Initially the nozzle 

was floated on ground potential. It was occasionally observed that 

the octopole was discharging via the gas jet, which limited the 

applicable deceleration voltage. Different gases behaved different. 

The threshold voltage for discharging was much lower with CO 

target gas than with H2. In order to study different gases it was 
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necessary to develop an electrically floating gas inlet system. 

Therefore, the experiments presented in this thesis were carried 

out with a gas inlet system, in which every part: the nozzle, the 

gas bottle and the stainless steel gas tubes between them can be 

floated on the same static voltage as the octopole. This ceased the 

discharges and ensured that the molecules do not dissociate. 

Downstream from the octopole the ion beam current is measured 

by a Faraday cup.  Typical currents are ranging from 50 to 500 

nA.

2.3.2 The VUV spectrometer 

 We used a VUV spectrometer (GIM 551.5, Acton 

Research Corporation), which covers the 4.6 nm to 84 nm spectral 

range. It is suitable to observe helium states decaying to the 

ground states for example HeII 2p 1s at 30.4 nm and HeI 

1s2p 1s
2
 at 58.4 nm, where according to the spectroscopic 

notation HeI and HeII denote neutral and singly-charged helium 

respectively. However it does not cover the hydrogen Lyman 

series lying between 91 nm and 122 nm. Therefore we can study 

the electron-capturing projectile in the He
2+

 – H2 collision but not 

the excited hydrogen atoms that may be created by the 

fragmentation of the H2. In the case of other molecules lines of 

fragment products may be observed. The spectrometer is a 

grazing incidence type. The spectral selection is done by a ruled 

concave reflectance grating (see Figure 2.4). Grazing incidence is 

used for the sake of high reflectivity, which is crucial in the VUV 

spectral range. The experiments were carried out with an 

incidence angle of 86 . The grating has a curvature radius of 1.5 

m and the groove spacing is 600 lines/mm. It separates the 

different wavelength components and focuses them onto the 

Rowland circle. A position sensitive detector plate is mounted on 

a rail and it can be moved along the Rowland circle. Its spectral 

coverage is about 20 nm (see Figure 2.5). Lines with larger 

separation than this cannot be measured simultaneously but the 

desired spectral range can be covered by several measurements 

moving the detector to different positions. 



Figure 2.4: Schematic view of the VUV spectrometer
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Figure 2.5: Example spectra of C4+ – H2 collisions at 813 and 47 eV/amu.

The detector consists of a chevron set of micro-channel plates 

equipped with a backgammon type anode, allowing for position-

dependent detection. The spectrometer is a sealed vessel and the 

inner parts are under vacuum. This is required because the air 

absorbs VUV photons and it is also necessary for the detector. 

The spectrometer has a separate vacuum system with a turbo 

pump. The main chamber and the spectrometer are connected but 

can be separated by a valve, so the two vacuum systems can be 
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operated independently.  Bellows connecting the detector to the 

grating housing ensure the mobility of the detector under vacuum.

In this section of the apparatus the pressure is typically less than 

2  10
-7

 mbar.

2.3.3 Calibration of the detector 
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In the crossed beam arrangement the emission cross 

section  for a specific spectral line at wavelength  is 

determined by: 
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where  means the number of photons emitted from the 

section of the beam ( ) viewed by the spectrometer,  is the 

number of projectile ions passing through the target gas jet during 

the time of the measurement,  is the density of the target at 

position  along the beam axis.  The fist term on the right-hand 

side

z

)N  is the probability that the projectile ion emits a 

photon in the specific spectral line during the time it passes 

through the  interval. The  term will in the following

be called the effective target thickness . In a figurative sense it 

is proportional to the number of molecules the projectile has to 

pass within the viewing range of the spectrometer.  Equation (2.1) 

is an approximation and it is valid when only a small fraction of 

the ions reacts with the target molecules. It holds when 

where  is the sum of cross-sections for all possible reactions. If 

this condition is not fulfilled it has to be taken into account that 

the beam current drops exponentially leading to a more

complicated dependence. Additionally, fulfilling the condition is 

important to ensure that the beam composition remains

unchanged. Charge-exchanged ions follow the trajectory of the 

beam and can take part in secondary collisions. If their number is 

comparable to the parent ions’ number light emission from the 
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secondary collisions, which are not accounted for, are no longer 

negligible.  In the investigated systems charge-exchange is the 

dominant reaction channel. Charge-exchanged ions have a lower 

charge state than their parent ions and therefore their formation

causes a decrease of the beam current.  Differences between the 

beam currents measured by the faraday cup with or without target 

gas were found to be within 3% of the original beam, which 

indicates the condition to be fulfilled.

Equation (2.1) does not contain directly observable 

quantities. Further relations are needed to link to the measured

data. An electronic device counts the charge Q  accumulated in 

the Faraday-cup. The number of projectile ions is given by: 

,
qe

Q
N proj (2.2)
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where  is the charge state of the projectile, and  is the 

elementary charge. The beam current losses are not taken into 

account, because they are very small. In the spectra of the emitted

light recorded via the VUV spectrometer the individual spectral 

lines can be identified. After background subtraction the number

of photons detected in each spectral line )S

)(

 is determined by a 

Gaussian curve fit. Statistical errors are obtained from the fit as 

well. One can derive the total number of emitted photons from

 if the solid angle of observation  and other correction 

factors are taken into account: 

S

.
)(),(

)(4
)(

EVPvF

S
N ph (2.3)

),(vF

v

  corrects for ions relaxing outside of the observed area 

(with  the ions’ velocity  and  the lifetime of the excited state). 

In our case this effect is usually negligible due to the short life

times of the states investigated. P corrects for effects related to 

the fact that the light may be polarized. The spectrometer has been 

installed in a way that the angle of observation is 54.7  with 

respect to the beam. This is the so-called magic angle, at which 

any anisotropic distribution equals an isotropic one4,5
. The 

spectrometer has different sensitivity for perpendicularly and 
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parallel polarized light with respect to the entrance slit. In order to 

cancel polarization effects the spectrometer is tilted around the 

observation axis in such a way that the beam is viewed under 45 .

Therefore in our experimental layout P is 1. It can occur that the 

beam cannot be fully seen by the spectrometer because the 

octopole can partly block the light coming from the beam since it 

has to pass through the gap between the poles, which is only 1.3 

mm wide. Therefore the visibility V  of the beam is included in 

(2.3). In the experiments special care was taken that the full beam

could be seen (see chapter 3) so V  is equal to 1. Finally  is 

the wavelength dependent quantum efficiency of the detector – 

monochomator system. Substituting (2.2) and (2.3) into (2.1) we 

get:
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Since our target is not a static homogeneous gas cell but a jet, the 

target thickness is difficult to determine. Therefore we calibrate 

our system to known cross sections. Substituting all the correction 

factors and the target thickness by one calibration factor ,

we get the absolute sensitivity of our system:
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 is determined each time before a new set of measurements

is started by a collision system with known cross section. It is 

sufficient to calibrate the system at a specific projectile energy 

and a whole set of measurements can be done with different 

energies and ions. The only condition is to keep the target 

properties unchanged. The calibration gives directly  but 

only at a single wavelength . In order to cover the whole 

spectral range we have to know the wavelength dependency of the 

spectrometer sensitivity. A relative curve K  has been 

K

0

)('



measured using many ionic species with well-known cross 
sections. 

 

Figure 2.6: Measured wavelength dependency of the spectrometer sensitivity.  
Several spectral lines of projectiles as: C4+ (Ú)6, He2+ (Ê)7, N4+ (·), N5+ (Ó), O6+ 
(‡)8, have been used to cover the whole spectral range. The same H2 target was 
used for all. 
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 The absolute calibration curve can be obtained by: 
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Sometimes we observed line emission in second order. The 
observed intensity ratio between first and second order, which is 
determined only by the spectrometer properties, was measured 
and the second order results were scaled to first order. The 
sensitivity in second order is less than in first order. The 
second/first order intensity ratio for the wavelength 30.4 nm (HeII 
2p→1s transition) is 2.3 and for 25.6 nm (HeII 3p→1s  transition) 
is 2.0.  
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2.3.4 The viewing area of the spectrometer 

The length of the observed beam area is important when 

we observe excited states with relatively long lifetime. The 

geometry of the spectrometer defines the viewed area (see Figure 

2.7). With a 3 mm wide mask the observed area is about 10 mm

long.
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Figure 2.7: Viewing area of the VUV spectrometer.

It is also important to know how the target gas distribution looks 

like.  Our nozzle can move along the beam, and this way we can 

make a target gas scan. The observed distribution is the 

convolution of the target gas profile with the observed area, and 

an exponential curve with characteristic length v, where is

the lifetime of the observed state and  is the velocity of the ions. 

With a 0.25 mm wide mask the observed area is only about 1 mm,

and using the emission from the HeII(2p) state, which has a very 

short lifetime, we could eliminate the effect of the convolution 

and determine the target profile. The measured target gas profile 

can be seen in Figure 2.8. The observed distribution can be fitted

by a Gaussian with a FWHM of 6.5 mm. During the 

measurements the nozzle was positioned in the maximum of the 

Gaussian curve. A 3 mm wide mask was used in order to collect 

as many photons as possible. With an observation range of 10 mm

v
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we can see 95% of the target. Considering that the highest 

velocities in our measurements are in the order of 10
6
 m/s decay 

outside of the viewed area is significant only when the lifetime of

the excited state is longer than several ns. We scanned the target 

profile with the wider mask as well (see Figure 2.9). Convoluting 

the target profile obtained for a 1mm observation range (Figure 

2.8) with a geometrical observation length of 10 mm the curve 

shown in Figure 2.9 is obtained. From the figure the good 

agreement with the measurements is obvious. 
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Figure 2.8: Measured photon signal (as indicator of the target density) from 6

keV/amu He2++H2 collision (HeII 2p 1s transition) versus nozzle position.

The target gas is liquid N2 cooled; the integrated beam current is the same

everywhere; the mask used is 0.25 mm wide.  The solid line is a Gaussian fit to

the points.

28



Nozzle position [mm]

-4 -3 -2 -1 0 1 2 3 4

C
o
u
n
ts

 (
1
0

3
)

0

5

10

15

20

25

30

Figure 2.9: Scanning of the target profile with a 3 mm wide mask (the

corresponding observed area is 10mm) using HeII 2p 1s line emission from

10 keV/amu He2++H2 collisions. The target gas is liquid N2 cooled. The curve 

is the convolution of the Gaussian target profile (see Figure 2.8) with a window

function corresponding to the 10 mm wide observed area. 

2.3.5 The computer control system

The control of our experimental setup is highly 

computerized. The reason for that is partly safety, viz. handling of 

instruments floating on high potential, and convenience. The 

communication between the PC and the slave units connected in 

parallel happens via a nine-wire Bitbus system. We have used 

LabVIEW, a highly developed graphical language. It uses 

terminology, icons, and ideas familiar to technicians, scientists, 

and engineers, and relies on graphical symbols rather than textual 

language to describe programming actions. It was a proposal of 

the EU network LEIF (Low Energy Ion Beam Facilities) to 

extensively use LabVIEW programming in the associated 

laboratories due to its easy-to-use and its flexibility in order to 

ensure a common platform for data and program exchange. 
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Figure 2.10: A section of the LabVIEW program. Small icons are doing

individual tasks as communicating with instruments, performing mathematical

and logical functions. The wirings are responsible for the data transmission.

Our program is used for setting and checking parameters such as 

voltages on the lens elements, target gas pressure and beam

current. Some parameters, in our case the target gas pressure, can 

be regulated automatically, which eases working conditions and 

eliminates possible errors.  When the target gas pressure deviates 

from the preset value the program automatically adjusts the inlet 

valve regulating the pressure back into its original value. The 

deviations are kept within 2%, otherwise a warning signal is 

generated and the measurement is paused. However the real 

deviations can be larger due to an error of the pressure-measuring

instrument, namely its zero point shifting, which cannot be 

corrected by the program. Acquiring the photon spectra is 

performed by means of a multi-channel analyzer PC card (Oxford

WIN-MCA), which runs in parallel with the LabVIEW program.
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Figure 2.11: Control panel of the LabVIEW program.  The various windows

are controlling the power supplies of the lens elements, the target gas pressure 

and the beam current. 
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3 The Guided Ion Beam 

3.1 Introduction 

In this chapter we present some of our calculations 

concerning ion motion in the octopole. The experimental results 

might be affected by properties such as the energy spread and 

divergence of the beam and field penetration from the 

surroundings. First, we present a static model to check which 

values of the parameters, such as voltage and frequency, have to 

be used for efficient guiding. In this case radial motions of the 

ions are disregarded, conditions are determined by comparing

guiding forces and space charge forces. Second, calculations for 

the ion trajectories are presented. We performed almost realistic 

numeric calculations for the ion motion in the fast oscillating field

of the octopole taking into account the repulsive Coulomb forces 

between the ions. Potentials of the lens-octopole-system are 

obtained by numeric computation. Almost every feature of the 

experimental geometry is included. We have optimized the 

voltage settings on the lens elements such that the divergence of 

the beam is minimized. The optimized settings have been used in 

the experiments.

3.2 Theory of RF-multipoles 

Several methods have been developed for trapping charged 

particles. Some of them work with static, others with oscillating 

fields. Using oscillating fields has the advantage of creating an 

effective potential with a local minimum. In contrast, as a direct 

consequence of the Laplace’s equation, there are no local minima

of a static electric potential in a charge-free space. The equation 

of motion in an oscillating electric field is formally simple, but an 

analytic solution can be found only in special cases: 

 (3.1) ).()cos()( rErEr sqtqm
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)(rE )(rs denotes the amplitude of the oscillating field, E  is an 

additional static electric field,  and  are the frequency and 

phase of the oscillating field. For a detailed description of the 

theory about RF multipoles see the review by Gerlich
1
. We follow

the approach presented in it, in which the motion is described by 

an adiabatic approximation. The motion is split into two

components: a rapid oscillation ( ) and a smooth drift term

( ):

)(1 tR

)(0 tR

)(1 tR

(3.2)).()()( 10 ttt RRr

In an oscillating homogeneous electric field, a charged particle 

oscillates with a constant amplitude determined by the field

strength.  The rapid oscillation term  in (3.2) describes this 

oscillation due to the local electric field (see Figure 3.2). The 

frequency of the rapid oscillation is therefore equal to the 

frequency of the field oscillation , and the amplitude is 

determined by the local field strength via: 

(3.3)),cos()()(1 ttt aR
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with q the charge and m the mass of the charged particle. If the 

rapid oscillations are small enough, the particle’s position can be 

characterized by the drift motion alone. This is the adiabatic 

condition. To decide whether a system fulfills the adiabatic 

condition various criteria can be given. Gerlich1
 proposed that the 

change in the electric field over the full distance of the oscillation 

(2a) should be much smaller than the field itself 

.)(2 EEa (3.5)

This criterion is characterized by the parameter  given by: 

,/)(2 EEa (3.6)
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which is a dimensionless number, which according to (3.5) should 

be less than one ( ). If the adiabatic condition is not fulfilled a 

large amount of energy is pumped into the rapid oscillations and 

the motion becomes unstable. Numeric simulations show that for 

safe operation  has to be smaller than 0.3. Substituting (3.4) into 

(3.6) a can be eliminated from :

(3.7)./E2 2
mq

Within the the range of validity of the adiabatic condition the drift

motion can be described as a particle’s motion in an effective

potential. The effective potential is given by (Gerlich
1
 Eq. (13)): 

(3.8).4/)(* 222

0 mEqV R

stat

)(* 0R

If there is a stationary field present besides the oscillating field, its 

potential is simply added: 

.4/)(* 222

0 statqmEqV R  (3.9) 

For example  can originate from space charge. For a given 

geometry V  can be calculated. For guiding ions often two-

dimensional multipoles are used. In general these are metallic

rods (ideally infinitely long) arranged on a circle at equal 

distances from each other. The voltages have opposite sign on the 

neighboring poles so that the number of poles must be even. From

this the general name “2n-pole” originates. The most prominent

member of 2n-poles is the quadropole, which is generally used for 

mass spectrometry. This is probably the best-described device. 

The octopole was pioneered by Teloy and Gerlich2
 (1974), and 

Okuno et al.
3
 introduced it in the field of guiding multiply

charged ions. The effective potential of a 2n-pole is (see Gerlich
1

Eq. (45)): 
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and the adiabatic parameter is (see Gerlich
1
 Eq. (47)): 
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rm

qV
nn (3.11)
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0V 0rwhere  is the peak-to-peak amplitude of the RF voltage,  is 

the inner radius of the 2n-pole, and r  is the distance from the 

centerline. For an octopole n=4.

Figure 3.1: Outline of an octopole device. Eight similar elongated electrode 

placed parallel around a symmetry axis. The ions guided along the symmetry

axis in the area surrounded by the electrodes.
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Figure 3.2: Numeric simulation for the ion trajectories in the octopole. The 

trajectories projected onto the x-y plane, which is perpendicular to the

octopole’s symmetry axis. The octopole radius (r0) is 2.75 mm. The micro-

oscillations are getting more enhanced as the ions approach the electrodes of

the poles. 

3.3 Ion beam guiding at static conditions 

3.3.1 The ion distribution in the octopole’s 
trapping potential 

According to (3.10) the radial dependence of the 

octopole’s effective potential is ~r
6
:
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r

r

r

V

m

q
V (3.12)
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This gives a very flat potential in the middle with a steep increase 

at a certain radius, almost similar to a step-like potential valley 

(see Figure 3.3). The ion beam is confined by this potential. To 

figure out how this works let’s do an experiment in thought. If we 

put some charged particles in the middle they try to get a position 

as far from the others as possible because of the Coulomb-

repulsion – almost the same way as they were in free space. The 

flat potential in the middle has almost no effect on the particles’ 

motion. The “ion cloud” therefore expands until pushed against 

the quasi walls where the high potential gradient stops them. The 

resulting ion distribution therefore will be a ring-like structure 

where the density is zero at the middle and maximal at the walls. 
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Figure 3.3: The shape of the effective potential of an octopole.

We expect the ion beam to have a similar structure at least at very 

low energies when the ions spend enough time in the octopole to 

reach their final position. The space charge forces are also more

violent in slow beams. The octopole’s effective potential is 

cylindrically symmetric so we expect that the ion beam should 

also be cylindrically symmetric. We consider the ideal case with 

infinitely long octopole and beam. As a starting condition for our 

calculation we assume that the particles are in their equilibrium

position. It means that the sum of the forces affecting the particles 
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is zero. The force is the negative gradient of the potential and 

therefore we can write: 

(3.13).*0 VsumF

39
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*

maxR

stat

whereby V is given by  (3.9), i.e., containing the octopole’s 

effective potential and the static potential, which is merely due to 

the space charge. The gradient of V  should be zero where the 

particles are present or in other words where the charge density is 

not zero. This requires that the potential should be constant in this 

area:

.)(*
max

CrV
Rr (3.14)

 is the maximum beam diameter. The next step is to express 

the space charge potential (  in  (3.9)) in terms of the charge 

density distribution. We use Gauss’ law: 

V,

V

d
q

d
S

chsp

0

..

)(r
aE (3.15)

for the cylindrically symmetric case. denotes the number

density of the ions. For S we chose the surface of a cylinder with a 

radius R and height H, coaxial with the beam. It follows from the 

cylindrical symmetry that E  is always perpendicular to the 

axis and only dependent on the distance from the axis. (3.15) 

simplifies:

.. chsp
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Figure 3.4: Using Gauss’ law to find the electric field of the ion beam.

We obtain an expression for :)(.. RE chsp
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chsp (3.17)

and for the space charge potential: 
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Now we can explicitly write down the potential in the octopole: 
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(3.14) condition gives an equation for the ion density: 
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After derivation according to r we get: 
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After multiplying by r and a second derivation: 
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We obtain the following  ~r
4
 dependence for the ion density:

.
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V

m
r (3.23)

So the density profile predicted by this static model is indeed a 

hollow one (see Figure 3.5). Adding more and more ions into the 

octopole the ions start to fill up the trap from the middle forming

the ~r4
 profile, then the density suddenly drops to zero. It is of 

note that for another 2n-pole the potential shape is different, and 

therefore the resultant density profile is different as well. For 

instance, in a quadropole, our calculations show, that the density 

is equally distributed. 
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Figure 3.5: The ion density profile in an octopole.

3.3.2 Beam radius

It is important to know how wide the beam extends 

because the spectrometer’s field of vision is restricted by the pie-

shaped electrodes of the octopole. For a valid absolute calibration 

the decelerated beam as well as the direct beam have to be 

completely visible. Therefore the beam has to be narrower than 

the gap between the electrodes. The beam diameter will be 

determined by the number of ions present per unit length of the 

beam. The linear ion density is given by: 

,
qv

I
(3.24)

with I the beam current, q the charge of the ions and v the velocity 

of the ions. The integral of the charge density (3.23) over the 

cross section of the beam must give the same value: 
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a)

b)

Figure 3.6: Impression of the visibility of the beam. In case a) the beam is too

wide to be fully seen. In case b) the whole beam is visible through to the

octopole’s gap. 

After integration we obtain an expression for the beam diameter:

.
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(3.26)

Now let us see what happens to the beam distribution if the beam

current is increased (see Figure 3.7). With increasing beam

current the beam diameter increases. The density profile however 

is not changed but the same dependence is built up to a bigger 
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radius. We find that the increase of the beam radius is not 

dramatic. Increasing the current to twice its value the radius 

increases only by a few percent. This is because Rmax is 

proportional to ~I
(1/6)

 (see (3.26)).  Another important aspect is the 

behavior of the beam upon changing the RF voltage. This 

arbitrarily adjustable parameter is suitable to manipulate the beam

radius. We can see that with higher voltages the beam is more

compressed (see Figure 3.8). The ion beam is then restricted to a 

smaller area so the densities are higher. In this case the density 

profile is modified over the whole area. The decrease of the beam

radius is not very pronounced, but there is a somewhat stronger 

dependence than on the beam current. Rmax is changing with the 

voltage V0
(-1/3)

.
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Figure 3.7: Calculated ion beam densities for He2+ ions. The octopole radius

(r0) is 2.75 mm. The parameters for the grey curve are: V0=800V, =2 43

MHz, I=100 nA, v=4 104 m/s (8 eV/amu). For the black curve the parameters

are the same except the current, which was twice as high (200 nA). 
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Figure 3.8: Comparing calculated beam densities for two different RF voltages.

Grey curve is the same as in Figure 3.7. The parameter changed here for the

black curve is the RF voltage on the octopole (V0=1600 V), which is twice as 

high than for the grey curve.
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Figure 3.9: Beam density profile calculations for two different kinds of ions

with the same mass. He+ (black curve), He2+ (grey curve, same as in Figure 

3.7). The parameters as the electrical beam current, velocity and voltage etc.

were the same for both cases. 
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Figure 3.10: Beam density profile calculations for two different kinds of ions

with the same mass/charge ratio. C6+ (black curve), He2+ (grey curve, same as 

in Figure 3.7). The parameters as the electrical beam current, velocity and 

voltage etc. were the same for both cases. 

Therefore if you want to reduce the beam radius by a factor of 

two the voltage should be increased by a factor of 8. In some

cases the necessary voltage for sufficient guiding can be high. 

Now let us see what effects the different ionic species have. From

(3.23) it is clear that the density is not dependent on the charge of 

the ions but their mass. Therefore if we use He
+
 instead of He

2+

with a given total current the corresponding densities are equal 

(see Figure 3.9). However, the beam radii are different. In the He+

beam there are twice as many ions as in the He
2+

 beam because 

the He
+
 ions carry only a single elementary charge. The He

+
 beam

therefore extends to a larger radius. Generally ions with lower 

charge state are harder to confine. Comparing ions with the same

mass/charge ratio the resultant beam radii are the same because 

(3.26) is dependent on m/q. The density however is proportionally 

lower for the ion with the higher charge state (see Figure 3.10) 

because a smaller number of ions builds up the same current. The 

charge densities will be equal rather than the number densities. 

Generally ions with the same m/q behave the same from a guiding 

point of view.
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This gives a minimal voltage requirement, which linearly scales 
with the frequency. There is however another requirement, which 
stems from the adiabaticity condition. The adiabatic parameter 
from (3.11) for an octopole is: 
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η is dependent on the radial position (r), and increases with 
increasing r. The adiabaticity requires that η≤0.3 even at the 
maximum beam radius (Rmax).  The maximum allowable value for 
Rmax is d=0.66 mm, therefore we replace r with d. This way we 
obtain a criterion for the maximum voltage from (3.29): 
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3.3.3 The octopole parameters 

We have obtained general expressions for the ion 
distribution. Now let us see what requirements they put on our 
system. As mentioned earlier the spectrometer field of vision is 
limited by the octopole. The gap between the electrodes (see 

smaller or equal than half of it: 
Figure 3.6) is 1.32 mm wide. The beam radius therefore should be 

The parameters we can arbitrary choose are the frequency and 
amplitude of the RF voltage. Others are determined by the beam
properties: current (I), velocity (v); the ionic species: charge (q),
mass (m); and the geometry: octopole radius (r0=5.5 mm). For a 
given frequency the constraint on the RF amplitude is found from
(3.27) to be: 
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Figure 3.11: The minimum (black curve) and maximum (grey curve) voltage

criteria for our octopole system as function of the frequency. The two criteria

are fulfilled simultaneously between the curves in the shaded area. The

parameters were: He2+ ion, 100 nA, velocity corresponding to 1 eV/amu.

In Figure 3.11 we show these two criteria graphically as a 

function of the frequency. It can be seen that there is an absolute 

minimum voltage and frequency (the crossing point of the two 

curves) below which the two conditions cannot be fulfilled 

simultaneously. The beam can only be guided for combination of 

frequencies and voltages, which fall in the shaded area between 

the two curves. We can express the minimum voltage and 

frequency by equating the left hand side of (3.28) with the right 

hand side of (3.30): 
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From these expressions we can state that both parameters have to 

be higher for guiding denser beams i.e. for higher linear charge 

densities (I/v). The minimum voltage (Vmin) is not dependent on 
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the ionic parameters but on the linear charge density and on the 

required beam compression with respect to the octopole radius 

(the (r0/d) term in (3.32)). The minimum frequency ( min) is 

dependent on the ions’ charge/mass ratio. For increasing q/m ratio 

an increasing frequency ( ) has to be applied, since otherwise the 

amplitude (a) of the rapid oscillation (see (3.4)) becomes too 

large, leading to a violation of the adiabatic condition. It is 

interesting that min is not dependent on the octopole radius. If we 

move the electrodes of the octopole farther from each other the 

electric field at the beam edge becomes lower. On first glance this 

might allow to decrease the frequency because in a lower field the 

oscillations are smaller. However for trapping the ions the same

electric field is needed, therefore the voltage on the octopole 

should be increased. The same electric field gives the same

conditions for the oscillations; therefore the minimum frequency

remains the same. Returning to the condition graphs: if we

compare two similar beams only differing in the current, one can 

see that the upper limit is not changed but the lower limit gives 

stricter requirements for the more intense beam (see Figure 3.12). 

We may have to use higher voltage and higher frequency. 
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Figure 3.12: Comparing the guiding conditions in Figure 3.11 with conditions

for a beam with 5 times higher current (darker shaded area). All the other 

parameters are the same.
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Figure 3.13: Comparing guiding conditions for He+ (darker shaded area) and 

He2+ beams.
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Comparing different ionic species with the same mass/charge

ratio the conditions are exactly the same. Lowering the charge 

state, for example using He
+
 instead of He

2+
, the upper and lower 

limits shift simultaneously upwards. Therefore for a He
+
 ion beam

a higher voltage is needed. Our typically used values, 43 MHz 

and 800V, satisfy the conditions for both ionic types. To verify 

our model we have made some experiments. Decreasing the RF 

voltage on the octopole causes the beam radius to increase and at 

a certain point the beam cannot be fully seen through the gap of 

the octopole. Due to this the photon signal measured by the 

spectrometer is decreasing. Using the density profiles obtained 

from the expressions (3.23) and (3.26) we can calculate which 

fraction of the beam can be seen under certain circumstances. We

find good agreement between calculated and experimental results, 

which is illustrated in Figure 3.14, for a 25 eV/amu 130 nA N5+

beam colliding on H2 target. However at beam energies of few kV 

the photon signal appears to be insensitive for RF voltage. This is 

because the beam is too fast and the ions spend not enough time

to reach their final position. The beam rushes through the 

octopole without major changes in its radius, which is 0.5 mm

defined by the entrance diaphragm. The visibility is always 100% 

in this case. It suggests that the dynamics has a crucial effect on 



beam guiding. The presented calculations have been made

assuming that the ions initially have no radial kinetic energy. In 

reality, especially when lensing is used, a significant fraction of

the energy can be transformed from the axial motion into the 

radial motion. This leads to complications in the calculations. We

developed a numeric method to treat this problem that we will 

discuss next. 
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Figure 3.14: Apparent cross sections determined from the measured photon

intensities of the N IV (3s 2p) and N IV (3p 2s) lines produced in 25 eV/amu

N5+ – H2 collisions. The cross sections seem to decrease as the visibility (solid

lines) decreases with decreasing RF voltage. The beam current was 130 nA. 
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3.4 Ion dynamics

To calculate the motion of the ions it is necessary to 

calculate the electrostatic potential of our system, which has a 

complicated geometry. Available software packages (like 

SIMION, COSY) usually suppose special symmetries and static 

fields. Our entire octopole design cannot be simulated with them

without modifying the software. Therefore we developed our own 

program. It is based on Mathematica, which has given us a very 

flexible platform allowing us to include all the features necessary 

with well-established symbolic and numeric mathematical

methods. We look for answers to questions such as: what are the 

optimal lens settings, how do the divergences caused by the lens 

system increase the minimal voltage requirement, do the micro-

oscillations increase the kinetic energy and path length of the ions 

significantly, do the Coulomb collisions play a crucial role? 

3.4.1 Calculation of the electrostatic potentials 

First we calculate the electrostatic potentials of the lens 

system and the static octopole, which are required for calculating 

the ion trajectories. In charge-free space the electrostatic potential 

 satisfies Laplace’s equation: 

.0
222 zyx (3.33)

 must satisfy the boundary conditions too. The boundaries are 

the surfaces of the electrodes and the surrounding chamber in our 

case, which are defining constant potential surfaces. The most

effective method to solve this problem for a system with 

complicated geometry like ours is the method of finite 

differences, where potential values are calculated in discrete 

points only. In the simplest case a cubic grid is used. It follows 

from Laplace’s equation that in each point that belongs to the free 
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space the potential should be equal to the average potential of the 

six neighboring points. 

6

)( 1,,1,,,1,,1,,,1,,1

,,

kjikjikjikjikjikji

kji (3.34)

For deduction see e.g. Shadowitz: The Electromagnetic Field4
. It 

is an approximation, which becomes more and more accurate if 

the points are situated closer and closer. If a large number of 

points (N) is chosen the grid spacing becomes small leading to 

more accurate results, but the calculation time can be very long. 

We have N linear equations for the N grid points belong to the 

free space. In our calculation N is about 70 million and the grid 

spacing is 0.25 mm. One way to solve the equations is an iterative 

method. An initial value is given to each point usually 0. Then 

point-by-point this value is replaced by the average value of the 

neighboring poles (right hand side of (3.34)). Those points that 

are neighboring electrode points with non-zero voltage will 

change their values. The electrode points are kept the same

because they belong to the boundaries. Then the procedure is 

repeated. Repeating the procedure many times the potentials from

the electrodes penetrate the entire space. It can be shown that the 

iteration procedure converges to the solution of the equations. 

This method is very time consuming. The iteration procedure 

sweeps the potential to a certain direction. This distortion may

appear in the results if not enough iteration steps are used. 

Another problem can occur if the geometry of the grid is different 

from the one of the system and the grid spacing not small enough. 

In the middle of octopole the potential is very flat, therefore these 

errors can significantly influence the simulations, but with a 

sufficiently dense grid and by increasing the number of iterations 

these effects basically can be eliminated.

Finding the exact solution of a large set of linear 

equations is also possible. This gives basically error-free results. 

There are well-established methods to solve large linear-equation 

systems in Mathematica. However they require much more

memory than the iteration method. For these methods the 

equations must be written in matrix formalism. The size of the 

required matrix N N is very large, however only 7 N matrix

elements can be non-zero, because (3.34) contains at maximum 7 

free parameters. For a certain method only the non-zero elements
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have to be stored, which saves a significant amount of memory. 

Nevertheless the memory requirement is still high for the 

calculation. The maximum number of grid points we could use 

was about N=10
5
. We combined these two methods in our 

calculation. First we used a larger grid spacing (2 mm), which 

results in a smaller number of grid points. This way the memory 

requirement is lower and therefore the exact method could be 

used. Then we subsequently doubled the number of points to 

increase the resolution. A value equal to the average of the 

potentials of the neighboring old points was given to each new 

point, which did not belong to the electrodes. The final grid 

spacing was 0.25 mm. The resulting potential array is very close 

to the exact solution. In the middle section of the octopole (see 

Figure 3.16), which is the vicinity of the beam and therefore very 

crucial, errors can arise from the low resolution of the initial grid. 

To decrease the errors the iteration method was used. Finally the 

middle section was selected and those potentials were recalculated 

by the exact method again keeping the borders of the selection on 

the old values. This way we could reduce the calculation time and 

still obtain sufficiently accurate results. The two dimensional 

“map” of the electrodes can be seen on Figure 3.15. For each 

electrode the calculation was repeated putting a non-zero voltage 

onto the selected electrode and zero to the others. By the principle 

of superposition we can model any kind of voltage settings on the 

lens system and the time dependent field of the octopole using 

only those calculated potential arrays. Some of the resultant 

potential shapes can be seen in Figure 3.17and Figure 3.18. 



Figure 3.15: The electrode arrays in x-z plane for calculating the potential of 

the octopole and the lens system. The grid spacing here is 1 mm. The final

calculation was performed with 0.25 mm grid spacing. The ions enter on the

symmetry axis from the bottom passing through 3 lens elements and 3

diaphragms and are injected into the octopole (see alsoFigure 3.19). Two 

holding cylinders of the octopole are also shown. 
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Figure 3.16: The electrode points: the cross section of the octopole and the

surrounding chamber are shown with grid spacing 1mm.
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Figure 3.17: A calculated potential array for the cross section of the octopole.

Four poles are on 1 V potential, the other four are on 0 V. 
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Figure 3.18: Enlargement of the central section of Figure 3.17. Here the

potentials between the poles, in which the ions are guided, can be seen. 
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3.4.2 The ion trajectories 

The differential equations for the ion trajectories were 

numerically  solved. The electric fields of the lens system and the 

octopole were obtained from the calculated potential arrays. In 

order to get continuous functions interpolation has been used. We

included the repulsive Coulomb forces between the ions. Initially 

the ions were assumed to be mono-energetic and equally 

distributed, with no divergence. This basically fits to realistic 

conditions, because the beam comes through several apertures in a 

long beam line. The beam is modeled by a cylindrically shaped 

bunch of ions, which is several cm long and 1 mm wide and the 

ions were randomly distributed therein. In reality there are several 

thousand of ions in such a bunch, but the calculations can be 

performed with only about 100 ions. In order to model the real 

space charge effects the Coulomb forces have to be weighted by 

the ratio between the realistic ion number and the one used in the 

calculation. The equations of motion for the ions are: 

(3.35)
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 is the coordinate of the i-th ion,  is the electric field of 

the system, w is the weight factor.

,
|)()(|

))()((

4
)),(()(

,
3

2

0ijj ji

ji

isysi
tt

ttqw
ttqtm

rr

rr
rEr

The calculated ion trajectories for a 50 eV/amu He
2+

 beam

can be seen in Figure 3.19. We optimized the lens settings to 

inject the ions into the octopole under as small an angle as 

possible. Due to the required larger deceleration this becomes

harder and harder for the lower beam energies. The ideal settings 

(as seen in Figure 3.19) are usually gradually increasing voltages. 

The octopole’s RF field is able to cancel the divergences caused 

by lens system and the beam is fully visible at the observation 

range.

The calculated ion energies can be seen in Figure 3.20. 

The average ion energy in the octopole area is about equal to the 

set value of 50 eV/amu. It indicates that the effect of field 

penetration from the surroundings, which could alter the beam

energy, is negligible.
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Figure 3.19: Calculated ion trajectories for 50 eV/amu He2+ beam (100 ions,

100nA). The ions start from the bottom with 1.75 keV/amu energy. A weight

factor of 26405/100 is used for the space charge forces. The places where the 

lens elements and diaphragms are situated are shaded. The applied voltages are 

shown. The gap between the uppermost grey shaded areas represents the gap of 

the octopole (1.32 mm) at the range of the beam axis that is viewed by the

spectrometer. The amplitude of the RF voltage on the octopole is 800V and the

frequency is 43 MHz. The radius of the octopole (r0) is 2.75 mm.
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Figure 3.20: The kinetic energy of ions passing through the octopole (which is

situated between 0.08 m and 0.18 m) obtained from the ion trajectory

calculations presented in Figure 3.19. Ions enter from the left. The ions are

decelerated from 1.75 keV/amu to 50 eV/amu. Initially the ions have the same

kinetic energy. An energy spread of 2.5 eV/amu results from the Coulomb

forces between the ions and from the effects of the RF field. 
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Figure 3.21: Same as Figure 3.20 but leaving the Coulomb interaction between

the ions out of the calculation. The resulting energy spread is much smaller in 

this case ( 0.5 eV/amu) than in Figure 3.20. 
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Figure 3.22: The v/vz velocity ratio of the ions corresponding to the ion

trajectories shown in Figure 3.19 (see also text).

The small oscillations in the curves are due to the micro-

oscillations of the ions. It can be seen that they have negligible 

effect on the ion energy. The energy spread of 2.5 eV/amu

originates from the fringe field of the octopole and the Coulomb

forces between the ions. The RF field of the octopole can 

accelerate or decelerate the ions as they are entering into the 

octopole. Leaving the Coulomb interactions between the ions out 

of the calculation only the RF field effects can be studied. The 

resulting energy distribution becomes much smaller (see Figure 

3.21). It indicates that the Coulomb interactions between the ions 

have the most significant effects on the energy spread. However 

the original beam produced by ECRIS has several eV/amu energy 

spread too. The typical energy spread measured in our set up by 

beam retardation is about 2-3 eV/amu (FWHM). Such energy 

spreads have small effects on our measurements above 10 eV/amu

ion energy. 

Our model calculations allow us to estimate the effects of 

deviations from straight-line trajectories. We have to compare the 

distance along the beam axis (z) the ions take in a short time

period ( t) to the full path length they take during the same

period:

,
zz v

v

tv

tv
(3.36)
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where 222

zyx
vvv

zyx vvv

v . If (3.36) is close to 1 these effects are 

negligible. It requires that the radial velocities have to be much

smaller than the axial velocity: . Since we use 

relatively high velocity beams (10
4
-10

6
 m/s) it is always fulfilled

in our measurements. In Figure 3.22 the (3.36) velocity ratio is 

plotted as function of the distance along the beam axis. It is 

affected by the micro-motions of the ions when they are in the 

octopole but the deviation from 1 is always less than 0.2%. (The 

high peaks are due to increasing radial divergences when the ions 

leave the octopole.) 

,

As it can be seen in Figure 3.19, 800 V RF amplitude is 

needed to guide the ions so that the beam could be fully seen. The 

static model (see section 3.3.3) gives only about 200 V as the 

minimal voltage requirements. The focusing effect of the lens 

system is the cause of the increased voltage requirements.

Therefore dynamic effects and space charge effects alike are 

determining the minimum voltage requirement. We carefully 

revised the minimum voltage requirements with the ion trajectory 

calculations for all types of beams we used in the experiments.

Our static model predicts that the ion beam will develop a 

hollow structure due to the space charge (see section 3.3.1). As 

Figure 3.23 shows, the ion trajectory calculations also result in a 

hollow structure, but not for the entire length of the octopole. Due 

to their non-zero radial velocity the ions oscillate in the effective 

central field of the octopole, and thus they enter the central region 

of the octopole too. Since the radial motions slow down around 

the turning points the ions spend more time at the turning points 

than in the center where they reach their maximal velocity. 

Therefore the dynamic effects may also contribute to forming the 

hollow beam structure. This case can be observed in Figure 3.23 

b) where the ions approach their turning points after the focused 

beam expands. Due to the strong non-linearity of the octopole’s 

effective potential the radii where the ions turn back are nearly the 

same for a wide range of ion energies therefore the ions 

accumulate around a certain radius.  The ions eventually reenter 

to the center during their oscillation, thereby increasing the 

density in the center (see Figure 3.23 c)). The dynamic effects 

lead to an oscillation between the hollow and non-hollow 

structure and therefore dramatically modify the expectations
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Figure 3.23: Ion distributions in different cross sections of the beam based on

the calculated trajectories shown in Figure 3.19. The distances from the axis 

are shown in mm. a) initial distribution, b) and c) distribution in the octopole

30 and 50 mm downstream to the injection diaphragm.
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based on the static model.

The virial theorem (see e.g. Goldstein
5
) gives the 

following equation for the time average of the kinetic (T ) and 

potential (V ) energy for a particle: 

,
2

2
V

n
T (3.37)

if it moves in a potential with a dependency: 

,1nraV (3.38)

where r is the distance between the particle and a certain 

reference point, i.e. the particle experiences a central force. 

Equation (3.37) is applicable for the ions moving in the octopole’s 

effective potential if the radial motion of the ions is considered 

only. The radial dependency of the octopole’s effective potential 

is given by (3.38) with n=5. The virial theorem implies that ions 

with non-zero kinetic energy need to spend a certain amount of 

time in regions where the potential has finite values. Because the 

potential is very flat in the middle (see Figure 3.3) the potential 

energy of the particles differs significantly from 0 only when they 

are outside of this flat region and therefore they have to spend a 

significant part (if not most) of their time in this outer region. 

Therefore, in time average, a hollow structure is to be expected by 

this principle as well.

3.5 Conclusions 

We have performed calculations in order to obtain 

information about what is necessary for efficient ion guiding. Our 

octopole geometry gives strict requirements for the guiding 

forces. In order to achieve full visibility of the beam a certain 

amount of RF voltage is needed, but at the same time the 

adiabatic condition should not be violated. Our calculations show 

that this is only possible if the applied voltage and frequency is 

situated in a certain domain in the frequency – voltage diagram.

The minimum voltage requirement is affected by both the space 

charge and the ion dynamics. We could simulate the ion 
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trajectories, enabling us to find a good lens setting and octopole 

voltage combination for each type of beam we used. We have 

found that the effects of RF guiding on the energy and on the 

effective path length of the ions is negligible. An energy spread 

may result from the Coulomb interactions between the ions, but at 

the energy range we investigated it has no significant effects on 

the experiments. 
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4 Electron Capture by He2+:
Target Effects

4.1 Introduction 

Collision processes involving He2+ are highly relevant for 

astrophysics, partly due to the fact that they are the second most

abundant ions in the solar wind. They spread throughout the space 

around the sun and bombard every object there. Interaction with 

molecules and atoms – like those in the cometary atmospheres – 

leads to photon emission due to charge exchange processes. 

Recently He lines of comets were detected in satellite-based 

observations1,2
. For analyzing and modeling these observations 

exact knowledge of charge-exchange cross sections is necessary 

(see chapter 6). It was our motivation to carry out laboratory 

measurements with He
2+

 colliding on various gases, specially on 

those, which are abundant in comets. The fundamental processes 

under investigation can be summarized by: 

(4.1)hXlnHeXnlHeXHe )''()( **2

(4.2)hXlsnHeXsnlHeXHe
2*2*2

)''1()1(

where X  is an arbitrary neutral particle. Equation (4.1) describes 

single electron capture to one of the excited nl states of He+
 ion 

and its subsequent photon decay. Simultaneous capture of two 

electrons is also possible as described by (4.2). 

To identify emission lines  observable in the EUV one 

may look upon the term scheme (see Figure 4.1). In case of singly 

charged helium, which is the result of one-electron capture, the 

spectrometer covers transitions from the p-states to the ground 

state (Lyman series). All the other states cannot be observed 

directly but most of them cascade down and finally end up in the 

2p-state contributing to the  transition. Adding up the 

observed emission cross sections we can account for almost the 

total single-electron capture cross section. Only capture directly 

sp 12
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into the ground state and into the 2s- metastable state and decay to 

the 2s (np 2s, with n>2) are missing. Decay to the 2s-state,

however can be determined from the Lyman series using the well 

known branching ratios. For example the ratio between 3p 2s

and 3p 1s is 0.12/0.88 0.14.

 For neutral helium, which is the product of two-electron 

capture, the situation is very similar except that capture into the 

triplet states is also possible, which cannot be seen by the 

spectrometer either due to the wavelength of the corresponding 

transitions or their long lifetime. Therefore in Figure 4.1 only the 

singlet states are included. We may have to take into 

consideration the lifetimes of the singlet states (see chapter 5), 

which are in the ns-range and are generally longer than the 

lifetimes of the excited states of singly charged helium.  

He
2+

 is a fully stripped ion and therefore easy to handle 

from a theoretical point of view. Combining it with different 

kinds of molecules in electron capture calculations would be a 

good probe for understanding the effects of target electronic states 

on charge-exchange. Despite of the fact that difficulties enter into 

the calculations only through the target side not much work has 

been done yet. Since the techniques for low energy measurements 

are newly developed not much work has been done 

experimentally either. However whenever possible we compare 

our results with other groups’ data and with existing theories. 
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Figure 4.1: Term scheme of He+(nl) (a) and He(1snl) (b).  Wavelengths of the

transition lines are noted on the arrows in nm together with their branching

ratios in brackets.
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4.2 He2+ – H2 collisions 

The He
2+

 – H2 collision system plays an important role not 

only in astrophysical environments but also in thermonuclear 

fusion. In the scrape-off-layers and divertors of fusion plasma 

machines interaction energies range from 1 keV/amu down to 

energies as low as 1 eV/amu.  For the diagnostics and modeling of 

plasma properties a quantitative understanding of the underlying 

processes is necessary3
. Inelastic collisions of He

2+
 have attracted 

a lot of attention in connection with the modeling of He ash 

removal in the divertor region of tokamaks
4
. A point of interest is 

the charge state of the helium. If it is readily neutralized it is no 

longer magnetically confined and it may diffuse back into the core 

plasma thereby deteriorating the plasma. To study the behavior of 

recombining plasma for divertor and edge-region applications, at 

NIFS (Japan) a lot of work has been performed on cold 

recombining He plasmas resulting from the interaction with 

neutral gases puffed into a He plasma5,6,7,8
. To explain the prompt 

response and the anomalously high intensity of the 

HeI(1s3l 1s2l´) line emission when cold hydrogen molecules 

were brought into contact with the He plasma, strong double-

electron capture, preferably directly into the He(1s3l) states, has 

been invoked. Theoretical calculations seemed to backup this 

scenario of direct double capture into He (1s3l)20
.

 We obtained line-emission cross sections for the system 

He2+
 – H2 in the energy range of 8 eV/amu – 6 keV/amu. The 

measurements were calibrated at 6 keV/amu energy by fitting our 

result to the cross section of Hoekstra et al.9 for HeII(2p 1s)

(30.4 nm) line emission. After calibrating the spectrometer in first 

order the detector was moved to another position where we could 

study single- and double-electron capture simultaneously in 

second and first order respectively. Some of the spectra obtained 

are shown in Figure 4.2: 
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Figure 4.2: VUV spectra from He2+ – H2 collisions at different energies.

Labels: at 60.8 nm: II-2p – second order of the HeII(2p 1s) transition at 30.4 

nm; at 58.4 nm: I-2p – first order of the HeI(1s2p 1s2) transiton; at 53.7 nm:

I-3p – first order of HeI(1s3p 1s2) transiton; at 51.2 nm: II-3p – second order 

of the HeII(3p 1s) transition at 25.6 nm.
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Above 1.75 keV/amu the measurements have been performed 
with direct beams while below that energy the deceleration – 
guiding system was used. We have used liquid N2 cooled targets. 
Cooling, besides making a denser target, also ensures cleaning the 
target from water molecules. For monitoring it, some 
measurements have been done without cooling. No differences 
above the statistical uncertainty have been found between the two 
sets of measurements. The gas used for target had a purity of 
99.999%.  
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Figure 4.3: Charge-exchange cross sections for He2+ colliding on H2 versus the 
projectile energy. Measurements of 2p→1s line emission cross sections:  our 
results10 (Ê), Hoekstra et al.9,11 (Á). Measured cross sections for capture into 
selected states: Hodgkinson et al.12 n=2 (ı), n=1 (Û); Panov et al.13 n=2 (Ù), 
n=1 (Ú); Shah and Gilbody14 2s (Ù).  Theory for capture into 2p: Saha et al.15 
(—).  Total one-electron capture cross sections: Okuno et al.16 (‡), Nutt et al.17 
( ), Kusakabe et al.18 ( ), Shah and Gilbody14 ( ), Rudd et al.26 (·), atomic 
database for fusion19 (– Í –); theory by Shimakura and Kimura20 (-----). 
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For both single- and double-electron capture, emission

from the 2p-states is the most intensive. There is a contribution 

from HeII(3p 1s) at high energies, but the higher states (n>3)

are not populated significantly. Comparing our results with other 

measurements we have excellent agreement at the high-energy 

side. While at low energies data from Hoekstra et al.9,11
 are still in 

agreement, discrepancies are found with those from Hodgkingson 

et al.
12

 (Belfast group) below 1.5 keV/amu. The latter 

measurements have been performed with the Translational Energy 

Spectroscopy (TES) method. They measured the capture into n=2

states, which includes beside 2p the 2s state. One could expect our 

measurements to give lower values because line emission is 

occurring only from the 2p states. Contrary to it our measured

values are significantly larger. 2p states can gain extra population 

from the levels above, as they cascade down. This would be a 

possible explanation, but the measurements show no significant 

capture into levels n 3. Hodgkingson et al.12
 measured only 

relative populations. At every energy the sum of those was 

normalized to totals measured by Nutt et al.
17

. There are, 

however, other total measurements (Okuno et al.
16

, Kusakabe et 

al.
18

), which are much higher at low energies. Using those for 

normalization brings the results of Hodgkingson et al.
12

  closer to 

ours (see Figure 4.4). It is already noted here that with regard to 

other target gases, for CO (see section 4.3) we find good 

agreement with the Belfast group where they used measurements

of Ishii et al.28
 for normalization.

The total cross section is given by the sum of state 

selective ones: 

n

sstot snp )1(21 (4.3)

Comparing the total and state-selective cross sections (see 

Figure 4.3) one can conclude that at high energies around 10 

keV/amu capture into the 2p state is the primary reaction channel. 

It is a non-dissociative process: 

(4.4)
gHpHeHHe 2

22

2 )2(
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Going lower in energy the 2p contribution is getting smaller and 

smaller.  Instead as shown by Afrosimov et al.
21

 and Hodgkinson 

et al.
12

 capture into the ground state is becoming dominant

through the dissociative process:

(4.5))2()1(2

2 nHHsHeHHe

This is indirectly confirmed by our group (Hoekstra et al.
11

 and 

present results: Juhász et al.10
) because the sum of 2p and 2s

results has smaller and smaller contributions to the total cross 

section at low energies. 
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Figure 4.4: Comparison of cross sections of capture into n=2, and total one-

electron capture in He2+ – H2 collisions. We renormalized Hodgkinson data to

totals of Kusakabe et al. The renormalized data ( ) are closer to our 

measurements than the original ones, however there are still discrepancies.

Except for the renormalized data symbols are the same as in Figure 4.3. 
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Changing of behavior going from low to high energy is also 

obvious if we compare single- and double- electron capture. At 

high energies one-electron capture is the dominant process. 

However at low energies quite surprisingly two-electron capture 

exceeds one-electron capture. This fact has been experimentally 

observed by Okuno et al.
16

 Molecular orbital calculations by 

Shimakura et al.
20

 show the same tendency although the absolute 

values are different. Our state selective data also show a similar 

tendency. 
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Figure 4.5: Double-electron capture cross sections for the system He2+ – H2. 

Line emission cross sections for HeI(1s2p 1s
2): our results10 ( ). Theory by 

Errea et al.22 capture into 1s2p (—). Totals: measurements by Okuno et al.16 

( ), Kusakabe et al.18 ( ), Shah and Gilbody14 ( ), Panov et al.13 ( ), theory 

by Shimakura and Kimura20 (-----). 
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In agreement with our experimental results, recent ab initio 

calculations by Errea et al.
22

 suggest the 1s2p-state as the main 

product of the double electron capture, whereas calculations of 

Shimakura et al.
20

 show the 1s3l-states as being dominant. For 

single capture Shimakura et al.
20

 have found capture into 

He
+
(n=2) to be the primary channel and they have found little 

contribution to capture into He
+
(n=1), which is contrary to the 

experiments below a few keV/amu. The cause of the disagreement 

might be the choice of molecular states included in the 

calculations. Shimakura et al.20
 related capture into He

+
(n=1) with 

a non-dissociative state of the remaining hydrogen molecule 

(H2
+

) whereas the experiments show it to be related to 

dissociation (H+H+
). Errea et al. have included the dissociative 

channel, and have found significant contributions to capture into 

He
+
(n=1) at low energies.

Their results for double capture show an interesting 

oscillatory structure similarly to our results. They have found this 

shape to be the consequence of the two-step nature of double-

electron capture, the double-capture channels being populated via 

the single-capture channels. The peak around 1 keV results from 

consecutive capture in which capture into He+
(n=1) is the first 

step. As the single-electron capture into He
+
(n=1) decreases 

towards high energy so does the double-capture.  But then the 

double-capture channels start to be populated via the He
+
(n=2)

channel, which becomes dominant above 3 keV/amu resulting in 

an increase of the double-capture again.  Results of Kusakabe et 

al.18
 and Panov et al.

13
 for total two-electron capture cross 

sections are not far off from our state selective ones. This 

indicates that capture into the 1s2p-state is dominant, as found in 

the model calculations by Errea et al. The ratio between total two-

electron capture and capture into 1s2p is close to 2 but at high 

energies (E > 5 keV/amu) and low energies (E << 1 keV/amu) the 

ratio becomes much larger. Therefore, there must be other well-

populated states than 1s2p. In our opinion at the lower energies, 

the 1s2s-state is the most likely candidate, because it has a similar 

binding energy as 1s2p. Capture into the ground state 1s2
 is 

energetically unfavourable because the energy needed to remove 

the two electrons from H2 is 50.8 eV, which should be compared 

to the total binding energy of He(1s
2
) (79 eV). Significant capture 

into 1s3l or higher states is not supported by our measurements, 



since we did not find any contribution from the 1s3p 1s
2
 signal 

or the Lyman series for n>3 above the detection limit (see Figure 

4.2). Population of these states may become of relevance at the 

higher energies. 
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13 0.85

33 0.58

58 0.48

78 0.33

103 0.01 ±0.095 0.26

158 0.02 ±0.01 0.24

203 0.03 ±0.02 0.17

253 0.05 ±0.02 0.1

308 0.05 ±0.01 0.09

408 0.08 ±0.03 0.14

508 0.12 ±0.02 0.18

608 0.13 ±0.02 0.27

708 0.13 ±0.02 0.22

838 0.21 ±0.02 0.28

1008 0.2 ±0.02 0.26

1203 0.26 ±0.02 0.29

1508 0.27 ±0.02 0.19

1600 0.29 ±0.02

1758 0.45 ±0.03 0.14

2008 0.76 ±0.09

2508 1.06 ±0.07 0.09

3258 1.45 ±0.10

3758 2.04 ±0.10 0.08

4008 2.18 ±0.11 0.09

5008 2.62 ±0.13 0.08

6008 4.21 ±0.21 0.1

HeI(1s

-

HeII(2p 1s)

-

-

-

-

Table 4.1: Line emission cross sections in 10-16 cm2 for He2+ colliding on H2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a common systematic error arising 

from the calibration procedure. It is estimated to be 20%. 

Finally we can conclude that we can study the energy 

dependence of line emission cross sections over a wide range of 

energies directly suitable for astrophysics and thermonuclear

fusion by combining the PES method with octopole beam
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guiding. Our cross sections for HeII(2p 1s) line emission in 

He
2+

 – H2 collisions at high energies agree well with other 

measurements and theories. However at low energy PES and TES 

consistently give different results. We have shown that the 

differences (at least partly) may result from uncertainties in the 

total measurements, which have been used for normalizing the 

TES results. We have found capture into He(1s2p) as the leading 

double-electron capture channel in accordance with calculations 

by  Errea et al.22
. Contrary to calculations of Shimakura et al.

20
 we 

did not find significant contributions to the He(1s3l) capture 

channel. To explain the anomalously high intensity of the 

HeI(1s3l 1s2l´) line emission in tokamak plasmas therefore one 

can not invoke direct capture into the He(1s3l), but has to 

consider other secondary processes with large cross sections like 

electron impact excitation of  He(1s2l) to He(1s3l)23
.

4.3 He2+ – CO collisions 

Carbon-monoxide plays an important role in astrophysical 

environments because of its high abundance. Regarding electron 

capture by He
2+

 from CO and from H2 we expect similar 

behaviors, because the ionization potentials of these molecules are 

close to each other. Another similarity is that both of them are 

diatomic molecules. In the spectra taken from He2+
 – CO 

collisions we can clearly identify the HeII(2p 1s) and 

HeI(1s2p 1s2
) spectral lines. The HeII(2p 1s) transition by far 

dominates the spectra at high energies but its dominance declines 

at low energies, i.e., it indeed shows a behavior very similar to the 

H2 case. 

 One can notice spectral lines other than from helium too. 

For identification let us compare the spectra to the ultraviolet 

spectrum of CO produced by electron impact. All our observed 

lines excluding the helium lines can be found in the 200 eV 

electron impact spectrum measured by James et al.24
 (see Figure 

4.7). Most of those lines are emitted from singly charged C and O 

atomic ions produced by the break-up of the ionized CO 

molecules. In our case dissociative charge-exchange processes 

can produce C and O ions. Fortunately their lines do not overlap 

with the He lines except for the HeI(1s3p 1s2
) transition. 



Therefore we can determine most of the state-selective charge 

exchange cross sections. An exception is the 1s3p-state because

the corresponding spectral line at 53.7 nm cannot be ascribed 

merely to HeI(1s3p 1s2
) transition due to possible overlaps with 

O
+
 and C

+
 lines at 53.8 nm. In the electron impact spectra the 

observed line emission at 53.8 nm is about half of the emission at 

68.6 nm, which has been observed in our spectra with comparable

intensity to the He lines. 
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Figure 4.6: VUV spectra from He2+ – CO collisions at different collision

energies.  The helium lines are labelled as in Figure 4.2. 
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Figure 4.7: EUV electron impact emission spectrum of CO from 53 to 75 nm

by James et al.24  compared with the spectrum resulting of He2+ – CO

collisions. The helium lines are labelled as in Figure 4.2.

Our calibration point is the HeII(2p 1s) line emission cross 

section at 10 keV/amu energy, which is fitted to 80% of the total 

one-electron capture by Rudd et al.
26

 In the case of the H2 target 

comparing measurements of Shah and Gilbody
14

 with

measurements of Hoekstra et al.
9
 the HeII(2p 1s) line emission

cross section comes out at 82% of the total cross section at 10 

keV/amu. The rest is mainly capture into 2s-state, which has 14% 



contribution to the total according to Shah and Gilbody
14

. Due to 

similarities in ionization energy we expect a similar scenario for

CO. This served as an argument for the calibration and was 

affirmed by the fact that our results for HeII(2p 1s) nearly match

those of Kearns et al. for n=2. Later on recalibration is possible if 

accurate absolute line emission cross sections are obtained for this 

system. This would mean a correction by a common factor for all 

the data points. A correction of more than 10% is very unlikely. 

Energy [keV/amu]
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Figure 4.8 Measured single charge-exchange cross sections for He2+ colliding

on CO. Our results for HeII(2p 1s) line emission cross section ( ), for 

HeII(3p 1s) ( ). Kearns et al.25: capture into n=1 ( ), n=2 ( ), n=3 ( ).

Totals: Rudd et al.26 ( ), adež et al.27 ( ), Ishii et al.28 ( ).
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Partly our measurements were performed with target 

cooling and partly without, but no significant differences were 

found.  Target gas purity was 99.997%. The HeII(2p 1s) line 

was recorded in second order simultaneously with the 

HeI(1s2p 1s2
) line. Because of its small cross section the 

HeII(3p 1s) line was recorded in first order. We have found that 

capture into 2p strongly decreases with decreasing collision 

energy. The same dependency has been found for capture into 

n=2 by Kearns et al.25
 Around 10 keV/amu capture into n=2

dominates, but at low energy capture into n=1 takes over, which is 

associated with dissociative processes. This behavior is very 

similar to that of H2. There is one major difference between the 

two systems, namely that CO has many electrons and thus many

electronic states, implying that many channels are avaible for 

dissociative reactions. A near resonant channel is very likely to be 

available.

82
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 The HeII(3p 1s) line emission cross sections also 

decrease with decreasing energy. The cross section for capture 

into 3p is given by: , where 0.88 is the 

branching ratio for HeII(3p 1s) transition. Cascading from levels 

with n>3 is neglected (no significant contribution for the 4p 1s
transition has been observed). There is no overlapping energy 

range with the data of Kearns et al.

33 p

25
 for capture into n=3, but 

they show similar tendencies. Extrapolating the data shows that 

their results exceed ours. This can be explained by the fact that 

total capture into n=3 includes 3s and 3d beside 3p.

Total double-electron capture increases with decreasing 

energy and exceeds single capture. Our state selective results for 

HeI(1s2p 1s2
) exibit a weak energy dependence, they are almost

constant, in contrast to the H2 case where the cross sections have 

multiple peak structures. They are about a factor of ten less than 

the totals, which was only a factor of two for H2. This indicates 

that other channels are more populated. For H2, spin conservation 

mandates that only singlet states can be populated. For CO, 

capture into triplet states is also possible, because the remaining

CO2+
 can be either in a singlet or a triplet configuration. 

Intercombination transitions of HeI(3p 
3
P

0
1s

2 1
S) and HeI(2p 

3
P

0
1s

2 1
S) emit photons at 53.9 nm and 59.1 nm respectively. 

Due to their long lifetimes they decay outside of the spectrometer

viewing area and therefore cannot be observed. Triplet states have 



three times more statistical weight than the singlet ones; therefore 

it is possible that the majority of the double-capture events goes 

into triplet states. It explains why the cross section for capture 

into 1s2p 1
P is only a small fraction of the total double capture 

cross section. The larger total double-capture cross sections for 

CO than for H2 can thus be understood from the availability of the 

triplet states in the CO case. The multiple peak structure of the 

double-electron capture cross sections in the H2 case is due to 

different reaction channels that peak at different energies. The 

observed constant behavior in the CO case might be explained by 

the fact that there are many reaction channels for CO associated 

with the many electronic states of the remaining ionized target, 

which do not exist for H2 because after double capture only two 

protons are left.

Energy [keV/amu]

0.001 0.01 0.1 1 10 100

 [
1

0
-1

6
 c

m
2
]

0.1

1

10

100

Figure 4.9: Double-electron capture cross sections for He2+ colliding on CO. 

Our results for HeI(1s2p 1s2) ( ). Totals: Ishii et al.28 ( ), adež et al.27 ( ),

Rudd et al.26 ( ).
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0.2 ±0.04

19 ±0.05

19 ±0.05

17 ±0.03

18 ±0.05

0.2 ±0.04

14 ±0.03

26 ±0.07

38 ±0.08

.43 ±0.09

22 ±0.08

.34 ±0.10

38 ±0.10

.3 ±0.10

.3 ±0.12

.3 ±0.10

38 ±0.14

0.5 ±0.26

33 ±0.14

23 ±0.04

2p 1s
2Energy

[eV/amu]

28

50 0.

103 0.

156 0.

200 0.

261 0.14 ±0.04

300 0.

366 0.37 ±0.06 0.

472 0.65 ±0.07 0.

577 1.1 ±0.10 0

735 1.38 ±0.11 0.

998 2.1 ±0.15 0

1262 3.04 ±0.21 0.

1525 3.43 ±0.23 0

1750 4.36 ±0.29 0.072 ±0.02 0

2500 4.15 ±0.28 0.1 ±0.06 0

4000 7.48 ±0.49 0.

5000 10.83 ±0.71 0.248 ±0.04

7500 13.61 ±0.88 0.368 ±0.05 0.

10000 10.82 ±0.71 0.39 ±0.05 0.

1s

-

2p 1s

-

-

-

-

-

3p 1s

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Table 4.2: Line emission cross sections in 10-16 cm2 for He2+ colliding on CO. 

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a systematic error arising from the

calibration procedure, which is estimated to be 22%. 

4.4 He2+ – CO2 collisions 

The measurements with the CO2 target were calibrated by fitting

our HeII(2p 1s) line emission cross section to 80% of the total 

one-electron capture cross section measured by Greenwood et 

al.
29

 at 6 keV/amu. The calibration procedure is based on similar

arguments as in the case of CO. No target gas cooling was used 

during the measurements because of the relatively high freezing 

point of CO2. The gas purity was 99.995%. Although we observed 

fragment product lines, they are less intense than in the case of 

CO.  In the spectrum produced by electron impact on CO2 (Kanik

et al.30
) one of the prominent lines is at 53.9 nm. This is very 

close in wavelength to the HeI(1s3p 1s
2
) (53.7 nm) line. We

observed significant emission at 53.7 nm, but because of the 



uncertain contribution of the fragment product line, the electron 

capture cross section into the 1s3p-state could not be determined,

but only an upper limit could be given. The other spectral lines 

were well resolved. 
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Figure 4.10: Single-electron capture by He2+ colliding on CO2. Our results for

HeII(2p 1s) ( ), for HeII(3p 1s) ( ).Totals: Rudd et al.26 ( ), Greenwood 

et al.29 ( ).

The HeII(2p 1s) and HeII(3p 1s) lines were recorded in 

second order. As in the previous cases the 2p 1s transition is 

dominant around 10 keV/amu. It seems to follow the trend of the 

total cross sections except for the data point at 1 keV/amu. From

the other collision systems (He2+
+ H2 and CO) it is known that 

this is the energy where dissociative capture into the He
+
(1s)

ground state starts to become of significance. The HeII(3p 1s)

line emission cross sections are an order of magnitude smaller and 

strongly increase with energy. For probing double-electron 

capture processes the HeI(1s2p 1s2
)  line emission cross section 

was determined. It shows a very weak energy dependence 

similarly to the CO case. Total double-electron capture cross 

sections are only available at high energies. At the overlapping 

energy range they exceed our state selective results by about a 

factor of 10, indicating that capture into 1s2p is not the strongest 

reaction channel. 
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Figure 4.11: Double-electron capture cross sections for He2+ colliding on CO2.

Our results for HeI(1s2p 1s2) ( ). Totals by Rudd et al.26 ( ).

The line emission cross sections for HeI(1s2p 1s
2
) and the upper 

limits for HeI(1s3p 1s2
) line emission cross section, which we 

derive from the photon emission at 53.7 nm, are about equal. The 

large difference between the total and state selective results 

suggests that the triplet states are significantly populated as in the 

case of CO (see Section 4.3). 

Energy

[eV/amu]

1000 2.07 ±0.15

1750 6.15 ±0.32

2250 6.56 ±0.35 0.07 ±0.04 0

3000 8 ±0.42 0.09 ±0.03

4000 8.92 ±0.46 0.19 ±0.04 0

5000 9.63 ±0.50 0.22 ±0.03 0

6000 9.79 ±0.50 0.23 ±0.03 0

7500 10.09 ±0.52 0.36 ±0.04

10000 10.77 ±0.56 0.62 ±0.05

-

-

2p 1s 3p 1s

0.20 ±0.03

.25 ±0.08

0.25 ±0.08

.33 ±0.09

.21 ±0.07

.27 ±0.08

0.28 ±0.07

0.32 ±0.07

-

1s2p 1s2

Table 4.3: Line emission cross sections in 10-16 cm2 for He2+ colliding on CO2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a systematic error arising from the

calibration procedure, which is estimated to be 22%. 
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4.5 He2+ impact on different targets – 
Comparison 

 

As we have seen before electron capture by He
2+

 from 

different molecules exhibits similar tendencies. To explore 

differences we compare HeII(2p 1s) line emission cross sections 

in this case in a linear plot, which enhances the differences.  
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Figure 4.12: HeII(2p 1s) line emission cross sections for collisions between 

He2+ and different molecules: H2 ( ), CO ( ), CO2 ( ). Data from Hoekstra 

et al.11 for H2 ( ) and for H31 ( ). 

The data show that it is easier to capture electrons from CO and 

CO2 molecules than from H2 molecules. For CO the cross sections 

peak at lower energy than in the case of H2. For CO2 there is not a 

clear maximum. There seems to be a plateau that extends to low 

energy. The cross sections are generally higher for CO and CO2 

than for H2, but significant differences show up when we compare 

the cross sections at low energies.  Around 1 – 2 keV/amu the 

differences are about a factor of 10. This behavior can be 

understood if one compares the ionization energies and the 

reaction windows given by the overbarrier model. 
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gy [eV]

0.002

0.004

0.030

Molecule

(atom)
Ionization ener

H2 15.427

CO 14.013

CO2 13.769

H
13.598

Table 4.4: Ionization energies of molecules32 and atomic hydrogen.
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Figure 4.13: Reaction window for one-electron capture of the most weakly

bound electron from different molecules by 1 keV/amu He2+ ions. Target

molecules: H2 ( ), CO (  ), CO2  ( ).

CO and CO2 have almost equal ionization energies, which are 

lower than for H2. The corresponding reaction windows therefore 

are very close for CO and CO2 and are centered at lower binding 

energies than for H2. Each of the reaction windows has the most

overlap with the n=2 states but the centers of the windows for CO 

and CO2 are much closer to the n=2 resonance than that for H2.

Therefore at low energies when the windows get narrower there is 

more overlap for CO and CO2 than for H2. The overbarrier model

reflects the qualitative behavior of the cross sections. CO2 has 



almost the same ionization potential as the hydrogen atom (see 

Table 4.4). The corresponding cross sections are almost equal (see 

Figure 4.12). This indicates (in accordance with the overbarrier 

model) that the cross sections are determined by the ionization 

potentials of the targets.

Earlier in this chapter we have shown that double electron 

capture also significantly differs for H2 and for the heavy 

molecules (CO and CO2). A comparison of single- over double-

electron capture ratios is shown in Figure 4.14.
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Figure 4.14: HeII(2p 1s)/HeI(1s2p 1s2)  line emission cross section ratios

for He2+ colliding on various targets: H2 ( ), CO ( ), CO2 ( ); versa 

projectile velocity. The thick black line is for illustrative purpose only, to show

the similar tendencies.
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As our HeII(2p 1s)/HeI(1s2p 1s
2
)  line emission cross section 

ratios show there is a very steep velocity dependence in the 

single- over double-electron capture ratio. The dominance of 

single capture swaps to dominance of double capture at low 

energies. It is an interesting observation that H2 and CO have 

similar values over the whole energy range.  The velocity 

dependence for CO2 is less strong in the measured energy range. 

The steep dependence on the velocity implies that this ratio is an 

excellent probe for the velocity. It can be used for example to 

monitor solar wind velocities by measuring cometary Far UV 

spectra (see chapter 6). 

4.6 Conclusions 

  Combining PES and octopole ion guidance, we have 

measured state selective electron capture cross sections for low 

energy impact of He
2+

 on various gases; CO, CO2 and H2. The 

choices of targets and impact energies have made the 

experimental approach especially suitable for supplying data for 

astrophysical modeling. For all the targets the most intensive line 

emission observed was the HeII(2p 1s) transition. Its dominance 

declines with decreasing energy. In all the cases capture into the 

ground state accompanied by target dissociation and  two-electron 

capture takes over. Despite of the similar tendencies there are 

rather large differences in the energy dependencies, which we 

could explain by the overbarrier model. For double-electron 

capture the HeI(1s2p 1s2
) cross section was determined. For CO 

and CO2 this is only a small fraction of the total cross section 

unlike in the case of H2, which has also another distinctive feature 

namely a structured (multiple maxima) energy dependence. The 

dominance of double-electron capture over single-electron capture 

at low energies is evident in our experiments. The steep energy 

dependence of the HeII(2p 1s)/HeI(1s2p 1s2
) line emission 

ratio and its similar behavior for different targets hints at its 

potential usage as velocity probe in astrophysics.
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5 Electron Capture by He
+

Colliding on Different Targets

5.1 Introduction 

The measurements described in this chapter are largely 

motivated by their relevance for astrophysical observations 

especially regarding the interaction of the solar wind with

cometary atmospheres. Singly charged helium ions are rare in the 

solar wind but in cometary environments they are significantly 

produced from He2+
 by single electron capture.  Both single-

electron capture by He
+
 and double-electron capture by He

2+

contribute to the HeI(1s2p 1s
2
) line emission. The 

HeII(2p 1s)/HeI(1s2p 1s2
) line emission ratio therefore will be 

affected by He+
ions. Therefore, for probing solar wind velocity 

by this ratio one must know the line emission cross sections for 

He
+
 too. This was our main motivation for carrying out 

experiments with He
+
. The reaction scheme in this case is given 

by:

(5.1)hXlsnHeXsnlHeXHe )''1()1( **

where X is an arbitrary neutral particle. We have used H2, CO, 

and CO2 molecules as targets. The observed lines were 

HeI(1s2p 1s
2
) (58.4 nm), HeI(1s3p 1s

2
) (53.7 nm) and 

HeI(1s4p 1s
2
) (52.2 nm) (see Figure 4.1). The lifetimes of the 

highly excited states of HeI are considerably longer than the 

lifetime of HeII(2p) state (see Table 5.1). The highest energy in 

our measurements (5 keV/amu) corresponds to almost exactly 106

m/s. At this velocity the ions travel 1 mm/ns. The p-states have 

the shortest lifetimes; they mostly decay within the area observed 

by the spectrometer, which is 10 mm long (see section 2.3.4). The 

other states, which are cascading down to the 2p state, have much

longer lifetimes. Therefore the cascading takes place mainly

outside the observed area. Even for 3p and 4p states significant 
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),(

percentages decay outside the viewing area of the spectrometer.

Therefore the correction factor  (see section 2.3.3) can not 

be neglected in determining line emission cross sections for 

HeI(1s3p 1s
2
) and HeI(1s4p 1s

2
) transitions. 

vF

etime (ns)

0.56

55.25

1.73

15.67

89.77

3.92

36.62

72.46

0.1

0.33

Configuration Lif

1s2p 18.01

1s3s 0.18

1s3p 5.80

1s3d 0.64

1s4s 0.11

1s4p 2.55

1s4d 0.27

1s4f 0.14

2p 100.24

3p 30.34

HeI singlet

states

HeII

)10( 18 sA
i

ki

Table 5.1: Lifetime of the excited states of HeI. 

We can calculate this correction factor using the emission profile 

of the excited state (see Hoekstra et al.
1,2

)

,
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L

z

vzz

(5.2)

with  the velocity of the ions and  lifetime of the state, z the

position along the beam axis and T  the target profile. In the 

worst case (at the highest velocity) the correction factor is 0.92 

and 0.73 for HeI(1s3p 1s

)(z

2
) and HeI(1s4p 1s2

) respectively.

v

5.2 He+ – H2 collisions 

We have performed measurements on He
+
 – H2 collisions in 

the 875 eV/amu – 5 keV/amu energy range.  Line emissions from

the levels 1snp with n=2 to n=4 have been observed. We

calibrated our measurements with a He2+
 beam in the same way as 

written in section 4.2. The target gas was cooled by liquid 

nitrogen. We have found the HeI(1s2p 1s
2
) line to be the most



intensive. The line emission cross sections are comparable to the 
ones for the same transition produced in He2+ – H2 collisions 
resulting from double-electron capture. Therefore the effect of 
He+ ions on the cometary photon emission at 58.4 nm may indeed 
be significant. Isler and Nathan3 have studied the VUV spectrum 
of 500 eV He+ – H2 collision. They also observed significant 
emission from the HeI(1s2p→1s2) transition but they did not 
observe the HeI(1snp→1s2) lines with n>2. 

Energy [keV/amu]
0.1 1 10

σ  
[1

0-1
6  c

m
2 ]

0.001

0.01

0.1

1

 
Figure 5.1: Electron capture by He+ colliding on H2. Our results for line 
emission cross sections for HeI(1s2p→1s2) (Ê), HeI(1s3p→1s2) (Ú), 
HeI(1s4p→1s2) ( ), and HeII(2p→1s) (Ê). Line emission cross section for 
HeI(1s3p→1s2)  deduced from measurement by Isler and Nathan3 for 
HeI(1s3p→1s2s)  by using known branching ratios (Û). Excitation cross 
section for HeII(1s→2s) by Shah and Gilbody4 (Á). Total one-electron 
captures: Moran and Conrads5 (‡), Stedeford and Hasted6 (). 
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In our measurements cross sections for the HeI(1s3p 1s2
) and 

HeI(1s4p 1s2
) transitions are 1 and 2 orders of magnitude

smaller than for HeI(1s2p 1s
2
). Isler and Nathan

3
 determined the 

optical transition HeI(1s3p 1s2s) to have a cross section  of 10
-20

cm
2
. Knowing that the branching ratios for the transitions from

the HeI(1s3p) state to the HeI(1s2s)  and HeI(1s
2
) states are 0.023 

and 0.977 respectively (see Figure 4.1), the emission cross 

sections are related by: 

(5.3).023.0/977.0 1s2s1s3p1s1s3p 2

Therefore we are able to make a comparison with their results 

(see Figure 5.1).  Although we have no data for the same energy 

yet the results are similar in magnitude. We also observed line 

emission (however weak) at 30.4 nm, which is due to projectile 

excitation:

.)1()2()1( 222 hHsHeHpHeHsHe (5.4)

Our cross section data for HeII(1s 2p) excitation, although 

larger by a factor of 4, have a very similar tendency as data of 

Shah and Gilbody4
 for HeI(1s 2s) excitation.
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0020 ±0.0011

0026 ±0.0009

0025 ±0.0012

0040 ±0.0020

0028 ±0.0008

1s4p 1s2

- -

-

-

Energy

[keV/amu]

0.875 0.08 ±0.010

1.125 0.14 ±0.008 0.009 ±0.0019

1.5 0.15 ±0.010 0.010 ±0.0014

2 0.21 ±0.011 0.016 ±0.0015 0.

2.5 0.20 ±0.011 0.015 ±0.0011 0.

3 0.0017 ±0.0006 0.22 ±0.012 0.012 ±0.0011 0.

3.75 0.0024 ±0.0005 0.25 ±0.013 0.012 ±0.0014 0.

5 0.0068 ±0.0009 0.24 ±0.013 0.007 ±0.0008 0.

2p 1s 1s2p 1s
2

1s3p 1s
2

-

-

-

-

-

Table 5.2: Line emission cross sections in 10-16 cm2 for He+ colliding on H2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a common systematic error arising 

from the calibration procedure, which is estimated to be 20%.



The total one-electron capture cross sections exceed the sum of 

the line emission cross sections, indicating that capture into the 

ground state and triplet states is very efficient. Indeed in his thesis 

work Lehner7
 has found that capture into the ground state is the 

primary channel. 

5.3 He+ – CO collisions 

For the He
+
 – CO collision system we have only observed 

the HeI(1s2p 1s2
) transition. From the He

+
 – H2 collisions we

now that the other lines are orders of magnitude less intense. The 

calibration was the same as for the He
2+

 – CO collision (see 

section 4.3). The HeI(1s2p 1s
2
) line emission cross sections for 

the collision systems He
+
 – CO and He

+
 – H2 are very similar

while the totals are about 5 times larger for the He
+
 – CO system.

Energy [keV/amu]
0.1 1 10

 [
1
0

-1
6
 c

m
2
]

0.1

1

10

Figure 5.2: Electron capture by He+ colliding on CO. Our results for

HeI(1s2p 1s2) line emission ( ). Total one-electron capture: Moran and

Conrads5 ( ), Coplan and Ogilvie8 ( ), Browning et al.9 ( ).
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±0.05

±0.02

±0.03

±0.02

1s
2Energy

[keV/amu]

0.5 0.22

0.875 0.20

1.25 0.26

2.5 0.32

1s2p

Table 5.3: Line emission cross sections in 10-16 cm2 for He+ colliding on CO. 

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a common systematic error arising 

from the calibration procedure, which is estimated to be 22%.

5.4 He+ – CO2 collisions 

We have observed the line emission of the HeI(1s2p 1s2
),

HeI(1s3p 1s2
), and HeII(2p 1s) transitions in He

+
 – CO2

collisions, but in contrast to the case of a H2 target no 

HeI(1s4p 1s
2
) emission has been observed.
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Figure 5.3: Electron capture by He+ colliding on CO2. Our results for line 

emission cross sections for HeI(1s2p 1s2) ( ), HeI(1s3p 1s2) ( ), and 

HeII(2p 1s) ( ). Total one-electron capture: Moran and Conrads5 ( ), 

Greenwood et al. ( ). 

 



The count rate has been lower for the CO2 target because of the 

lower target density, CO2 has a relatively high freezing point and 

therefore it could not be cooled by liquid nitrogen. Due to the 

lower count rate we could not detect the weak HeI(1s4p 1s
2
)

line.The calibration was the same as for He
2+

 – CO2 collisions 

(see section 4.4). The HeI(1s2p 1s2
) line emission is the most

intensive in this case too. Fragment product lines are present but 

not as strong as for doubly charged helium. The HeI(1s3p 1s2
)

transition has overlap with fragment product lines but a 

contamination of more than 20% is unlikely. The trends for the 

line emission cross sections for this target are generally quite 

similar to the ones for the H2 target. 
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031 ±0.012

046 ±0.011

048 ±0.010

067 ±0.008

060 ±0.012

088 ±0.011

075 ±0.009

098 ±0.010

1s3p 1s
2Energy

[keV/amu]

0.875 0.22 ±0.019 0.

1.125 0.24 ±0.012 0.

1.5 0.26 ±0.010 0.

2 0.023 ±0.008 0.29 ±0.009 0.

2.5 0.027 ±0.014 0.31 ±0.013 0.

3 0.049 ±0.012 0.34 ±0.011 0.

3.75 0.052 ±0.008 0.30 ±0.009 0.

5 0.073 ±0.013 0.32 ±0.010 0.

-

-

2p 1s 1s2p 1s
2

-

Table 5. Line emission cross sections in 10-16 cm2 for He+ colliding on CO2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a common systematic error arising 

from the calibration procedure, which is estimated to be 22%.

5.5 He+ impact on different targets – 
Comparison

Comparing one-electron capture cross sections for He
+

colliding on different targets we conclude that electron capture 

from the heavy molecules (CO, CO2) is generally easier than from

H2. The differences for capture into the 1s2p
1
P state are about a 

factor of 2 (see Figure 5.4). For capture into 1s3p
1
P larger 

differences are observed (see Figure 5.5). It is interesting that for
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CO and CO2 targets cross sections for electron capture into 1s2p
1
P are equal within the statistical uncertainties. This is 

understandable because the ionization potentials of CO and CO2

are almost equal.  

Total electron capture cross sections by far exceed capture 

into 1s2p1
P. While the difference in the case of H2 is a factor of 

10 – 20 for CO and CO2 it is 20 – 50. According to Lehner
7
 one-

electron capture from H2 populates mainly the 1s2
 ground state. 

We expect a similar scenario for the other molecules as well. 

From the reaction windows we can see that capture of the most 

weakly bound electron is not a resonant process (see Figure 5.6). 

The position of the reaction windows is half way between the n=1

and n=2 states. So both of them are populated in non-resonant 

processes, which have small cross section. Triplet states can play 

a significant role as well. For example the 2s 3
S triplet state is 

closer to the center of the reaction windows than the other states 

with n=2. Also two-electron processes should be taken into 

account, especially the process where two electrons become quasi 

molecular during the collision and the weakliest bound is 

recaptured by target, while the second electron is captured by the 

projectile. The corresponding reaction windows are nearly 

resonant with the 1s2
 ground state. It suggests that capture into 1s

2

is the dominant reaction channel. The explanation for the 5 – 10 

times higher total cross sections for the heavy molecules might be 

hidden in the electronic excitation states of the target molecules. 

Capture of the weakest bound electron to the ground state is an 

exothermic process. There is about 10 eV energy left, which is 

usually taken by the ionized target molecule as excitation energy. 

Ionized CO and CO2 molecules have much more densely 

distributed levels than H2
+
, therefore the resonance condition is 

more likely to be met by CO and CO2 than by H2. It is also 

interesting to note that excitation cross sections are much higher 

for CO2 than for H2 (see Figure 5.7). Probably the spatial 

dimensions and the number of target electrons are influencing the 

strength of the excitation process. 
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Figure 5.4: HeI(1s2p 1s2) line emission cross sections for He+ colliding on

different targets: H2 ( ), CO ( ), CO2 ( ).
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Figure 5.5: HeI(1s3p 1s2) line emission cross sections for He+ colliding on

different targets: H2 ( ), CO2 ( ).
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Figure 5.6: Reaction windows for one electron capture by He+: panel a), for the

most weakly bound electron; panel b), for two-electron processes in which the

most weakly bound electron is recaptured by the target and the second one is

captured by the projectile. Targets: H2 ( ), CO (  ), CO2  ( ).
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Figure 5.7: HeII(1s 2p) excitation cross sections for He+ colliding on

different targets: H2 ( ), CO2 ( ).

5.6 Conclusions 

We have obtained line emission cross sections for He
+
 colliding 

on H2, CO, and CO2 target molecules. Line emission of the 

HeI(1s2p 1
P  1s2 1

S) transition (as signature of one electron 

capture) is the most intensive for all cases. It is therefore likely 

that it will affect cometary VUV spectra. Other lines resulting 

from electron capture and excitation such as HeI(1s3p 1s2
),

HeI(1s4p 1s
2
), and HeII(2p 1s), are much less intensive and 

have little contribution. In accordance with other results our 

measurements suggest that capture into the ground state is the 

primary reaction channel.
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6 Astrophysical Implications 

6.1 Introduction  

 Comets were observed throughout the whole human 

history. Their beautiful appearance always attracted the people’s 

attention. They are also interesting from a physical point of view. 

Many of the processes examined in our research play an important 

role in cometary atmospheres. Therefore we performed some 

model calculations partly in order to show our data’s significance.  

First of all let’s start with answering the question: What is 

a comet and what are the main physical processes involved? One 

could consider a comet as a dirty snowball. More precise it is a 

celestial object which has a long, far reaching orbit around the 

Sun and it contains lots of water ice and frozen molecules beside 

other solid constituents: dust and rocks1
. One can only observe a 

comet with bare eyes when it approaches the Sun within several 

Sun-Earth distances. Then the Sun’s radiation heats up the comet 

and the ice starts to sublimate. The sublimated gases expand into 

space without obstacle, for the comet’s gravitational force is very 

weak. It cannot sustain an atmosphere as in the case of big 

planets. That is why the gas molecules can travel far away from 

the comet. About 10 million km distance from the core the gas 

density is still significantly higher than the interplanetary 

background density. The quickly expanding gases carry dust 

particles with them. The dust particles reflect the sunshine. The 

reflected sunshine can be observed from the Earth and the 

observation shows a hazy “coma” around the solid core. The 

radiation pressure then pushes away the dust particles so they 

form a “tail” at the anti-sunward side. The particles’ original 

Keplerian orbit is only little modified by the radiation pressure, so 

the tail points not exactly in the anti-sunward direction but it 

bends towards the inverse of the comet’s velocity vector.  

The Sun emits not only photons but also charged particles 

and they form the so-called “solar wind”. The major constituents 

are protons and electrons but one can find other ionic species as 
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well. The second most abundant ion is He
2+

 and additionally there 

are some heavier species: C, O, N, Ne and Mg in different charge 

states. These ions interact with the cometary molecules. The 

molecules become excited or ionized and the ionized molecules 

are swept away by the solar wind forming an ionic tail pointing 

basically towards the anti-sunward direction. This tail can be very 

bright due to radiative de-excitation processes and often can be 

observed by bare eye too as a second tail next to the dust tail. 

A surprising fact about comets is their X-ray emission. It 

was discovered by the ROSAT satellite2
, and the observed 

intensity was far beyond the most optimistic estimates. This 

puzzled the scientists since comets are very cold objects and 

therefore hot plasma processes cannot be used as an explanation. 

The observations give us some clues about the X-rays’ origin. The 

emission comes from a crescent-shaped region on the sunward 

side indicating that the radiation is related to the sun. According 

to one explanation the radiation is due to absorbed and reemitted 

X-rays coming from the Sun. If the molecular cloud was thick 

enough that the radiation coming from the sun could not penetrate 

into the central region of the comet a crescent-shaped emission 

profile could be expected. Another explanation is that the 

collisions between solar wind ions and cometary molecules result 

in X-ray emission due to charge-exchange processes. The ions 

emit several spectral lines as the electrons captured into highly 

excited states are cascading down to lower lying states. The shape 

of the emission profile can be explained by the ions’ 

neutralization as they pass through the dense regions. The 

neutralized and de-excited ions do not contribute to the X-ray 

emission so the central and anti-sunward regions remain dark in 

X-ray. The magnitudes of known charge-exchange cross sections 

combined with the measured cometary gas production rates 

satisfactorily match to this model. Recently observed line 

emission in cometary X-ray spectra also supports the idea of the 

charge-exchange origin of the cometary X-rays. So today this is 

believed to be the most likely source3
.

 We therefore are interested in the interactions of the most 

abundant ions in the cometary atmospheres, protons, He+
 and 

He
2+

 ions. Their distance dependent fluxes have been calculated 

using charge exchange cross sections. The measurements of 



Giotto spacecraft at its close flyby to comet Halley in 1986
4-11

provide us a comparison for our models. The processes that define 

the fluxes are quite complex. In the following we present a simple

model, which includes the most relevant basic processes. The 

cometary photon emission in the VUV resulting from the spectral 

lines of helium has also been simulated using our line emission

cross sections (see chapter 4 and 5). We compared the results with 

recent VUV and X-ray observations of comet Hyakutake and 

Hale-Bopp.

6.2 Comet – solar wind interaction model

6.2.1 Basic processes

In our model it is assumed that the solar wind ions can 

pass through the cometary atmosphere without changing their 

velocity. The ions move along straight trajectories parallel to the 

comet – Sun axis. As they proceed their charge state changes due 

to collisions with cometary molecules. A He2+
 ion can capture one 

or two electrons simultaneously forming a singly charged ion or 

neutral atom. The singly charged helium can undergo a second 

collision and capture another electron. In a dense atmosphere

eventually all ions become neutralized by single or double step 

processes.

The comet cores mainly emit water molecules. A smaller

but significant amount of carbon monoxide molecules is also 

present but the fractions of other molecular species are negligible. 

For simplicity we regard the atmosphere to have a uniform

constitution of an effective molecule with effective cross sections. 

The gas emission is supposed to be isotropic, therefore the 

molecular density changes inversely squared as a function of the 

distance from the comet core: 

,
4 2

gas

m
vr

Q

(6.1)
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gasvwhere Q is the number of molecules emitted per second and 

is the expansion velocity of the gases. 



6.2.2 The populations of the different charge states 
of ionic helium in a comet atmosphere 

Initially all the helium ions in the solar wind are doubly 

charged. Their flux is decreased by two processes: single- and 

double- electron capture. The decrease is proportional to the local 

gas density and the corresponding cross sections. We can write a 

differential equation for the flux of He
2+

 in analogy to light 

absorption in a medium:

),()()()(
)(

2021 zzzz
dz

zd
IIImIIIm

III (6.2)
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)(z
III )(zmwhere is the flux of HeIII (He2+),  is the number

density of the cometary molecules, 21 and  are the total one- 

and two-electron capture cross sections of HeIII. (6.2) describes 

the flux changes along the ion trajectories, which are parallel to 

the comet – Sun axis. The position along this axis is denoted by z
in such a way that the comet is at 0 position and the Sun is far 

away on the negative side. The gas distribution that the ions “see” 

as they pass through the cometary atmosphere depends on the 

impact parameter (b) with respect to the comet center (see Figure 

6.1). Therefore, for each impact parameter another differential 

equation with another )(zm  has to be solved. 

20

z

nucleus

x

Sun

solar wind

b

Figure 6.1: Overview of the cometary model. A neutral atmosphere is created

around the nucleus by sublimation of the “cometary ice”. The solar wind ions 

enter into the atmosphere and collide with the molecules.



The general solution of (6.2) is: 
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Single-electron capture by HeIII creates a HeII population.  The 

developing HeII population is described by the following 

differential equation: 

),()()()(
)(

1021 zzzz
dz

zd
IImIIIm

II

(6.4)
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where the first term on the right hand side describes the cr

In Figure 6.2 the calculated ion fractions can be seen. (The ion 

eation

of He
+
 ions and the second term describes their destruction by 

neutralization via one-electron capture. Since the ionization cross 

sections are orders of magnitude lower than charge exchange 

cross sections at the relevant energies the ionization processes are 

neglected. The solution, using (6.3) and the condition that initially 

there are no He
+ ions, is: 

z

.
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m
dzz

dzz

II e
e

z
(6.5)

densities and the fluxes are related by: vn /  with v the solar 

wind velocity, so for  constant velocity, fluxes and densities are 

proportional to each other.) As a result of charge exchange, the 

fraction of the initially pure HeIII population becomes smaller

and smaller as the ions penetrate into the comet’s atmosphere.

The HeII charge state is populated from HeIII by charge

exchange, and therefore its population increases initially as more

and more ions from the HeIII population take part in charge 

exchange events. With decreasing HeIII population, the source for 

the HeII population is sooner or later exhausted, and the HeII

population starts to decrease due to charge exchange

neutralization. Finally both of the charge states vanish because all 

the ions become neutralized. The HeII/HeIII ratio takes up a 

certain value, after passage through a high integral atmospheric
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density (i.e. ), which is dependent on the cross sections. 

From (6.3) and (6.5) we get: 
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If is positive the destruction of HeIII is faster

than that of HeII. In this case the HeII dominates the ionic 

population in the end and the ratio becomes infinite. If 

 is negative the ratio approaches a finite value: 

. In this case in the end a mixed population 

develops, in which the relative abundances are determined by the 

cross sections. Comparing the existing cross sectional data, 

 is found to be positive at all relevant energies. 

The dominance of electron capture by HeIII over electron capture 

by HeII is particularly pronounced at high energies, but below 1 

keV/amu the dominance is weak. 

)10

)1020

The trajectory of the Giotto satellite did not follow the 

comet sun axis but had an angle of 73  with it. The situation is 

depicted in Figure 6.3. To compare measurements and 

calculations the ion densities have to be calculated along the 

Giotto’ trajectory. Calculations have to be performed for the 

different solar wind trajectories that the Giotto crossed. The 

comparison between measurements and calculation can be seen in 

Figure 6.4. In the calculation the HeIII density is normalized to 

0.2 cm
-3

 at infinity, which was measured by the Giotto probe 

1.2 10
6
 km far from the core just outside of the bow shock. The 

general trends of the measurement and calculation are similar, but 

in some regions deviations are found. The increase of HeIII 

density between 5 105 and 106 km can not be understood by this 

simple model since charge exchange can only decrease the HeIII

population. The measurements might be affected by solar wind 

fluctuations. However, in such a short period a factor of 8 

increase of the solar wind density, which would explain this 

anomalous behaviour, is unlikely. It is more likely that this 

increase is due to piling of the ions. As the solar wind is 



decelerated during its interaction with the cometary atmosphere

the decelerated ions accumulate increasing the ion density locally. 

-10 -8 -6 -4 -2

Distance 10
5
km

0.2

0.4

0.6

0.8

1
e
v
i
t
a
l
e
R

s
e
i
t
i
s
n
e
D

0

Figure 6.2: The calculated relative densities of the different charge states of

helium (black line: HeIII, grey line: HeII) on the comet – Sun axis. The

parameters are fitted to those of comet Halley by the time of observation of

Giotto spacecraft. (Q=7 1029 mol/s, gas expansion velocity: 1 km/s, solar wind

velocity: 250 km/s)
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Figure 6.3: The Giotto’s path in the atmosphere of comet Halley.
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Figure 6.4: Ion densities in comet Halley atmosphere. Measurements of the 

Giotto spacecraft4: He2+ ( ), He+ ( ). Our calculations: He2+ (black line), He+ 

(grey line).  On the horizontal scale at the bottom the time of the observation is 

depicted on the top the distances from the nucleus are noted.    

 

In Figure 6.5 the relative density of HeII compared to the 

total density of ionic helium (HeII+HeIII) can be seen. The HeII 

ions represent the “charge-exchanged” portion of the helium 

minus the neutral helium, which’s fraction was not measured. The 

measurements show that the conversion of HeIII into HeII 

happens faster than our model indicates. Up to the magnetic pile-

up boundary (2 10
5
 km from the nucleus) the measurements and 

calculations are close to each other.  Further downstream an 

abrupt increase of the fraction of HeII is observed strongly 

deviating from the calculations. One possible explanation is that 

the ions’ trajectories curl up in the stronger magnetic field thereby 

dramatically increasing the effective path length of the ions. 
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Figure 6.5: HeII/(HeII+HeIII) density ratio in comet Halley atmosphere.

Measurement by Giotto: ( ). Our calculation (black curve). 
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From our calculations and the measured cross section data 

it is expected that at shorter distances to the nucleus HeII 

dominates over HeIII  and therefore HeII/(HeII+HeIII) becomes

one. Those regions start below 10
4
 km from the nucleus and were 

not reached by Giotto spacecraft. Accordingly the measured ratio 

was always less than one. 

6.2.3 Spectral line emission of comets 

Recently, a lot of data becomes available about cometary

X-ray and VUV emission as the number of satellite-based 

observations is increasing day by day. The VUV spectral lines of 

helium are prominently present in the observed spectra. With our 

line emission cross sections it is possible to predict the production 

rate of the different lines of helium in comets. Helium is a 

relatively simple atom with only three charge states, therefore it is 

relatively simple to follow its dynamics in the cometary

atmospheres as we have seen in the previous section. We have 
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calculated photon emissions at 30.4 nm (HeII(2p 1s)) and 58.4 

nm (HeI(1s2p 1s2
)) for comet Hyakutake and Hale-Bopp and for 

comparison we used the EUVE observations by Krasnopolsky et 

al.
12,13

.

The emission at 30.4 nm is the result of single electron 

capture by He
2+

. The strength of the photon emission for a certain 

point of the comet’s atmosphere is given by the following: 

).()()( 124.30 rrr IIImspnmS (6.7)
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sp 12

(6.7) gives us the number of photons emitted around r per unit 

volume and time, the so-called source function.  is the line 

emission cross section for the 30.4 nm HeII(2p 1s) transition 

resulting from single-electron capture by He
2+

. We used the CO 

data (see chapter 4 HeII(2p 1s) transition), which are assumably

close to the effective cross section for the cometary gas mixture.

The flux of HeIII ( ) is based on the previous calculation 

(see Eq. (6.3)), in which only the z dependency is given, but the 

result can be easily generalized to the 3D case. Since the 

trajectories are parallel with respect to the z-axis the x and y

dimensions enter as constant parameters into the calculation via 

the density 

)(rIII

),,( zyxm)(m r

,,(( zyxm

. So we only have to do 

the )')'z m replacement in (6.3). The source 

function for 58.4 nm can be obtained in a similar manner. A 

photon at 58.4 nm is emitted subsequently after a He
2+

 ion 

captures two electrons into the HeI (1s2p) 
1
P state. Those He

2+

ions that capture only one electron, forming He+ ions, can capture 

subsequently another electron and thus they can contribute to the 

emission at 58.4 nm too. Therefore we need the line emission

cross sections for He
+
 ions too (presented in chapter 5). The 

source function for 58.4 nm is given by: 

.)()()()()( 22 1211214.58 rrrrr IImspssecIIImspsdecnmS (6.8)

The abbreviations sec and dec denote single- and double-electron 

capture respectively. Integrating the source functions over space 

the overall photon emission can be obtained. For the observations 

usually some apertures are used which limit the space from where 



photons are collected. The angle of observation usually does not 

coincide with the comet-Sun axis. This has also an influence on 

the observed area. In the calculations we have taken this into 

account and the source functions were integrated over a 

cylindrical volume with a radius equal to the observation’s 

aperture, which was centered at the comet’s nucleus, and the 

cylinder axis was matched to the line of observation. The absolute 

photon intensities are primarily determined by the gas production 

rate and  the Sun-comet distance. These were measured at the 

time of the observation, and the measured values have been used 

for the calculations. The solar wind’s He
2+

 density was assumed

to be 0.2 cm
-3

 at 1 astronomic unit (A.U.) for both comets. It 

changes inversely squared as a function of the distance from the 

sun. This was also taken into consideration. The observational 

details and the measured luminosities are summarized in Table 

6.1.
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 (photon/s)

58.4 nm

1.2 10
26

1 10
24

Luminosity

Comet Q(s
-1

) D(A.U.) rap(km) 30.4 nm

Hale-Bopp 6 10
29 3.07 2.5 10

5 19° 7 10
25

Hyakutake 2 10
29 1.07 1 10

5 50° 7.3 10
24

Table 6.1: Observational details and measured luminosities of comets12,13. Q is 

the gas production rate, D is the heliocentric distance, rap is the radius of the

observational aperture,  is the angle of observation with respect to the Sun-

comet axis. 

For comet Hale-Bopp the emission line at 58.4 nm has been 

detected. The emission line at 30.4 nm was too faint to be 

detected. For the luminosity therefore only a 2  upper limit could 

be given. For comet Hyakutake the situation is vice versa, here a 

1  upper limit is given for the 58.4 nm line. We compare our 

calculations with the observations in Figure 6.6. The solar wind 

velocities were unknown at the time of the observations and 

therefore we used various values for the calculations. Typical 

solar wind velocities are in the range of 200-400 km/s for slow 

solar wind and 1000 km/s for fast solar wind. Neither of the 

observations fit perfectly to the calculations. For comet Hale-

Bopp the measured values are approximately an order of 
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Figure 6.6: Calculated and measured luminosities for comet Hale-Bopp and 

Hyakutake. The calculations were performed for several solar wind velocities, 

Hale-Bopp ( ), Hyakutake ( ). 

 

The intensity ratio between the two lines is largely 

independent on the solar wind density, but it is very much 

dependent on the solar wind velocity. It is therefore expedient to 

compare the measured and calculated intensity ratios and deduce 

the solar wind velocities (see Figure 6.7). 
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magnitude higher than the calculated ones while for Hyakutake 

they are an order of magnitude lower. The solar wind density can 

easily vary an order of magnitude on a daily basis. Since it was 

not known at the time of the observations and the luminosities are 

strongly dependent on it, there are rather large uncertainties in the 

calculations. On the other hand this implies that the luminosities 

can be used to determine solar wind densities. 
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Figure 6.7: Calculated intensity ratios of the 30.4 nm and 58.4 nm line

emissions of comets as the function of solar wind velocity. The results almost

coincide for comet Hale-Bopp and Hyakutake. The measured ratios (0.58, 7.3) 

indicate that the solar wind velocities were about 220 and 500 km/s in the case

of Hale-Bopp and Hyakutake respectively.

The 30.4 nm /58.4 nm line intensity ratio shows a very steep 

velocity dependence. The results are almost identical for Hale-

Bopp and Hyakutake, even though the cometary parameters are 

quite different for the two cases. This indicates that the intensity 

ratio is primarily defined by the solar wind velocity. Using for

comet Hale-Bopp the given upper limit for luminosity at 30.4 nm

(see Table 6.1), we determine a maximal intensity ratio of 0.58. 

From this we can conclude an upper limit of 220 km/s for the 

solar wind velocity, which is a typical value for slow solar winds. 

For comet Hyakutake a lower limit of 500 km/s can be obtained 

from the data presented in Table 6.1. This is close to the upper 

limit for slow solar wind.
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6.3 Conlusions 

As it is obvious from our model, cometary VUV emission 

can be interpreted as the result of charge-exchange between solar 

wind ions and cometary molecules. First we have calculated the 

densities of the different charge states of helium. We have 

compared the results with the measurements on comet Halley. 

The general behavior has been found to be similar, but in some 

regions deviations occur. The relative abundance of He
+ ions 

compared to He2+ is increasing towards the nucleus due to charge-

exchange.  Up to the magnetic pile-up boundary the calculated 

relative abundances agree well with the measured ones. Based on 

the calculated densities the photon emission for the HeII(2p 1s)

and HeI(1s2p 1s
2
) lines have been calculated for different solar 

wind velocities. The observed luminosities for comet Hale-Bopp 

and Hyakutake differ by about an order of magnitude from the 

calculated ones. These deviations can be due to fluctuations in the 

solar wind density. In the calculations the relative intensity of the 

two lines appears to be independent of the cometary and solar 

wind parameters except for the solar wind velocity. This indicates 

that the HeII(2p 1s)/ HeI(1s2p 1s
2
) line intensity ratio can be 

used for solar wind velocimetry. The solar wind velocities 

determined on the basis of the observed line intensity ratios for 

comet Hale-Bopp and Hyakutake, are typical for slow solar wind.  

The obtained results may improve by adding to the model some 

extra features, which would lead to too lengthy discussions, as the 

cometary gas composition, the solar wind deceleration by pick up 

ions, and the deviations from straight-line trajectories.  
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7 Summary and Outlook 

In 1996, the X-ray satellite ROSAT observed strong X-ray 

emission from comet Hyakutake that was unexpected because 

comets are cold objects. Thereafter, many more comets were 

discovered in the (soft)-X-ray and it became clear that energetic 

emission is a general feature of comets. By now, the most widely

accepted scenario is that the emission results from electron 

transfer between highly-charged solar wind ions and neutrals in 

the out flowing cometary gas. At solar wind velocities, electron 

transfer dominates the interaction of multiply charged ions with

neutral gas. These charge-transfer processes are such a strong 

source of energetic photons because mainly excited states are 

populated, which subsequently decay through photon emission.

This series of processes can be described as follows: 
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(7.1)
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q
Awhere  denotes a projectile ion, which may be a solar wind

ion, B denotes a target molecule or atom, for example a molecule

in the comet atmosphere,  denotes the kinetic energy change 

due to the collision and represents the emitted photon. The 

projectile captures a certain number (s) of electrons from the 

target. The captured electrons usually end up in an excited state, 

which subsequently decay via photon emission. This implies the 

presence of emission lines in the cometary spectra. The EUVE 

satellite has discovered helium lines in the spectra of different

comets. The observed He (1s2p 1s
2
) 58.4 nm and He

+
 (2p 1s)

30.4 nm lines are generally ascribed to electron charge exchange 

between He
2+

 ions in the solar wind and neutral cometary species. 

E

h

In this thesis the above-mentioned processes are studied in 

the laboratory. Using photon emission spectroscopy we are able 

to obtain state selective information about charge exchange 

processes, which are important not only for astrophysical 

applications but also for thermonuclear fusion research and for 
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testing existing theories. Photon emission spectroscopy can be 

used as a diagnostic tool for monitoring temperatures and 

densities of thermonuclear fusion plasmas. For this, accurate state 

selective charge exchange cross section data are necessary. 

Theories often differ from each other, especially at the low (few 

eV) energy regime, which is important for fusion research and for 

many astrophysical applications. Experimental data therefore are 

in strong demand.  

 Our experimental apparatus is described in chapter 2.  We 

used a VUV spectrometer, which enables us to efficiently resolve 

the different spectral lines resulting from the reactions described 

in (7.1), from which state selective charge exchange cross 

sections can be determined. The ions for our experiment are 

provided by an electron cyclotron resonance ion source. In order 

to obtain data at astrophysical relevant energies the ions have to 

be decelerated from their initial energy of a few keV to energies 

as low as a few eV. We used a radio frequency octopole ion guide 

to control the increasing radial divergences of the ion beam 

caused by the deceleration. 

In chapter 3 we briefly introduce the theory of radio 

frequency multipoles and present our calculations concerning the 

ion density distribution and the ion motion in our octopole device. 

These calculations give us more insight to control our experiment. 

It is found that space charge forces have a major influence on 

beam divergences at low beam energies. The calculations show 

that it is possible to perform measurements with low energy 

beams (down to few eV) in our apparatus, when certain criteria 

are fulfilled for the radio frequency voltage applied onto the 

ocotopole.

In chapter 4 we present our experimental data on He2+ ions

colliding on molecules of H2, CO and CO2. In the observed 

spectra the emission lines of the He
+
 (2p 1s) and He (1s2p 1s

2
)

transitions appeared to be the most intensive. They are a signature 

of single and double electron capture respectively. In accordance 

with theoretical models and earlier experiments the dominance of 

single-electron capture over double-electron capture swaps to 

dominance of double-electron capture at low energies. 

Differences between the energy dependencies of single-electron 

capture cross sections of the different targets can be qualitatively 

explained by the over-the-barrier model.  



123

In chapter 5 results for He+
colliding on molecules of H2,

CO and CO2 are presented. Emission from the He (1s2p 1s2)

transition resulting from single-electron capture has been found to 

be the most intensive for all the targets. He
+
 ions are created in 

cometary comas from He
2+

 by single electron capture. From our 

cross sectional data it is obvious that He
+
 ions are likely to give a 

significant contribution to cometary VUV emission.  

We developed a simple model for comet – solar wind 

interactions, which is presented in chapter 6. First the populations 

of He
+
 and He

2+
 solar wind ions are calculated as they penetrate 

into a cometary atmosphere. The relative fraction of He
+
 to He

2+

is increasing due to charge exchange processes. The calculations 

are compared to ion densities in the comet Halley atmosphere, 

which have been measured by the Giotto spacecraft. The 

tendencies are very similar, but in certain regions discrepancies 

are found.

 Based on the calculated ion densities and our cross 

sectional data the luminosity of comets Hale-Bopp and Hyakutake 

for the He
+
 (2p 1s) and He (1s2p 1s

2
) transitions are calculated 

and compared to the observations. The deviations that are found 

between observations and calculations may be attributed to 

fluctuations in the solar wind density. In the calculations the He
+

(2p 1s) / He (1s2p 1s2) line emission ratio is found to be 

primarily dependent on the solar wind velocity. Comparing the 

observed line emission ratios with the calculated ones the solar 

wind velocities can be determined. The obtained velocities are 

typical for slow solar winds. 

As conclusions we can state that our measurements provide 

excellent data for cometary modeling. We measured the energy 

dependency of line emission cross sections over a wide energy 

range (50 eV – 10 keV). As an advantage of our experimental 

method the obtained (relative) energy dependences do not depend 

on absolute calibration procedures. The investigated collision 

systems and energies are specially of importance for comet – solar 

wind interactions. Our line emission cross sections are directly 

usable for modeling cometary VUV emission, which we have 

demonstrated through our model calculations. We found that line 

emission ratios can be used as a solar wind velocity probe.  
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In future experiments other targets such as water, hydroxyl 

and atomic oxygen, may be used to provide a data set, with which 

our cometary model can be further refined. Water is the most 

abundant species in the cometary ice, but due to the sun’s UV 

radiation it decays fast to hydroxyl and subsequently to atomic 

oxygen, which therefore dominates the outer regions of cometary 

atmospheres. The demand for data on atomic oxygen is therefore 

high. Theoretical calculations can be implemented much easier 

for atomic than for molecular targets, although standard one-

electron approximations might be inaccurate as oxygen has four 

equivalent outer shell electrons. Experiments on atomic oxygen 

could provide the necessary benchmark for theories. However it is 

also not unlikely that ionization potentials of targets determine 

one-electron capture cross sections primarily and their molecular 

and electronic structures play only a minor role. This tendency 

was observed for many molecules and for atomic hydrogen. 

Generalizing it to other atomic targets however would require 

more experimental proof.  

On the other hand using heavier projectiles the emission of 

other solar wind ions (for example O7+
) can be studied. There is a 

challenge in the cometary modeling here since the ions’ charge 

state is gradually decreasing due to charge exchange as they 

penetrate into the cometary atmosphere. This leads to complicated 

emission spectra, to which all charge states are contributing. 

However these spectra contain valuable information on solar wind 

composition and intensity. 
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A Atomic Units

Atomic units are based on typical dimensions of the hydrogen 

atom. The length is the classical radius of the hydrogen electron 

orbital in the 1s ground state. The velocity is the classical 

hydrogen ground state electron velocity and time is given by the 

ratio of length and velocity. Charge is the charge of the electron, 

mass is its mass and energy is the sum of kinetic and potential 

energy of the hydrogen 1s electron (=2 13.604 eV). 

atomic unit symbol value SI unit 

 length a0   5.2918 10
-11 m

 velocity c   2.1877 10
6 m/s

 time a0( c)
-1   2.4188 10

-17 s

 charge e   1.6022 10
-19 C

 mass me   9.1095 10
-31 kg

 energy E0=m( c)
2   4.3593 10

-18 J

 angular momentum   1.0546 10
-34 Js

Table A.1: Conversion of atomic units into SI units.
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B Nederlandse samenvatting

In 1996 nam de satelliet ROSAT sterke röntgenstraling 

waar van komeet Hyakutake, iets wat onverwacht was daar 

kometen koude objecten zijn. Sindsdien zijn er nog veel meer

kometen ontdekt in het röntgengebied en het werd duidelijk dat 

hoogenergetische emissie een algemene eigenschap is van 

kometen. Tegenwoordig is het meest geaccepteerde scenario dat 

deze emissie resulteert uit ladingsoverdracht tussen hooggeladen, 

zware zonnewindionen en neutrale deeltjes in het uit de 

komeetkern stromende gas. Bij snelheden typisch voor de 

zonnewind domineert elektronoverdracht de interaktie tussen 

meervoudiggeladen ionen en neutrale gassen. Deze 

ladingsoverdrachtsprocessen zijn een sterke bron van 

hoogenergetische fotonen omdat voornamelijk aangeslagen 

toestanden bevolkt worden, welke vervolgens vervallen onder 

uitzending van een foton. 

Deze ladingsoverdrachtreacties kunnen als volgt 

beschreven worden: 
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waar A
q+

 staat voor een ionenprojectiel, bijvoorbeeld een 

zonnewindion, waar B staat voor het molekulaire- of atomaire

doelwit, bijvoorbeeld een molecuul in de atmosfeer van een 

komeet, waar E staat voor de verandering in kinetische energie 

ten gevolge van de botsing, en waar h  het uitgezonden foton 

voorstelt. Het projectiel vangt een zeker aantal elektronen (s) weg

van het doelwit. De weggevangen elektronen komen meestal

terecht in een aangeslagen toestand, welke vervolgens vervalt 

middels uitzending van een foton. 

Dit impliceert de aanwezigheid van emissielijnen in 

kometaire spectra. De EUVE satelliet heeft heliumlijnen in de 

spectra van verscheidene kometen ontdekt. De waargenomen He 

(1s2p 1s
2
) en He

+
 (2p 1s) lijnen bij respectievelijk 58.4 en 

30.4 nm, worden toegeschreven aan elektronenoverdracht tussen 
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He2+
 ionen, afkomstig uit de zonnewind en neutrale kometaire 

stoffen. 

In ons werk worden de bovenstaande processen 

bestudeerd in het laboratorium. Met behulp van 

fotonenemissiespectroscopie zijn we in staat toestandsspecifieke 

informatie over ladingsoverdrachtsprocessen te verkrijgen. Deze 

informatie is niet alleen belangrijk voor astrofysische 

toepassingen maar ook voor onderzoek naar thermonucleaire fusie 

en voor het toetsen van theoretische modellen. 

Fotonenemissiespectroscopie kan gebruikt worden als 

diagnostisch hulpmiddel voor het volgen van temperaturen en 

dichtheden van thermonucleaire fusieplasma’s, waarvoor 

nauwkeurige, toestandsspecifieke werkzame doorsnedes voor 

ladingsoverdracht noodzakelijk zijn. Theoretische modellen 

verschillen vaak  onderling, met name voor lagere 

botsingsenergieën  (een aantal eV). Dit is juist het gebied dat 

relevant is voor fusieonderzoek en voor vele toepassingen in de 

astrofysica.

Onze experimentele opstelling is beschreven in hoofdstuk 

2. We hebben een vacuüm-ultraviolet (VUV) spectrometer 

gebruikt, die ons in staat stelt de verschillende spectraallijnen, die 

resulteren uit ladingsoverdracht te onderscheiden. Hiermee 

kunnen toestandsspecifieke werkzame doorsnedes voor 

ladingsoverdracht bepaald worden. De ionen voor ons experiment 

worden geleverd door een Elektron Cyclotron Resonantie (ECR) 

ionenbron. Om data te verkrijgen voor energieën  die relevant zijn 

voor de astrofysica, moeten de ionen vertraagd worden van hun 

oorspronkelijk energie, een aantal keV, naar energieën  van 

slechts enkele eV’s. Om de toenemende radiële divergentie van de 

ionenbundel tengevolge van het afremmen van de ionen te sturen, 

hebben we een Radio Frequency Octopole ionengeleider gebruikt. 

In hoofdstuk 3 wordt kort de theorie van RF-multipolen 

beschreven en presenteren we onze berekeningen met betrekking 

tot dichtheidsverdeling en beweging van ionen in onze octopool. 

Deze berekeningen geven ons meer inzicht in het sturen van ons 

experiment. Het blijkt dat bij laag energetische bundels krachten 

tengevolge van ruimtelading een zeer grote invoed hebben op de 

bundeldivergentie. De berekeningen tonen aan dat het toch 

mogelijk is te meten aan langzame ionen, mits de radiofrequente 
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spanning die aangeboden wordt aan de octopool voldoet aan een 

aantal criteria.

In hoofdstuk 4 presenteren we onze experimentele data 

voor botsingen tussen He2+
 en de moleculen H2, CO en CO2. In de 

waargenomen spectra blijken de emissielijnen behorend bij de 

He
+

(2p 1s) en de He (1s2p 1s
2
) transities het meest intens te 

zijn. Deze lijnen ontstaan tengevolge van respectievelijk enkel- en 

tweevoudige elektroneninvangst Bij lagere energieën  neemt 

tweevoudige elektroneninvangst de dominante rol over van 

ladingsoverdracht van één elektron; dit is in overeenstemming 

met theoretische modellen en eerder experimenteel werk. 

Verschillen in de relatie tussen snelheid en  werkzame doorsnedes 

voor enkelvoudige elektronenoverdracht van de verschillende 

doelwitmoleculen kunnen kwalitatief begrepen worden met 

behulp van het ‘Over-the-Barrier’ model. 

In hoofdstuk 5 worden resultaten voor botsingen tussen 

He
+
 en de moleculen H2, CO en CO2 gepresenteerd. He

+
 ionen 

ontstaan in kometaire coma’s wanneer He
2+

 een elektron invangt. 

Uit de werkzame doorsnedes die wij gevonden hebben, blijkt dat 

He
+
 ionen hoogstwaarschijnlijk een significante bijdrage leveren 

aan de VUV-emissie van kometen. 

Een simpel model dat de interactie tussen komeet en 

zonnewind beschrijft wordt gepresenteerd in hoofdstuk 6. Eerst 

worden de populaties van He
+ en He2+ ionen, die een kometaire 

atmosfeer binnendringen, berekend. De verhouding tussen de 

abundanties van He
+
 en He

2+
 neemt toe door het proces van 

ladingsoverdracht. De berekeningen zijn vergeleken met direct 

waargenomen ionendichtheden in de atmosfeer van komeet 

Halley. Hoewel het gedrag in het algemeen goed vergelijkbaar is, 

treden er in bepaalde gebieden discrepanties op. Door de 

gevonden ionendichtheid te combineren met de door ons gemeten 

werkzame doorsnedes is het lichtgevend vermogen van de 

kometen Hale-Bopp en Hyakutake berekend en deze vermogens 

zijn vervolgens vergeleken met waarnemingen. Uit de simulaties 

volgt dat de verhouding tussen de He
+

(2p 1s) en He (1s2p 1s
2
)

emissielijnen primair afhankelijk is van de snelheid van de 

zonnewind. Door de waargenomen verhouding tussen deze 

emissielijnen te vergelijken met de berekende verhouding kunnen 

zonnewindsnelheden bepaald worden. De snelheden die hier voor 

de kometen Hale-Bopp en Hyakutake gevonden zijn, zijn typisch 
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voor de langzame zonnewind. Verschillen tussen waarneming en 

berekende vermogens kunnen waarschijnlijk toegeschreven 

worden aan fluktuaties in de dichtheid van de zonnewind. 

Concluderend kan gesteld worden dat onze metingen 

uitstekende data leveren voor kometaire modellen. We hebben de 

afhankelijkheid van werkzame doorsnedes voor emissielijnen 

onderzocht voor een groot aantal energieën  (50 eV-10 keV). Een 

voordeel van onze experimentele methode is dat de verkregen 

(relatieve) relaties tussen energie en intensiteit niet afhangen van 

de ijkprocedures. De botsingssystemen die we onderzocht hebben 

zijn bij uitstek van belang voor interakties tussen kometen en de 

zonnewind. De resultaten zijn direkt toepasbaar in het modelleren 

van VUV-emissie door kometen, zoals we hebben 

gedemonstreerd met modelberekeningen. We hebben gevonden 

dat verhoudingen tussen emissielijnen gebruikt kunnen worden 

als een natuurlijk snelheidssonde in de zonnewind. 

In de toekomst zijn experimenten met andere 

doelwitmoleculen, zoals water, hydroxyl en atomair zuurstof aan 

te bevelen, om ons kometaire model verder te verfijnen. Water is 

het meest voorkomende element in het ijs van een komeet, maar 

onder invloed van zonlicht worden de watermoleculen snel 

afgebroken, eerst naar hydroxyl en vervolgens naar atomair zuur- 

en waterstof. Deze laatste elementen domineren hierdoor de 

buitenste regionen van de kometaire atmosfeer, en data voor 

atomair zuurstof zijn dan ook zeer nodig. Theoretische 

berekeningen kunnen makkelijker verricht worden voor atomair 

zuurstof dan voor moleculaire doelwitten. Standaard één-

elektronbenaderingen voldoen hiervoor misschien niet, omdat 

zuurstof vier equivalente elektronen in de buitenste schil heeft. 

Het is niet onwaarschijnlijk dat werkzame doorsnedes voor één-

elektronoverdracht in de eerste plaats bepaald worden door de 

ionisatiepotentiaal van het doelwit en dat de elektronenstruktuur 

slechts een bescheiden rol speelt. Dit gedrag is waargenomen in 

het geval van een groot aantal molekulen en atomair waterstof. 

Om echter een generalisatie naar andere atomaire doelwitten te 

kunnen maken, is meer experimenteel bewijs vereist. 

Ten slotte kan de fotonenemissie van zwaardere ionen 

tegen het licht gehouden worden, zoals bijvoorbeeld voor O7+
. Dit 

is een uitdaging voor ons model, omdat door elektroneninvangst 

de lading van dit soort ionen in de kometaire atmosfeer 
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stapsgewijs afneemt, wat leidt tot gecompliceerde emissiespectra. 

Kometaire röntgenspectra zijn dan ook een rijke bron van 

informatie over zowel de intensiteit als de samenstelling van de 

zonnewind.
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C Stellingen 

behorende bij het proefschrift 

Charge Exchange Processes 

That Make Comets Radiate 

1. Astrophysical modeling is hampered more by difficulties 

in realizing what the essential processes are rather than by 

the lack of accurate cross sectional data. 

2. The magneto-hydrodynamic description of the interaction 

between comet and solar wind is irrelevant for the 

understanding of X-ray emission from the comet. 
(Gombosi et al., Earth, Moon and Planets 79, 179-207 (1997)) 

3. The claim that the effects of fast electrons exerted on 

atoms can be regarded as the equivalent of the effects of 

synchrotron radiation or laser pulses neglects essential 

differences between the corresponding electric fields. 
              (Van der Wiel et al., J. Phys. B: Atom. Molec. Phys., 9, L5 (1976)) 

4. Experimental research gains more from computer based 

calculations than from instinct and intuition.  

5. Slow ions are appropriate tools for studying the spin 

ordering of solid surfaces.

6. Theories alternative to special relativity will only provide 

some more proof to it. 

7. Space missions are essential for the promotion of science. 

8. From a purely scientific point of view manned space 

missions are of little value. 



136

9. The idea of a “dual speed” model for the EU is 

incompatible with the idea of a United Europe. 

10. The inclusion of underlining the values of Greco-Roman 

philosophy and Judo-Christian traditions into the EU’s 

constitution could be misused to introduce discrimination 

into the EU and restriction of thought and religious 

freedom. 

11. A foundation for fundamental research loses its base of 

existence if it does not give the highest priority to 

fundamental research. 
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