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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). 
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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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,
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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:

E

)(

.
)(

1

)(),(

)(4
)(

L

em
dzznQ

qe

EVPvF

S
(2.4)

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:

K

)(

.
)(

)(
)(

Q

qe

K

S
em (2.5)

K

)(

 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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w
e
d

A
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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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