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4
Experiment

For more than two decades, fusion research has been a strong incentive to study charge
transfer reactions. The discovery of solar wind charge exchange emission in cometary

atmospheres triggered great interest in astrophysically relevant collision systems, i.e. at-
mospheric gases such as H2O, CO and CO2. More recently, the experimental focus has
shifted to even more complex biologically relevant molecules and clusters, with the aim of
understanding ion induced radiation damage (see e.g. Alvarado et al., 2005; Schlathölter
et al., 2006).

State selective electron capture processes can be studied by different techniques, and
each of them particular advantages. A rough distinction between applied methods would
be along the observed reaction product:

• Photons: Photon Emission Spectroscopy (PES) is the method used in this thesis. It
allows for the measurement of state selective cross sections by detection of the pho-
tons that are emitted subsequent to the charge exchange reaction (Hoekstra et al.,
1991; Lubinski et al., 2001). The advantage of this method is its high resolution, al-
lowing for resolving the population of different 
-states. However, electron capture
into the ground state cannot be observed, and the calibration of the spectrometers
used is not trivial.

• Projectile: Translational Energy Spectroscopy (TES) is a method that uses the kinetic
energy that the projectile gains or looses in the charge exchange reaction. The for-
ward scattering energy change corresponds to the difference in electronic binding
energy before and after the interaction. The TES technique allows to distinguish dif-
ferent reaction channels such as dissociative and non-dissociative electron capture
(Kearns et al., 2002; Kamber et al., 2002). Charge exchange reactions leading to neu-
tralization of the incident projectile cannot be observed.

• Target (fragments): Recoil Ion Momentum Spectroscopy (RIMS) is based on mea-
surement of the momenta of the ionized target. In principle, this technique allows
to completely resolve the collision dynamics of collision systems so that differential
cross sections can be obtained. At the KVI, this technique is used in combination
with a magneto-optical trap (see e.g. Turkstra et al., 2001; Knoop et al., 2005).
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28 Experiment

Figure 4.1: Schematic drawing of the ECRIS at the KVI-atomic physics group. Neutral gas is let in on
the left, and is ionized by electrons heated by an RF field. The ions are extracted to the right.

4.1 ECRIS

The experiments described in this thesis were done in the Atomic Physics group, at the
KVI-University of Groningen. In the Atomic Physics group, a number of experimental set
ups share an Electron Cyclotron Resonance Ion Source (ECRIS – Drentje, 1985), which pro-
duces the highly charged ion beams used for the study of the interaction of highly charged
ions with various physical systems.

In an ECRIS, a plasma is confined by a magnetic trap, at the KVI consisting of a ra-
dial field from a permanent hexapole magnet and a longitudinal field from two coils (see
Fig. 4.1). Electrons gyrate around the magnetic field lines with a cyclotron frequency ωc

and are heated by applying a resonant radio frequency field, approximately 14 GHz. Elec-
tron impact driving the ionization of the gas injected into the ECRIS and high charge states
are achieved by repeated electron collisions. The maximum charge available is limited by
the increasing amount of energy required to strip ions any further and by recombination
processes.

The entire ECRIS is floating on high voltage (3 – 24 kV), and ions are extracted using a
puller lens, to which a negative potential can be applied to enhance the extraction of low
energy or low charge state ions.

After the ions are extracted from the source, they are selected by a 110◦ bending magnet
according to their mass per charge ratio m/q . The selected ions are then guided through a
beam line by means of three sets of quadrupole triplet magnets, until a final 45◦ bending
magnet is used to bend the ion beam into the experimental set up.
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Figure 4.2: The AGORA set up. In the top of the photo, the main beam line and 45◦ magnet are just
visible. The ion beam then enters the main reaction chamber, where it is decelerated and focussed
by ion optics. The EUV spectrometer is placed on the right (only partly visible), and the gas inlet is
completely mounted on the top flange, that was removed here.

4.2 AGORA Experiment

The Photon Emission Spectroscopy (PES) studies described in this thesis are done with the
AGORA set up. A sketch of the AGORA set up is shown in Fig. 4.2. Ions from the ECRIS are
guided into a large, cylindrical reaction chamber, where they cross a supersonic gas jet let
in by a nozzle. The collision center of these two beams is observed by a EUV spectrometer
that can be equipped with different gratings, according to the spectroscopic needs of the
collision system of interest.

The reaction chamber and beam line are differentially pumped to ensure single col-
lision conditions, and the back ground vacuum was kept around 10−6 mbar during the
experiments. The nozzle was movable up and down, and in the direction perpendicular to
the beam, allowing for optimization of the overlap and hence the resulting photon yield.
By moving the nozzle perpendicularly through the ion beam, we were able to estimate the
width of the gas jet at its crossing with the ions to be 3.5 mm FWHM. For the targets, com-
mercially available pure gases were used. The water vapor target was prepared specifically
to avoid contamination by gases dissolved in the water. A reservoir filled with demineral-
ized water was repeatedly cooled with liquid nitrogen and pumped; in this way the water
vapor contains much less than 1% of air molecules (Alvarado et al., 2005). The pressure
of the in streaming gas was controlled with a needle valve, and monitored by an absolute
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Figure 4.3: Simulation of the ion guiding into the AGORA set up. The ions, entering from the left,
are focussed and decelerated by a set of three electrostatic lenses. The ions then cross the gas jet,
injected by a nozzle that is kept on the same high potential as the lens it is embedded in. The beam
current is monitored by a Faraday cup (on the right). A typical configuration is shown, where He2+
ions extracted with 6 kV from the ECRIS are decelerated to 200 V.

pressure head. During the course of a day of experiments, the gas pressure was usually
stable within a few percent. For water, this was slightly worse and the system required
heating to 50◦ C to prevent pressure instabilities due to condensation.

After a first set of experiments (Chapter 5), the set up was equipped with additional
ion optics to enable collision energies below the ECRIS’ minimal energy (3q keV). This
allowed for velocity depend collision studies in the full range of velocities relevant to the
interaction between comets and the solar wind. A schematic outline of the ion optics,
including a simulated ion beam is shown in Fig. 4.3. The lens system enabled deceleration
down to approximately 200 V. At lower voltages, the ion beam would blow up and not all
ions would be captured in the Faraday cup.

4.2.1 EUV Spectrometer

In the collisions between highly charged ions and target molecules, electrons are captured
quasi-resonantly into excited states of the ions. The relaxation of these states goes along
with the emission of one or more photons, which in our experiment were observed with
an EUV spectrometer. The EUV spectrometer used here was a grazing incidence spectrom-
eter, sensitive in the 5 – 84 nm band. Light incident on a gold coated grating is projected
onto a Rowland circle with a radius of 1.5 m. By using different gratings, various angles
of incidence and certain entrance slit widths the resolution as well as the bandwidth of
the instrument can be varied. For the helium experiments, a 600 G/mm grating was used,
for the other experiments a 1200 G/mm grating. A position sensitive micro channel plate
detector could be moved along the Rowland circle and allows for the simultaneous de-
tection of lines within approximately 10 – 20 nm (for the 1200- and 600 G/mm grating,
respectively).

The spectrometer was positioned at the ‘magic angle’ of 54.7◦ with respect to the the
ion beam. At this angle, there is no influence of the possible anisotropy due to polariza-
tion effects in the radiation. To avoid effects due to different sensitivities to parallel and
perpendicular polarized light, the spectrometer was tilted around the observation axis in
such a way that the entrance slit is inclined under 45◦.

The sensitivity of the spectrometer was determined by comparison of various charge
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Figure 4.4: Wavelength dependent response function of the EUV spectrometer, equipped with the
1200 G/mm grating. The jumps in the sensitivity are the result of different positions of the micro
channel plate. N5+ + H2 - �, ♦, grey and black �. O6+ + H2 - •, white and grey �. He2+ + H2 -
�. The resulting calibration is normalized to the sensitivity at 30.4 nm and estimated to be accurate
within 15%. Lines are drawn to guide the eye.

exchange reactions of which absolute cross sections are known. Emission cross sections
were deduced from photon yields by using the following relation:

σem = A ·S(λ)
q

Q
N (4.1)

where S(λ) is the spectrometer’s wavelength dependent response, q is the charge state of
the incoming ion, Q is the accumulated charge over which is integrated, N is the photon
yield. A includes all parameters that are kept constant during our experiments, amongst
which the target density, and is found by calibrating via known cross sections.

For the helium experiments described in Chapter 5, only the instrument’s sensitivity
to the HeI and HeII emission was of importance. This sensitivity was obtained by calibra-
tion via He2+ + H2 cross sections (Hoekstra et al., 1991). For the other experiments in this
thesis, the 1200 G/mm grating was used, and the interpretation of these spectra required a
more extensive calibration of the spectrometer. This calibration involved collisions be-
tween various ions and H2, with well known emission cross sections (Dijkkamp et al.,
1985). The resulting sensitivity is shown in Fig. 4.4. The different jumps in the sensitiv-
ity are the result of different positions of the micro channel plate. The resulting calibration
is estimated to be accurate within 15%.






