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Chapter 11

Summary and outlook

In this thesis an experimental study of electron capture and ionization processes in keV col-
lisions between (multiply charged) ions and atoms has been presented. These processes play
an important role in man-made and astrophysical plasmas. From a more fundamental point
of view, although the understanding and theoretical modelling of one-electron capture from
one-electron targets is rather well established, the knowledge of multi-electron processes is
basically lacking.

The experiments were carried out with the novel technique of MOTRIMS, which com-
bines recoil-ion momentum spectroscopy (RIMS) with a magneto-optical trap (MOT). By
measuring the minute recoil momentum of the target after the removal of one or more elec-
trons detailed information about the capture and ionization processes can be obtained. The
transverse component of the recoil momentum is linked to the projectile scattering angle
while the longitudinal component reflects the energy gain or loss (Q-value) of the reaction
processes. Therefore the recoil momenta give access to both the final state distribution and
the impact parameter dependencies of the final state population. Because the initial momen-
tum spread of the target atoms should be smaller than the typical recoil momenta cold targets
have to be used. In the MOTRIMS scheme this is provided by means of laser cooling and
trapping. In our MOTRIMS experiment Na atoms are cooled down to temperatures around
200 µK and trapped to serve as a target. The collision systems under investigation included
H+, He2+, C6+ and O6+ ions colliding on ground state Na(3s) and excited state Na∗(3p) at
collision energies in the range of1−25keV/amu.

During this thesis research period our MOTRIMS setup has been improved to achieve
better resolution and obtain state-selective information. The drift region was extended and
an electrostatic lens system added after the extraction region, leading to a higher resolution
image of the recoil ions. A further important development was the switching of the anti-
Helmholtz magnetic field of the MOT. This is of key importance because the trajectories of
the recoil ions flying towards the detector are disturbed by the inhomogeneous magnetic field.
For the further development of MOTRIMS into full Reaction Microscopy, in which besides
the recoil ions also the momenta of the emitted electrons are measured, the possibility to
switch off the inhomogeneous magnetic field is inevitable.

A Na+ recoil momentum resolution of 0.1 a.u., corresponding to 5 m/s, has been achieved
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which allowed us to resolve many final states and to observe differences in the scattering angle
distributions. Recently, a momentum resolution of 0.07 a.u. (3 m/s) was achieved, which is
limited by fringe fields and not by the initial momentum spread of the Na atoms (0.01 a.u.).

As a first step towards measurements on aligned Na∗(3p) we have studied one electron
capture from unpolarized excited Na∗(3p) exploiting the fact that the MOT contains a frac-
tion of excited atoms (15-20%). For experiments on ground state Na(3s) the laser light of the
MOT is switched off during the interaction time otherwise the recoil spectra contain contri-
butions from collisions on Na(3s) and Na∗(3p). By properly subtracting these measurements
one obtains spectra resulting from only Na∗(3p).

A large part of this experimental study has been done in close collaboration with theo-
retical groups, which have carried out classical trajectory Monte Carlo (CTMC) and close
coupling two-center basis generator method (TC-BGM) calculations, respectively. CTMC is
a well-established method which relies on the classical calculation of the trajectories of all
particles, i.e., projectile ion, target nucleus and electrons, taking into account the (screened)
Coulomb interactions between them. Close-coupling is based on the expansion of the time de-
pendent wavefunction on a finite basis set of states. Within the large family of close-coupling
schemes TC-BGM is rather new. By including dynamically adapted states a better descrip-
tion of the wavefunction during the collision can be achieved, leading to a more complete
representation of the wavefunction than in traditional close coupling schemes.

For one-electron processes the investigated collision energy range covers the transition
from capture to ionization dominated interactions. Also the changeover from capture domi-
nated by the population of only one projectilen-shell to transfer into manyn-shells is char-
acteristic for this range. From the measured longitudinal momenta accurate partial cross sec-
tions could be extracted and our data have served as test cases for CTMC and TC-BGM cal-
culations. In general good agreement between MOTRIMS data and calculations was found.
Especially the comparison between experiment and TC-BGM for O6+ impact on Na(3s) and
Na∗(3p) shows that TC-BGM can deal with capture into highn-shells (n = 7−10), which
is usually rather difficult for close-coupling schemes. A comparison of the different colli-
sion systems shows that scaling properties of the final projectilen-distribution are reasonably
well-described by the classical over-barrier model. This might be surprising because such
classical predictions are usually only valid for capture by highly charged ions. However, cap-
ture of loosely bound electrons occurs always in highly-excited states, even for ions in low
charge states, and this is a key assumption of the classical model.

The transverse momentum can provide additional information on the impact parameter
dependencies. As an example, by comparing the transverse momentum distributions for cap-
ture into He+(n = 3) and He+(n = 4) in He2++Na(3s) collisions, it was found that with
increasing collision energy the effective impact parameters become smaller for then = 3
channel, but stay the same for then = 4 channel. This may explain the relative increase of
then = 4 channel compared to then = 3 channel with increasing energy.

Single ionization cross sections for both ground and excited state Na have been measured.
The ratio between single ionization and one-electron capture increases exponentially with
collision energy and shows a clear scalable behavior with projectile charge state and initial
binding energy. Furthermore, the influence of the projectile charge state, velocity and initial
target state on the emitted electron momenta could be investigated and ionization mechanisms
identified. Note that this is the first experimental study on single ionization of (excited) alkali
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target atoms in the capture dominated energy range.
Multi-electron capture from ground state Na(3s) has been addressed by measuring the re-

coil spectra of multiply charged Na recoil ions. Multi-electron capture is quite weak because
the electrons in the2p-shell the Na are much stronger bound than the3s-valence electron.
The amount of Na2+ recoils is found to be at most 5% of that of the Na+ recoils.

In He2++Na(3s) collisions the Na2+ spectra show that in two-electron removal is dom-
inated by transfer ionization. Double capture populates mostly the singly excited He(1snl)
states. A smaller fraction of double capture leads to doubly excited He(nn′) (n,n′ ≥2), which
decays mostly by autoionization. The creation of Na3+results from double capture of two
inner-shell electrons into the helium ground state, and the emission of the outer-shell elec-
tron. The Na3+ recoils are not left in their ground state, but in one of the low-lying excited
singlet tern, which is a clear sign of spin conservation.

The Q-value spectra of the Na2+ recoils created in O6++Na(3s) collisions show two
groups of two-electron capture channels, namely3l3l ′ and 3ln′l ′ (n′ ≥ 6). Because their
transverse momentum spectrum are very different, distinct population mechanisms could be
ascribed to each of the two channels. The population of3ln′l ′ (n′ ≥ 6) states is explained by
two successive monoelectronic transitions via strong single capture channels, while transfer
to the3l3l ′ occurs in a single dielectronic transition.

One of the most remarkable findings is the direct observation in the Na+ recoil spectrum
of pure one-electron capture from the2p-shell by H+. In conjunction with TC-BGM cal-
culations it provided the first direct evidence of charge transfer being dominated by capture
of a 2p inner-shel. Two inner-shell capture processes could be distinguished, namely those
leaving the outer-shell electron either in the3s state or exciting it to3p. The relative intensi-
ties of these processes revealed the transition from multi-electron dynamics at low energy to
inner-shell capture without active outer-shell participation at high energy.

As a first essential step to research on aligned and oriented Na∗(3p) target atoms it is
shown that contributions from Na(3s) and Na∗(3p) can be separated. Using polarized excited
target atoms one can investigate the role of the “shape” of the initial atomic state in charge
transfer processes. In this way one can study capture and ionization processes on an even
deeper level. Previous studies indicate a strong influence of target alignment or orientation.
As an example, in collisions on aligned Na∗(3p) opposite preferences for parallel or perpen-
dicular alignment have been found for He2+ and O6+ projectiles. These studies were limited
to mainly one or a few capture channels and no impact parameter sensitive information were
obtained. A more complete picture could be obtained by our MOTRIMS experiment. Be-
cause in a MOT the excited atoms are unpolarized, a different excitation scheme has to be
used. Two additional counterpropagating resonant laser beams excite the atoms in the MOT
just before the arrival of the projectile ion, while the MOT trapping light is turned off. In
this way a fraction of the atoms can be excited by linearly or circularly polarized light, re-
sulting in an alignment or orientation with respect to the projectile axis. Recoil-ion momen-
tum spectroscopy has not yet been applied to polarized targets, but with the development of
MOTRIMS this seems to be within reach.






