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Chapter 1

Introduction

1.1 General introduction

In contrast to stationary phenomena the theoretical description of dynamics of
many-body systems at the microscopic level faces large problems due to its com-
plexity. More experimental data is necessary as a benchmark for theory. One
example of such a dynamic many-body system is scattering of highly charged ions
on atomic targets, where various processes can take place: The incoming ion can
ionize or excite the target atom or capture one or more of the atom’s electrons.
The cross sections for these various processes depend on the properties of the
projectile and the target as well as on the collision energy.

Electron capture, also called electron transfer or charge exchange, plays an
important role in understanding all plasma environments containing atoms and
(highly) charged ions. In laboratory plasma confined in so-called tokamaks emis-
sion of photons after the electron transfer or excitation can be used to probe the
properties of the plasma [1–3].

Electron capture in collisions of ions with atoms also occurs in astro-physical
plasma environments. For example, highly charged ions present in the solar wind
interact with cometary and planetary atmospheres leading to electron capture
[4–6]. From the subsequent X-ray emission properties of the atmospheres and the
solar wind can be deduced, e.g. the speed and composition of the solar wind [7,8].

Considering only one-electron processes in collisions of a q-fold charged ion
Aq+ with an atom B the processes of electron transfer and ionization can be
written as follows

Aq+ + B(n0, l0,m0) → A(q−1)+(n, l,m) + B+, electron capture, (1.1)

Aq+ + B(n0, l0,m0) → Aq+ + B+ + e−, ionization, (1.2)

where (n0, l0,m0) and (n, l,m) are the respective sets of quantum numbers be-
fore and after the collision, with the principal quantum number n, the angular

1



2 Introduction

Figure 1.1: Energy dependence of total cross sections for one-electron processes
in He2+ + Na(3s) collisions. Capture: recommended experimental data as de-
fined in reference [9] (�), Dubois [10] (•) and theory by Shingal et al. [11] (—).
Excitation: Schlatmann et al. [12] (�), Dehong et al. [13] (◦) (both Na(3p→ 3s)
emission cross sections) and theory by Jain and Winter [14] (– –). Ionization:
Knoop et al. [15] (experiment) (H), Dubois [10] (N) and Knoop et al. [15] (the-
ory) (· · · ). The classical orbital velocity ve of the 3s electron corresponds to a
collision energy of 9.4 keV/amu.

momentum quantum number l and the magnetic quantum number m. The cross
sections for these processes depend strongly on the collision energy. A simple
estimate of the relative significance of the competing processes can be obtained
by comparing the target electron’s classical angular velocity ve with the projectile
velocity vp. As for charge-changing collisions, target ionization dominates at high
collision energies (vp � ve), while at low energies (vp � ve) electron capture is
the most likely process. At low collision energies electron capture is very selective
with respect to the electron’s final state. This changes in the intermediate energy
region vp ≈ ve where electron transfer leads to population of many final states.
Furthermore, the ionization cross section shows a marked increase. The dynamics
of electron transfer and ionization in ion-atom collisions in this energy region is
the topic of this thesis.
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Figure 1.2: The technique of recoil ion momentum spectroscopy is based on
precisely measuring the recoil’s momentum after the collision. This example
depicts a collision of a q-fold charged projectile Aq+ with a Na target at an impact
parameter b leading to transfer of one electron. From the recoil momentum
components longitudinal and transverse to the projectile’s flight direction the
final state of the electron in the projectile and the projectile’s scattering angle θ
are obtained, respectively.

A third possible process in ion-atom collisions is target excitation

Aq+ + B(n0, l0,m0) → Aq+ + B∗(n, l,m), excitation, (1.3)

where the target electron is promoted into a higher bound state of the target. In
contrast to electron capture and ionization target excitation does not change the
charge states of target and projectile. At collision energies of vp ≈ ve and higher
target excitation can be as significant a process as electron capture and ionization.
As an example of the energy dependence of one-electron capture, ionization and
target excitation cross sections are shown in figure 1.1 for the well-studied collision
system He2+ + Na(3s).

The general process involving capture and ionization of multiple electrons can
be written as follows

Aq+ + B→ A(q−r)+ + B(r+s)+ + se−, (1.4)

where r of the atom’s electrons are captured by the projectile and s of the atom’s
electrons are emitted into the continuum. The description of multi-electron pro-
cesses in ion-atom collisions still poses a challenge for theory [16].

For a detailed understanding of the dynamics of electron transfer processes
it is necessary to determine cross sections that are differential in both the final
states of the electrons as well as the scattering angle of the projectile. In the
last two decades a new technique has been developed that is based upon pre-
cisely measuring the momentum distribution of the recoil ions with a detection
solid angle of almost 4π. This method, coined recoil ion momentum spectroscopy
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Figure 1.3: Photograph of a cloud of a few million ultracold Na atoms trapped
in a magneto-optical trap, which has been used as a target for the experiments
presented in this work.

(RIMS), marked an important step forward in atomic collision physics [17,18]. It
has overcome the limitations of previous experimental approaches and has made
it possible to investigate the dynamics in atomic collision experiments in great
detail. It can be applied to a variety of atomic collision systems that result in
the creation of charged particles and thus also to electron transfer and ionization
in ion-atom collisions. From the three-dimensional momentum distribution of the
recoil ions all relevant information can be deduced: The Q-value, i.e. the total
change of binding energies of the electrons, which provides information on the final
states of the electrons and the projectile scattering angle. The great advantage of
RIMS is that all information can be obtained simultaneously.

Since the momenta transferred during charge changing collisions are very small
it is necessary to cool the target to take advantage of the momentum resolution
achievable with the RIMS technique. Usually this is done by using supersonic
gas jet targets and a large variety of experiments have been performed in this
way [19–21]. However, the choices of atomic targets that can be used in supersonic
gas jets are limited to light noble gases (He, Ne, Ar). Also, only the lightest
targets can be cooled sufficiently and for the heavier targets the temperature
limits the momentum resolution due to the target’s initial momentum distribution.
Therefore, most electron capture transfer experiments with an atomic target have
been performed with He.

In 2001 first experiments on electron capture using a combination of RIMS
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with a magneto-optically trapped target have been reported independently by
three groups [22–24]. Cooling and trapping of atoms in a magneto-optical trap
(MOT) [25] has been a major development in atomic physics. It was first intro-
duced in 1987 and is widely utilized today. By applying near-resonant laser light
in combination with a magnetic field atoms can be cooled down to temperatures
of the order of 100 µK. This corresponds to an initial momentum distribution
of the target of about 0.01 a.u. Thus, unlike in the case of supersonic gas jets,
the initial target momentum is not the resolution-limiting factor. A variety of
elements can be stored in a magneto-optical trap and ultra-low temperatures can
be achieved for all of them, i.e. also for heavy, many-electron atoms. Therefore,
using a magneto-optical trap to cool the target atoms is an extension and im-
provement over experiments with supersonic gas jets. It also provides a new tool
to study the properties of ultracold atoms [26]. Furthermore, magneto-optically
trapped atoms can be prepared in either ground or excited state to investigate
the effect of the initial electron binding energy on the collision dynamics. The
combination of using a magneto-optical trap to cool and trap the target atoms
and recoil ion momentum spectroscopy has been termed MOTRIMS.

A photograph of the ultracold Na atom cloud which has served as the target
for the collision experiments presented in this thesis is shown in figure 1.3. Using
such an ultracold alkali target proves to be advantageous due to the alkali shell
structure, i.e. one single valence electron and much stronger bound inner shell
electrons. Since atomic hydrogen is very difficult to handle experimentally, such
quasi one-electron systems have proved to be important test objects for theoretical
descriptions of the dynamics of ion-atoms collisions.

1.2 Outline

This thesis presents a study of electron transfer and ionization processes in col-
lisions of highly charged ions (N5+, O6+ and Ne8+) with ground state Na(3s)
and excited state Na(3p) targets in the collision energy range between 1 and 10
keV/amu. At the lower energies electron transfer is the dominant process while
ionization sets in above a collision energy larger than the classical orbit velocity
of the valence electron, which corresponds to 9.4 keV/amu for Na(3s) and 5.6
keV/amu for Na(3p). He-like highly charged ions have been chosen as projectiles
as they are easily produced in high intensities in comparison to fully stripped ions
with the same charge. The experimental data is compared with classical trajec-
tory Monte Carlo calculations performed by Sebastian Otranto (Bah́ıa Blanca,
Argentina) and Ron Olson (Rolla, USA).

The outline of this thesis reads as follows: Chapter 2 introduces the experimen-
tal techniques and describes the experimental setup used to obtain the data. Short
summaries of the classical over-the-barrier and the classical trajectory Monte
Carlo models are given in chapter 3. State-selective energy-dependent electron
transfer and ionization cross sections in collisions of N5+ and Ne8+ with ground
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state Na(3s) and excited state Na(3p) are presented in chapter 4. The following
chapter discusses angular differential cross sections of electron transfer processes
in collisions of N5+, O6+ and Ne8+ with Na(3s) (chapter 5). Chapter 6 presents
energy-dependent cross sections of double electron capture in collisions of O6+

with Na(3s). Finally, a summary and outlook are given in chapter 7.



Chapter 2

Experimental setup

2.1 Introduction

To gain insight into the dynamical processes occurring in collisions of highly
charged ions with atoms it is necessary to obtain state-selective electron transfer
and ionization cross sections and projectile angular distributions. In this work,
this has been accomplished by precisely measuring the final momentum of the re-
coil ion. This technique, usually referred to as recoil ion momentum spectroscopy
(RIMS) [19], has an advantage over traditional scattering experiments, which rely
on measuring the final projectile momentum, due to its superior resolution. How-
ever, a very cold target is required so that the initial target momentum distribution
does not blur the measurement of the final momentum distribution caused by the
interaction between the projectile and the target. In the experiments described
in this work the cold target has been provided by magneto-optically trapped Na
atoms.

In the following the underlying principles of the experimental techniques and
their realization are discussed. A more detailed review of the experimental setup
has been given in reference [9], only the main features are addressed here.

2.2 Principles of laser-cooling and trapping

The experimental results presented in this work have been obtained with a target
provided by a laser-cooled and magneto-optically trapped Na atom sample. The
principle of laser cooling is based on the fact that photons carry momentum that
can be transferred to atoms via photo-absorption and emission. Considering a
simple two-level model of an atom with the resonance frequency ω0 moving in
a laser beam of frequency ωL the total detuning from resonance is ∆ = ωL −
ω0 − ~k · ~v due to the Doppler shift ωD = −~k · ~v where velocity ~v is the atom’s
velocity in the laboratory frame and ~k is the photon’s wave vector. If the laser

7
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Figure 2.1: Acceleration of a Na atom in the combined field of two red-detuned
counterpropagating laser beams with a power of 20 mW/cm2 each (solid line)
and the accelerations from the two individual counterpropagating laser beams
(dashed lines) as a function of the atom’s velocity. The total acceleration shows
a linear dependence for small velocities.

is red-detuned to the atom’s resonance frequency, i.e. ωL < ω0, the atom will
preferably absorb light that hits opposite to the atom’s moving direction. Thus
the net force experienced by the atom is in the direction of the laser beam. For
low laser intensities, as assumed in the following, the excited atom decays via
isotropic spontaneous emission and thus on average the atom is pushed against
its moving direction. Although absorption of one photon transfers only a very
small momentum of |~~k| to the atom, when exciting a strong enough transition,
even at low intensities the atom undergoes about 107 absorption-emission cycles
per second, so that it is slowed considerably.

Figure 2.1 shows the acceleration experienced by a Na atom moving in the
field of two red-detuned counterpropagating laser beams. For small velocities the
force on an atom moving in such a field depends linearly on the atom’s veloc-
ity and is effectively a viscous damping force. Using three pairs of red-detuned
counterpropagating laser beams from orthogonal directions atoms moving in any
direction can be slowed down. Since the force on the atom in such a configura-
tion is similar to the force on a particle moving through syrup it has been coined
‘optical molasses’.

In a configuration of three counterpropagating laser beams the atoms are
cooled but not trapped since the light force is not position dependent. A po-
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Figure 2.2: Spatial dependence of the energy levels of the Zeeman substates
due to a linear magnetic field for the transition F = 0 → F ′ = 1.

sition dependence can be introduced by an inhomogeneous magnetic field. It is
most conveniently created by using a pair of anti-Helmholtz coils which produce a
quadrupole magnetic field that is approximately linear in the center. In the follow-
ing the principle of magneto-optical trapping is described in one dimension, but it
is valid in the three-dimensional case just as well. As a consequence of the mag-
netic field B = B(z) = Az the atom’s degenerate Zeeman substates experience an
energy shift which depends linearly on the position of the atom. Therefore, the
total laser frequency detuning ∆± = ωL−ω0∓~k ·~v±µ′B(z)/~ for each laser beam,
where µ′ = (g′mF ′ − gmF )µB is the effective magnetic moment of the respective
transition, depends linearly on the atom’s position. Figure 2.2 shows the energy
shifts of the Zeeman substates for the simple case of a F = 0 → F ′ = 1 transi-
tion, though this scheme works for any F → F ′ = F + 1 transition. As shown
in figure 2.2 at position z′ the mF ′ = +1 Zeeman substate experiences a positive
energy shift while the energy shift of the mF ′ = −1 substate is negative. Thus
the detuning of the ∆mF = −1 transition decreases, while the detuning of the
∆mF = +1 transition increases. By shining in σ−-polarized light from the right
and σ+-polarized light from the left atoms at position z′ mainly scatter the σ−

light coming from the right and are thus pushed to the center where the magnetic
field is zero. On the other side (z < 0) dominantly σ+ light is scattered since the
energy shifts are reversed. Thus atoms are always pushed to the position where
the magnetic field is zero. This way, utilizing both the Doppler and the Zeeman
effect, atoms can be trapped inside a small volume at ultra low temperatures of
the order of 100 µK. A scheme of the circularly polarized cooling beams and the
magnetic field in three dimensions is shown in figure 2.3.
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Figure 2.3: Three-dimensional scheme of a magneto-optical trap: three pairs of
counterpropagating red-detuned circularly polarized (σ+/σ−) laser beams slow
the atoms and a pair anti-Helmholtz coils produces an inhomogeneous field which
provides for the spatial dependence of the optical damping force.

2.3 Na magneto-optical trap

In this work the atomic target is provided by magneto-optically trapped 23Na
atoms which are cooled using the D2 line of Na 3s 2S1/2 → 3p 2P3/2. Since the
nuclear spin of this Na isotope is I = 3/2 the 32S1/2 ground state splits into two
hyperfine sublevels F = 1 and F = 2 and the excited state 32P3/2 splits into four
hyperfine sublevels F ′ = 0, 1, 2 and 3. The energy level scheme is shown in figure
2.4. The cooling beam is 20 MHz red-detuned to the F = 2 → F ′ = 3 transition.
Due to the small energy level splitting of the excited state and the finite line width
of the cooling laser atoms can also be excited to the F ′ = 2 state. From this state
the atoms can decay to the F = 1 ground state and are thus lost to the cooling
cycle. In order to bring these atoms back into the cooling cycle a second laser
frequency, the so-called repumper, is needed which is resonant to the F = 1 →
F ′ = 2 transition. Due to the degeneracy of the magnetic substates statistically
3/8 of the atoms are initially in the F = 1 state and the repumper also brings
these atoms into the cooling cycle.

All necessary laser beams are provided by a single-frequency ring dye laser
(Model 380D, Spectra-Physics) [27] which is pumped by a solid state cw laser
(Millennia Vs, Spectra-Physics). A Rhodamine 6G dye solution which is contin-
uously pumped through a nozzle serves as the gain medium. The pump laser
is operated at intensities between 4.0 W and 4.5 W which leads to an output
power of the ring dye laser of 300 to 400 mW at 589.6 nm, i.e. the D2 line of
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Figure 2.4: Hyperfine level splitting of the D2 line of Na. The cooling laser is
20 MHz red-detuned to the F = 2 → F ′ = 3 transition. The repumper brings
atoms from the F = 1 ground state to the F ′ = 2 excited state and thus back to
the cooling cycle.

Na. The main part of the beam passes an electro-optical modulator (EOM, New
Focus 4420) which creates radio frequency sidebands of 1720 MHz on the laser
frequency. An EOM operates on the principle that phase modulation of light
results in the creation of frequency sidebands. The +1 order, shifted 1720 MHz
to the blue, is used as the repump beam, while the 0 order is used as the pump
beam. Usually 10-20% of the intensity are in the repump beam and 60-80% in
the pump beam.

For the operation of a magneto-optical trap the laser frequency has to be
stable within the MHz range. For a rough frequency stabilization 1% of the beam
intensity is split off from the main beam using a beam splitter and fed into the
Stabilok locking system (Spectra Physics model 388 and controller) where the
laser frequency is locked to interference fringes of a set of two Fabry-Perot etalons
with different free spectral ranges (10 GHz and 500 MHz). This method can
keep the laser frequency drift at less than 50 MHz per hour. For an absolute
frequency reference and more steady frequency control a Doppler-free saturation
spectroscopy setup with a Na vapor cell is used to lock the laser about 80 MHz
red-detuned to the F = 2 → F ′ = 3 transition [28].

The laser system is located in a separate, air-conditioned room to protect it
from temperature changes and air drafts, which can lead to instabilities in fre-
quency and power. After passing the EOM the beam is coupled into a 10 m long



12 Experimental setup

Figure 2.5: Laser frequency scheme: The initial laser frequency is 80 MHz
red-detuned to the F = 2 → F ′ = 3 transition. The +1 order of the AOM shifts
the laser frequency by 60 MHz so that the cooling frequency is red-detuned by
20 MHz to the atom resonance.

polarization-maintaining glass-fiber cable with 50% transmission. The beam is
coupled out on the optical table surrounding the vacuum system containing the
MOT and passes one acousto-optical modulator (AOM, Isomet 1205C-2). The
principle of an AOM is Bragg scattering of light on an acoustic wave propagat-
ing through an optically nonlinear crystal creating spatially separated frequency
sidebands. The laser beams necessary for MOT operation are provided by the +1
order of the AOM, so that the resulting cooling beam is 20 MHz red-detuned to
the F = 2 → F ′ = 3 transition, cf. figure 2.5. That way all MOT beams can
be switched on and off very quickly providing either a Na(3s) ground state target
(laser off) or a mixed target of ground state Na(3s) and excited state Na*(3p)
(laser on).

After the AOM the laser beam passes a polarizing beam splitter cube which en-
sures that the beam is initially linearly polarized. Afterwards the beam diameter
is enlarged by an expander to 2 cm and then split into three beams. Quarter-wave
plates provide for the appropriate circular polarization of the beams before enter-
ing the vacuum chamber. After crossing the chamber the beams each pass another
quarter-wave plate and are retroreflected by mirrors. By passing the quarter-wave
plate a second time the circular polarization is reversed to meet the conditions
for the six trapping beams for MOT operation.

The magnetic quadrupole field is created by water cooled anti-Helmholtz coils
with 20 windings. Applying a current of 80 A leads to a magnetic field gradient of
30 G/cm. Two pairs of Helmholtz coils are used as steering coils (18 windings, max
2 A) to move the MOT cloud orthogonally to the projectile ion beam direction
over a range of about 2 mm to optimize the overlap with the projectile beam.

The Na atoms are provided by an oven [29] which is heated to 190◦C. Under
working conditions the pressure in the vacuum chamber is of the order of 10−9

mbar. The MOT cloud typically consists of 106 atoms in a volume of 1-5 mm3 [9].
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Figure 2.6: Schematic of the Electron Cyclotron Resonance Ion Source (ECRIS)
at the KVI. Multiply charged ions are created by electron impact ionization in a
plasma confined by a magnetic field.

The temperature of the trapped atom sample has been measured using the release
and recapture technique [30] by S. Knoop [9]. The obtained value of 176±68 µK
corresponds to an initial momentum distribution of the trapped atoms of 0.01 a.u.

2.4 Electron cyclotron resonance ion source

The projectile ion beam is provided by a home-built 14 GHz Electron Cyclotron
Resonance Ion Source (ECRIS) [31]. A schematic of the ECRIS is shown in figure
2.6. A combination of a permanent hexapole magnet and two solenoid coils forms
a magnetic bottle which confines a plasma of hot electrons and cold ions. The
electrons spin around the magnetic field with their cyclotron resonance frequency
ωc = eB/me. By applying a radio-frequency (RF) field electrons gain energy
at magnetic fields where the cyclotron frequency equals the RF. The ECRIS is
operated at an RF of 14 GHz which corresponds to a magnetic field of 0.5 T.
Multiply charged ions are created by sequential electron impact ionization.

The source can be floated up to a voltage of 26 kV which defines the energy
of the projectile ions. After the extraction of the ions by a movable puller lens a
110◦ magnet is used to select ions according to their mass-to-charge ratio. The
ions are transported through a beam line by magnetic quadrupoles. The beam
line is maintained at 10−7 mbar to avoid significant beam loss. Using 45◦ bending
magnets the ions can be deflected into several experimental setups.

In front of the MOTRIMS setup the beam is focused by two additional mag-
netic quadrupoles and passes four diaphragms. The first diaphragm with a diam-
eter of 2 mm is placed 81 cm before the collision center. The last diaphragm with
a diameter of 1 mm is placed 20 cm from collision center. The final diameter of
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the projectile beam at the position of the MOT cloud is estimated to be about
1.8 mm [32]. A beam chopper in the form of a plate capacitor is in place between
the first and second diaphragm so the beam can be pulsed if required. A block
pulse can be applied to one of the capacitor plates of the chopper so that the ion
beam is swept across the second diaphragm creating a pulsed beam.

2.5 Recoil ion momentum spectroscopy

In traditional scattering experiments the final projectile scattering angle is mea-
sured directly which limits the achievable scattering angle resolution to 0.1 mrad
due to the finite collimation of the projectile beam. In many experiments, how-
ever, such as charge changing ion-atom collisions, the final scattering angles are
just of this order of magnitude. To solve this problem a novel technique has been
developed at the end of the 1980s which made it possible to obtain the projectile’s
scattering angle with a very high resolution. A historical overview can be found in
references [17,19,20]. The key is to circumvent measuring the projectile scattering
angle directly by measuring the momentum of the recoil ion. The idea is to map
the complete three-dimensional recoil ion momentum distribution at once, using
a two-dimensional position-sensitive detector while simultaneously obtaining the
recoils’ time of flight, hence the name recoil ion momentum spectroscopy (RIMS).
To fully utilize the improved resolution it is necessary that the target’s initial
velocity distribution is very narrow. One possibility to produce a cold target is
using supersonic gas jets where a gas at high pressure passes a small nozzle so
that it is accelerated to supersonic speed while losing internal energy. This results
in a beam target with a small momentum distribution. For a He gas jet an initial
momentum distribution of 0.06 a.u has been achieved for the momentum perpen-
dicular to the jet’s direction which corresponds to a temperature of 0.1 K [33].
The combination of RIMS with a supersonic jet target is known as COLTRIMS
(cold target recoil ions momentum spectroscopy) [18]. The COLTRIMS technique
has been used to investigate many kinds of ionizing processes, such as the inter-
action of single photons with atoms and molecules, single and multiple ionization
in intense laser fields, electron impact ionization and ion-atom collisions in the
collision energy range from keV to GeV 1 [19]. Reviews covering the various
experiments performed with COLTRIMS can be found in references [20] and [21].

However, when using supersonic gas jets extremely low temperatures in the
sub-Kelvin range can only be reached for light noble gas targets such as He,
Ne and Ar. At higher target temperatures the target’s initial momentum dis-
tribution is the resolution limiting factor. By providing the target atoms in a
magneto-optical trap (MOT) the range of possible target atoms can be increased
significantly. Principally, all atoms that have optically active electrons can be
trapped, for example alkali and alkaline earth metal atoms. The temperature of

1A formula for conversion of the projectile’s kinetic energy to its speed in m/s is given in the
appendix.
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an atomic sample in a MOT is typically of the order of magnitude of 100 µK which
corresponds to an initial momentum distribution of about 0.01 a.u. In current
experiments using magneto-optically trapped targets the resolution is limited by
the spatial and temporal resolution of the detector and not the initial momentum
distribution of the target. The combination of magneto-optically trapping of the
target and recoil ion momentum spectroscopy has been named MOTRIMS.

The first experiment to feature the MOTRIMS technique was presented in
1997 by Helm and Wolf [34–36] where recoil momenta of photoionized Rb+ ions
have been determined by time of flight measurements with a resolution of 0.05
a.u. In 2001 three different groups have independently presented first experiments
on collisions of ions with magneto-optically trapped atoms: Van der Poel et al.
used a Na MOT target to study Fraunhofer diffraction in Li+ + Na collisions [22],
Fléchard et al. utilized a Rb MOT to investigate one-electron capture processes
in Cs+ + Rb collisions [24] and Turkstra et al. used a Na MOT to study multi-
electron capture in O6+ + Na collisions [23].

Measuring the recoil ion momentum distributions provides all necessary infor-
mation on the collision process. In the following subscripts e, T and P indicate
measurands of the electrons emitted into the continuum, the target and the pro-
jectile, while superscripts i and f denote values before and after the collision,
respectively. Taking into account electron capture and ionization, momentum
conservation gives

Pi
P + Pi

T = Pf
P + Pf

T +

s∑
j=1

Pf
ej , (2.1)

where s is the number of electrons emitted into the continuum. This equation
can be split in components longitudinal and transverse to the incident ion beam.
The transverse and longitudinal momentum components of the recoil ion after
the collision are denoted ptrans and plong, respectively. Accordingly, ptrans,P and
plong,P are the transverse and longitudinal momentum components of the projec-
tile after the collision. Note that the transverse momenta are two-dimensional
vectors. The initial momentum of the magneto-optically trapped target Pi

T can
be neglected since it is very small compared to the projectile’s momentum and
also to the target’s momentum after the collision. Figure 2.7 shows the momenta
of the target and the projectile before and after the transfer in the case of pure
electron capture. The transverse and longitudinal components of equation 2.1 can
be written as

0 = ptrans + ptrans,P +

s∑
j=1

pftrans,ej , (2.2)

P iP = plong + plong,P +

s∑
j=1

pflong,ej . (2.3)
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Figure 2.7: Kinematics of a pure electron capture process: Pi
P is the projec-

tile’s initial momentum, the target’s initial momentum is neglected. After the
collision the target’s momentum is Pf

T and can be split into components trans-
verse and longitudinal to the incident ion beam, ptrans and plong, respectively.
The projectile’s momentum after the collision is Pf

P , which can also be split into
a transverse and longitudinal momentum component, ptrans,P and plong,P . The
projectile’s scattering angle θ is indicated.

Without ionization processes the target’s transverse momentum after the colli-
sion is compensated by the projectile’s transverse momentum ptrans = −ptrans,P .
The absolute value of the transverse momentum of the projectile is related to the
scattering angle θ via the following relation, cf. figure 2.7

ptrans ≡ |ptrans,P | = mpvp sin θ. (2.4)

The projectile scattering angles in electron transfer processes are usually very
small, typically of the order of 0.1 mrad. Therefore the following relation for the
transverse momentum of the recoil ion and the projectile’s scattering angle can
be used

ptrans ≡ |ptrans| = mpvpθ. (2.5)

To derive a relation for the longitudinal momentum plong one starts from the
relations for the momentum conservation, equation 2.1 and the energy conserva-
tion for this system

EiP + EiT = EfP + EfT +Q+

s∑
j=1

Efej . (2.6)

The Q-value, i.e. the total change of the electrons binding energies before and
after the collision2 is

Q =

r∑
i=1

(
Efinali − Einitiali

)
. (2.7)

2The electron binding energies Ei are defined to be negative.
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Here r is the number of electrons captured by the projectile. When the Q-value
is negative, i.e. when the electron binding energies after the transfer are larger
than before the transfer, the system gains kinetic energy and the process is called
exothermic. Accordingly a positive Q-value denotes an endothermic process.

A relation for the longitudinal momentum can be obtained under the approx-
imation that the momentum change during the collision is small compared to
the projectile’s total momentum and the initial momentum of the target can be
neglected3

plong =
Q

vp
− 1

2
rvp +

s∑
j=1

(
Eej
vp
− plong,ej

)
. (2.8)

In the case of pure electron transfer a simple relation between the longitudinal
momentum of the recoil ion and the Q-value of the process is obtained

plong =
Q

vp
− 1

2
rvp. (2.9)

The derivation of equation 2.8 is somewhat lengthy and can be found elsewhere
[37, 38]. A simplified, intuitive derivation of this equation can be obtained when
considering that the momentum change is very small. The ansatz here is that a
change of the kinetic energy of the projectile ∆Ep equals the negative Q-value of
the process

∆Ep =
1

2
(∆mp)v

2
p +mpvp∆vp = −Q (2.10)

⇒ mp∆vp = −Q
vp
− 1

2
rvp. (2.11)

The projectile’s change of mass ∆mp equals the masses of the captured electrons
which in atomic units is the number of captured electrons r. Since the longitudinal
momentum change of the projectile equals the negative longitudinal momentum
of the recoil ion ∆Plong,P = −plong equation 2.9 is obtained

plong = −(∆mp)vp −mp(∆vp) =
Q

vp
− 1

2
rvp. (2.12)

Thus by measuring the longitudinal and transverse momentum components of
the recoil ion the Q-value and the scattering angle of the process can be acquired
via equations 2.9 and 2.5.

2.6 Recoil ion momentum spectrometer

In order to map the momentum distribution of the recoil ions they are extracted
out of the collision region by an electric field. In our case the extraction field is

3Atomic units are used throughout this thesis, i.e. ~ = me = e = 4πε0 = 1, see appendix A.
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Figure 2.8: A SIMION simulation of the recoil ion momentum spectrometer
drawn to scale. The whole spectrometer is cylindrically symmetric. The drift
tube is about 41 cm long, the distance between the push electrode V+ and
the drift tube is about 11 cm. The ion beam passes through the center of the
extraction region.

applied transverse to the projectile beam direction. Usually recoil ion momentum
spectrometers consist of two parts: the extraction region and the drift region. In
the extraction region an electric field pushes the recoil ions towards the detector.
Afterwards the recoil ions enter a field-free drift region. Here recoils with different
momenta are further spatially separated thus improving the momentum resolution
and finally hit a position sensitive detector. Figure 2.8 shows a SIMION [39]
simulation of the extraction fields in the setup. The extraction region is 11 cm
long and the MOT is positioned so that the recoils pass a distance of about za = 7
cm in the extraction field. After the extraction region the recoils pass a long field-
free drift tube with a length of zd = 41 cm. In order to create the extraction
field electrode V+ is set on a positive potential while the drift tube is put on
a negative voltage V−. To focus recoils starting from different positions in the
MOT but having the same momentum onto the same spot on the detector three
additional ring electrodes are built into the extraction region which can be set on
different negative voltages V1, V2 and V3. Depending on the experiment various
extraction voltages have been applied on the spectrometer electrodes resulting
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Figure 2.9: Scheme of the data acquisition system consisting of the delay-line
anode and the TDC: In order to reduce the amount of false start signals, the
TDC is started only when there is a signal from one end of the delay-line (X2).
The other three delay-line signals are delayed, indicated by blocks, which ensures
that the start signal always arrives before the stop signals. An external trigger
serves as the forth stop signal.

in average extraction fields of about 0.4 V/cm up to 2 V/cm. Lower extraction
field settings have been used for single electron transfer at high collision energies
where the resulting transverse recoil momenta are about 1 a.u. At lower collision
energies the recoil momenta are generally larger due to the longer interaction time
of the recoil and projectile ions so that the extraction fields have been adjusted
accordingly to ensure that all recoils reach the detector. The highest extraction
setting has been used for double electron transfer measurements which leads to
rather large recoil momenta of over 10 a.u.

At the end of the drift tube the recoil ions pass a mesh and hit the detector
which consists of a multi-channel plate (MCP) and a two-dimensional delay-line
anode (Roentdek, DLD40). The mesh prevents the high voltage of the MCP
from penetrating the drift tube. The measurement principle of a delay-line anode
is based on the run time difference of the signal across the delay line so that
the position information of the recoils on the detector is converted into a timing
signal. The delay-line provides four signals labeled X1, X2, Y1 and Y2 which are
read out by a time-to-digital convertor (TDC). With a TDC resolution of 133 ps
a channel to position conversion factor of 0.09 mm/ch or 11 ch/mm is obtained.
The detection system and the data analysis software have been developed by
Roentdek [40]. A scheme of the data acquisition is shown in figure 2.9. The start
of the TDC is provided by one of the delay-line signals, X2. Thus it is avoided
to start the data acquisition without an actual ion signal. The other three delay-
line signals X1, Y1 and Y2 act as stops. A fourth stop is given by an external
trigger which can be coupled to the projectile ion beam chopper signal in case of
a pulsed experiment so that the recoils’ time of flight can be obtained as well. In
order to ensure that the start signal always arrives before the stop signals all stop
signals are delayed. The TDC is read out by a C++ based program (CoboldPC:
Computer Based Online and Offline Listmode Dataanalyzer [40]) which reassigns
the coordinates as follows: X1 = x1, external trigger = x2, Y1 = y1, Y2 = y2. In
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Figure 2.10: Decay of the MOT cloud with either the magnetic field or the
MOT lasers turned off obtained using the release and recapture technique by
S. Knoop [9] given in terms of the fraction of atom number at a certain time
compared to the atom number with both magnetic field and laser beams present.

this configuration one spatial coordinate is directly given by X = −x1. The other
spatial coordinate is obtained from the difference of two signals of corresponding
ends of the delay-line Y = y2 − y1. The signal x2 is related to the inverted time
of flight: 2.18 ms − time of flight, where 2.18 ms is the total time range of the
TDC in high resolution mode.

Since the MOT’s magnetic field distorts the recoils’ trajectories it is possible
to switch it off during the collision event. Also, when a ground state Na target
is required the laser beam has to be switched off before the collision. Figure
2.10 shows results from two release and recapture measurements obtained by S.
Knoop [9] comparing the fraction of trapped atoms as a function of time with
either the magnetic field or the laser beams switched off. After switching off
the magnetic field with the laser beams present the number of atoms is nearly
constant for almost 10 ms.

Figure 2.11 shows an example of a measurement sequence in case of pulsed
magnetic field, projectile ion beam and cooling lasers. The magnetic field is
switched at a relatively low repetition rate below 100 Hz to avoid heating of the
setup. When the magnetic field is off the cooling lasers are switched with a much
higher frequency of about 8 kHz since the absence of the cooling lasers leads to
a much faster decay of the MOT cloud than the absence of the magnetic field,
cf. figure 2.10. Since the detector system is gated so that only events occurring
when the magnetic field is off are recorded the actual experimental repetition rate
is below 2 kHz. However, the distorting influence of the magnetic field on the
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Figure 2.11: Scheme of the measurement sequence for switching of the magnetic
field, projectile ion beam pulse and cooling lasers. The magnetic field is switched
with a much lower frequency than the laser beams.

recoils’ trajectories is below the usual experimental resolution, cf. appendix C.
Furthermore, it has been found that switching of the magnetic field induces eddy
currents in the setup. These eddy current create distorting magnetic fields which
influence the recoils’ trajectories for several milliseconds after the magnetic field
has been switched off. The waiting time until the eddy currents have dissipated
further decreases the available measuring time in case of magnetic field switching.
Furthermore, the information from the time of flight is not necessary to obtain the
full three-dimensional recoil momentum distribution, cf. section 2.9. Therefore,
most measurements have been performed with a continuous projectile ion beam
and a permanently switched on magnetic field. By switching the laser light only
and appropriately gating the detector to record events with either the laser light
off or on several events per laser off-on cycle could be obtained increasing the
experimental repetition rate to about 67 kHz. This has proven beneficial for mea-
surements with highly charged ions at very low projectile energies which usually
implies rather low projectile ion currents.

2.7 Determination of recoil momenta

A schematic of the MOTRIMS setup indicating the spatial and momentum axes is
depicted in figure 2.12. The x-axis is defined by the projectile ion beam direction
which also equals the longitudinal recoil momentum axis plong. The z-axis which
defines the ptrans,z component of the recoil transverse momentum vector ptrans is
placed in the direction of the extraction field. The y-axis defines the other trans-
verse momentum component ptrans,y. Since the x- and y-axes are perpendicular
to the extraction field there is no force acting on the recoil ions in these directions,
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Figure 2.12: Schematic of the Na MOTRIMS setup. The MOT cloud is po-
sitioned inside the spectrometer. Recoil ions are extracted perpendicular to the
incident projectile ion beam and projected onto a two-dimensional position sen-
sitive detector.

so that there is a linear relation between a recoil’s position on the detector and
its respective momentum components

px = plong =
M

τ
x, (2.13)

py = ptrans,y =
M

τ
y. (2.14)

Here M is the mass of the recoil ion and τ is its time of flight from the collision
center to the detector.

The transverse momentum component in z direction, ptrans,z, is obtained from
the recoil’s time of flight in the detector. The total time of flight of the recoils in
the spectrometer is given by

τ =
−ptrans,z +

√
p2trans,z + 2zaM2a

Ma
+

zdM√
p2trans,z + 2zaM2a

, (2.15)

where a = rE/M is the acceleration experienced by a recoil of charge r in a
homogeneous field of strength E.
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Figure 2.13: Excerpt of the distribution of Na+ recoil ions on the position
sensitive detector resulting from Ne8+ + Na(3s) collisions at 2 keV/amu. The
ion beam direction is indicated.

It is possible to solve equation 2.15 analytically for ptrans,z, however, the
solution is rather complicated [38]. Since the difference in time of flight due to
different transverse momenta in z direction is small compared to the mean time
of flight τ0 = τ(ptrans,z = 0), equation 2.15 can be expanded in a Taylor series
around τ0 and in a good approximation the first order can be used

∆τ = τ − τ0 ≈ −
ptrans,z
Ma

. (2.16)

Therefore, the transverse momentum in z-direction can be obtained from the
recoil’s time of flight difference to the mean time of flight

pz = ptrans,z ≈Ma∆τ. (2.17)

Figure 2.13 shows an excerpt of the detector image of Na+ recoils obtained
from collisions of Ne8+ with ground state Na(3s) at a collision energy of 2 keV/amu.
The recoil distributions show lines perpendicular to the ion beam direction which
correspond to electron capture into distinct projectile final states.

To calibrate the Q-value spectra it is sufficient to identify two of these peaks.
A momentum calibration can be obtained from the Q-value calibration using
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Figure 2.14: Q-value spectrum of Na+ recoil ions resulting from Ne8+ + Na(3s)
→ Ne7+(n) + Na+ collisions at 2 keV/amu with the electron final states in the
projectile indicated.

equation 2.9. The main single electron capture channels of many systems are
known, such as He2+ + Na(3s) and O6+ + Na(3s). By measuring a known
system with the exact same settings, Na+ spectra of new systems like N5+ +
Na(3s) and Ne8+ + Na(3s) can be calibrated. Spectra resulting from multi-
electron processes can be calibrated in a similar way: The spectra of doubly
charged recoil ions resulting from O6+ + Na(3s) collisions discussed in chapter 6
are compared with those resulting from He2+ + Na(3s). Since the Q-values of the
resulting He(nln′l′) configurations are unambiguous, the O4+(nln′l′) state can be
assigned by measuring both processes at the exact same settings. A Na MOT
constantly produces Na+2 molecule ions by associative ionization of excited Na
atoms [41, 42]. Since the resulting molecule ions have basically zero momentum
they define the zero position of the recoil spectra.

The projection of the two-dimensional spectrum shown in figure 2.13 on the
x-axis, i.e. the Q-value axis, is shown in figure 2.14. Several peaks resulting from
electron capture into distinct projectile final states are clearly separated.

2.8 State-selective cross sections

State-selective cross sections are obtained from the Q-value spectra by a least
squares fitting procedure using Gaussian functions. An example of a Q-value spec-
trum resulting from single electron transfer in collisions of N5+ with Na(3s) at
2.5 keV/amu collision energy is shown in figure 2.15 (a). For capture from ground
state Na(3s) Q-values are assigned using the peaks corresponding to stronger
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Figure 2.15: Q-value spectrum obtained with N5+ projectiles at a collision
energy of 2.5 keV/amu with (a) laser off and (b) laser on and (c) the resulting
spectrum for Na*(3p).

bound final states. These states have a larger energy spacing so that they are suf-
ficiently separated to obtain a channel to Q-value conversion even at the higher
collision energies where the Q-value resolution decreases, cf. equation 2.9. From
the fit of the Q-value spectrum the experimental momentum resolution is deter-
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mined as ∆pRMS = 0.05 a.u. At 2.5 keV/amu collision energy this corresponds
to a Q-value resolution of ∆QRMS = 0.43 eV.

Even though electron transfer is the main process in the investigated collision
energy range recoils resulting from ionization of the target are also recorded.
In the Q-value spectra ionization events appear at Q ≥ I where I is the target’s
ionization potential. Taking the experimental resolution into account as described
in reference [43] relative ionization cross sections can be obtained from the Q-value
spectra as well.

If nmax is the highest n-shell for which separate cross sections can be obtained
by the fitting procedure, then the summed cross section of capture into n > nmax

σrel
n>nmax

≡
∞∑

n=nmax+1

σrel
n (2.18)

is determined as

σrel
n>nmax

= σrel
tot −

nmax∑
n=1

σrel
n − σrel

ion, (2.19)

in which σrel
tot is the total cross section,

∑nmax

n=1 σ
rel
n is the cross sections of capture

channels that can be fitted individually and σrel
ion is the ionization cross section.

During standard operation the atomic sample in a MOT contains a mixture
of ground state and excited state atoms. For the experiments with ground state
Na(3s) all MOT laser beams are switched off using the AOM with a frequency
of about 7 kHz and a duty cycle of 67%. Applying a timing gate on the detector
synchronized to the AOM switching frequency ensures that all target atoms have
decayed to the ground state before the collision. This is possible due to the much
shorter decay time of the excited Na*(3p) with respect to the AOM switching
frequency. In order to obtain spectra resulting from a target containing both
ground state and excited state atoms the detector gate time is changed appropri-
ately. All other experimental parameters are unchanged so that the total number
of atoms in the MOT is the same during both measurements. Since the atoms
are excited by the six circularly polarized trapping laser beams of the MOT the
Na*(3p) atoms are unpolarized. A pure Na*(3p) spectrum is obtained via

S∗ =
1

f

[
Son − (1− f)Soff

]
, (2.20)

where Soff and Son are the recoil spectra in the case of the laser beams being
switched off or on, respectively, normalized to the total amount of charge passing
through the MOT, and f is the excited state fraction, i.e. the fraction of Na*(3p)
atoms in the MOT sample. Typical excitation fractions are between 10% and 20%.
One way of obtaining the excited state fraction is to determine the decrease of
one well-resolved and separated peak resulting from electron transfer from Na(3s)
[44, 45]. Figures 2.15 (a) and (b) show Q-value spectra resulting from collisions
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of N5+ at a collision energy of 2.5 keV/amu with laser off or on, respectively.
The resulting Q-value spectrum for Na*(3p) is given in figure 2.15 (c). Here, the
final state N4+(n = 5) resulting from capture from ground state Na(3s) and the
final state N4+(n∗ = 6) resulting from capture from excited state Na*(3p) are
well separated. However with increasing collision energy the Q-value resolution
decreases, cf. equation 2.9, so that for a target containing both Na(3s) and
Na*(3p) capture events resulting in N4+(n = 5) and N4+(n∗ = 6) start to overlap
in the Q-value spectrum. This makes it impossible to obtain the excited state
fraction from the decrease of the N4+(n = 5) peak. To obtain the relative cross
sections for Na*(3p) at higher collision energies the spectra with laser on Son

have been fitted with the fit function obtained from the pure Na(3s) spectrum
Soff weighted with a fit parameter p = (1− f) to account for the total decrease
of events resulting from Na(3s). The peak positions of the final states resulting
from capture from Na*(3p) have been fixed using the same conversion as for a
pure Na(3s) spectrum and the peak heights were determined by a least squares
fit. This method has been tested at low collisions energies where the excited state
fraction can also be obtained from one well resolved peak resulting from capture
from Na(3s). The results obtained with the two methods differ by less than 1
percentage point.

2.9 Transverse momentum spectra

The transverse momentum is a two-dimensional vector with the magnitude ptrans =
(p2y + p2z)

1/2 and in our case the py component is related to the recoil’s position
on the detector while the pz component corresponds to the recoil’s time of flight
in the spectrometer. State-selective differential cross sections are obtained by
restricting the longitudinal momentum component to Q-values corresponding to
capture into a specific final state.

Although in principle it would be possible to obtain both components ex-
perimentally, it is in fact only necessary to measure one component. Due the
cylindrical symmetry of the system the Abel inversion (see appendix B) can be
applied to obtain the full transverse momentum distribution from the projection
onto one of the transverse momentum axes. We chose the latter approach since it
allows for much faster measurements by obtaining several events per laser on/off
cycle. An iterative inversion method was used (see reference [46] and appendix B),
which was originally developed by Vrakking [47] to extract velocity and angular
distributions from two-dimensional ion and photoelectron imaging experiments.

The Abel inversion procedure is very sensitive to fluctuations in the input
distribution and tends to amplify noise greatly. Thus it is necessary to apply
a smoothing procedure to the data before performing the Abel-inversion which
results in smooth transverse momentum spectra. Due to the reconstruction pro-
cedure the resolution of the transverse momentum spectra is estimated at 0.2
a.u.
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Figure 2.16: Distribution of the absolute magnitude of the transverse momen-
tum versus the Q-value of Na+ recoils obtained with a pulsed 3 keV/amu N5+

ion beam.

Figure 2.17: Comparison of the direct measurement of the transverse momen-
tum of Na+ recoils originating from 3 keV/amu N5+ + Na(3s) collisions resulting
in population of the N4+(n = 7) state and the respective result obtained by ap-
plying the Abel-inversion on one of the transverse momentum components.
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To verify the validity of this procedure a measurement was performed with
a pulsed 3 keV/amu N5+ beam which was used as a start signal to also obtain
the transverse momentum component from the time of flight. The resulting Na+

recoil distribution is shown in figure 2.16 as a function of the absolute magnitude
of the transverse momentum versus the Q-value. A comparison of the directly
measured transverse momentum distribution for the N4+(n = 7) final state and
the respective spectrum obtained by applying the Abel-inversion on the projec-
tion of the spectrum onto the py component is shown in figure 2.17. The good
agreement between the two methods confirms the data acquisition and analysis
procedure.





Chapter 3

Theory

3.1 Introduction

To describe the dynamic processes occurring in ion-atom collisions many different
models of varying complexity have been developed in the past [16]. This chapter
presents two models which have been used in the scope of this thesis. The classical
over-the-barrier model provides a simple picture for an intuitive understanding of
the collisions. Results obtained using the classical trajectory Monte Carlo method
are used for comparisons with experimental data and to gain further insight nto
the collision dynamics in terms of transition probabilities and electron trajectories.

3.2 Classical over-the-barrier

A simple and intuitive theoretical approach to electron capture is provided by
the classical over-the-barrier model (OtB). It has been proposed in 1954 by Bohr
and Lindhard [48] to describe one-electron capture in collisions of highly charged
ions with atoms and provides good estimates for total one-electron capture cross
sections as a function of collision energy, binding energy of the target electron and
the charge state of the projectile [49]. It was was later extended by Ryufuku et al.
[50], Bárány et al. [51] and Niehaus [52] to multi-electron capture processes. The
basic idea of this model is that electron transfer becomes possible at internuclear
distances at which the height of the potential barrier between the target and the
projectile is lower than the Stark-shifted binding energy of the target’s electrons.
The model can be applied in a large collision energy range between 25 eV/amu
and 25 keV/amu. In spite of its simplicity, the OtB model gives good estimates
of the Q-values and the total capture cross sections for single electron transfer.

In the following Niehaus’ approach is described. It distinguishes two phases
of the reaction, the so-called way-in, when the projectile approaches the target,
and the way-out, when the projectile moves away from the target. The differ-
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ence becomes apparent when dealing with multiple electron capture. The model
describes pure electron transfer collisions

Aq+ + B→ A(q−r)+ + Br+, (3.1)

where a q-fold charged projectile Aq+ captures r electrons from a target B. All
electrons involved in the capture process are treated independently. The target
atom’s electrons are numbered with increasing binding energy. It is assumed that
for the i’th electron the stronger bound electrons perfectly screen the atom’s core.
Furthermore the interaction with the weaker bound electrons is neglected.

When the projectile approaches the target (way-in), it disturbs the potential
of the target atom core which results in a Stark-shift of the electron’s binding
energy at the target. The total potential experienced by the i’th electron can be
written as

V ini (r) = − q

|R− r|
− i

|r|
, (3.2)

where r is the electron’s position with respect to the target and R is the inter-
nuclear distance of projectile and target. From this the height of the potential
barrier can be obtained as a function of the internuclear distance R

V ini,max(R) = − q
R
− i+ 2

√
iq

R
. (3.3)

The deciding assumption of the OtB model is that electron transfer is possible
from the internuclear distance at which the height of the potential barrier equals
the Stark-shifted binding energy of the electron at the target

V ini,max(R) ≡ Ei −
q

R
. (3.4)

This provides the so-called capture radius of the i’th electron Rini

Rini =
i+ 2

√
iq

−Ei
. (3.5)

When the internuclear distance is smaller than Rini the system is quasi-molecular
and the i’th electron can move in the combined potentials of projectile and target.

After the projectile has passed the target the height of the potential barrier
increases and the quasi-molecular electrons can be captured either by the projec-
tile or the target. With the same deliberations as for the way-in the internuclear
distance Routi at which the i’th electron is captured by either the projectile or the
target is obtained

Routi = Rini

(√
q − ci +

√
i+ ci√

q +
√
i

)2

, (3.6)
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Figure 3.1: Chronologic course of the transfer of the valence electron in a
collision of A6+ with Na(3s): (a) The projectile approaches the target (way-in)
and lowers the target’s potential. (b) When the internuclear distance equals the
capture radius Rin

1 , the Stark-shifted binding energy of the electron equals the
height of the potential barrier. (c) The quasi-molecular electron moves in the
combined potential of target and projectile. (d) The projectile moves away from
the target (way-out) and the potential barrier increases. In this case the electron
has been captured by the projectile.

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

Figure 3.1 shows the chronological course of the transfer of the valence electron
as described within the OtB model for collisions of a 6-fold charged projectile A6+

with Na(3s).

On the way-out a quasi-molecular electron i has a certain probability fi to
be captured by the projectile and accordingly a probability (1− fi) to be recap-
tured by the target. It is assumed that these probabilities are determined by the
respective phase space density. Within the hydrogenic approximation the phase
space density is given by the order of degeneracy of the electron’s final state after
the collision, either at the target or the projectile [52]. Then the probability for
capture of the i’th electron by the projectile can be written as

fi =
n2i

n2i +m2
i

, (3.7)
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where ni is the approximate principal quantum number of the i’th electron when
captured by the projectile and mi is its approximate principal quantum number
when recaptured by the target. In the following we consider only processes where
no more than r electrons are active during the collision. A more general descrip-
tion can be found in reference [52]. Under this assumption the probability for
transfer of r electrons fr equals the product of the probabilities for transfer of the
single electrons fi

fr =

r∏
i=1

fi. (3.8)

The cross section for capture of r electrons is defined as the geometrical cross
section determined by the capture radii Rinr and Rinr+1

σr = frπ[(Rinr )2 − (Rinr+1)2]. (3.9)

If the i’th electron is captured by the projectile its binding energy at the
projectile at infinite internuclear distance is

Efinali = Ei −
q

Rini
+
i+ ci
Routi

. (3.10)

The Q-value of the process is the difference of the binding energies of all
electrons before and after the collision

QOtB =

r∑
i=1

(
Efinali − Ei

)
=

r∑
i=1

(
− q

Rini
+
i+ ci
Routi

)
. (3.11)

A reaction window of the process, i.e. a Q-value distribution with a certain width,
can be obtained considering the projectile’s kinetic energy. Taking into account
that electron capture takes place within a finite time ∆t and that the height of
the potential barrier varies with time, Heisenberg’s uncertainty relation implies
an uncertainty of the height of the barrier

∆V qmb ∆t ≈ 1. (3.12)

The classical uncertainty of the barrier height due to the finite time ∆t can be
written as

∆V clb =
dVb
dt

∆t =

∣∣∣∣dVbdR

∣∣∣∣ vrad∆t, (3.13)

where vrad = dR/dt is the radial velocity. Assuming that the classical and the
quantum-mechanical uncertainties are the same an expression for the uncertainty
of the barrier height is obtained

∆Vb =

√∣∣∣∣dVbdR

∣∣∣∣ vrad. (3.14)
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Figure 3.2: Charge distribution of (projectile, target) along the projectile’s
trajectory for transfer of two electrons from the target B to the q-fold charged
projectile Aq+. R

in/out
i indicate the capture radii for the way-in and way-out,

respectively.

The total uncertainty ∆Q is defined as the quadratical sum of the uncertainties
∆Vb of all captured electrons acquired on the way-in and way-out. The reaction
window of the process is defined as a Gaussian distribution of the Q-values around
the mean Q-value value QOtB

W (Q) =
1

∆Q
√
π

exp

[
−
(
Q−QOtB

∆Q

)2
]
. (3.15)

The width of the Q-value distribution is proportional to the square root of the
projectile’s velocity vp, which means that the reaction window broadens with
increasing collision energy and more reaction channels become available.

The OtB model also allows for an estimate of the recoil’s transverse momentum
after the electron transfer. The starting point is the Coulomb force between two
particles of charge q1 and q2 separated by the distance R

F =
q1q2
R2

eR. (3.16)

Assuming a straight-line trajectory of the projectile the transverse momentum is
caused by the force component perpendicular to the projectile’s flight direction.
If the x-axis is placed in direction of the projectile’s velocity vector, cf. fig. 3.2,
the transverse component of the Coulomb force is

F⊥ =
q1q2b

(x2 + b2)3/2
. (3.17)

To obtain the resulting momentum the force has to be integrated over time. Under
the assumption of a constant projectile velocity vp this is equivalent to integration
along the projectile’s trajectory

ptrans =

∫ ∞
−∞

F⊥dt =
1

vp

∫ ∞
−∞

F⊥dx. (3.18)
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Figure 3.3: Transverse momenta as a function of the impact parameter and
transverse momentum distributions for one-electron capture in collisions of N5+

and Ne8+ with Na(3s) at vp = 0.45 a.u.

Under the assumption that the target position is fixed during the interaction
the following expression for the recoil’s transverse momentum after transfer of r
electrons is obtained as a function of the impact parameter b

ptrans(b) =
1

vpb

 r∑
i=1

q
√

1−
(

b

Rini

)2

+ r

√
1−

(
b

Routi

)2
 + (q − r)r

(3.19)

For transfer of the valence electron of an alkali atom, which is the prime
process studied in this thesis, the relation between the transverse momentum and
the impact parameter reduces to

ptrans(b) =
1

vpb

(q + 1)

√
1−

(
b

R1

)2

+ (q − 1)

 . (3.20)

The differential cross section dσ/dptrans is obtained using the relation σ = πb2

dσ

dptrans
=

dσ

db

db

dptrans
= 2πb

db

dptrans
. (3.21)

From equations 3.19 and 3.20 the derivative dptrans/db can be calculated and thus
the transverse momentum distribution can be obtained.

Figure 3.3 shows transverse momenta as a function of the impact parameter
and transverse momentum distributions for one-electron capture in collisions of
N5+ and Ne8+ with Na(3s) at vp = 0.45 a.u. At the same impact parameter
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capture by Ne8+ leads to larger transverse momenta than capture by N5+ due to
the larger repulsion. The impact parameter range for one-electron capture is given
by the capture radius Rin1 and extends to 29 a.u. for N5+ and 35 a.u. for Ne8+.
However, even though electron capture is possible at larger impact parameters
for higher projectile charge states, the increased repulsion leads to larger final
transverse momenta. The transverse momentum distributions maximize at 0.6
a.u. for N5+ and 0.8 a.u. Ne8+. Comparing the impact parameter dependence and
the intensity distribution of the transverse momenta one can conclude that most
electron capture events by highly charged ions occur at large impact parameters.

3.3 Classical trajectory Monte Carlo

The Classical trajectory Monte Carlo (CTMC) method was first introduced in
1966 by Abrines and Percival [53] and later applied extensively by Olson and
Salop [54]. Since electron capture in collisions of highly charged ions with atoms
leads to population of highly excited final states, the CTMC framework is ideally
suited to study these systems as it is not limited by a finite basis set. Also,
ionization cross sections can be extracted from the same calculations, which in
the low keV/amu region is often difficult for quantum-mechanical models [55].
Since the complete momentum distribution of the collision products is recorded
in the calculations, cross sections differential in the projectile scattering angle can
be obtained as well. Therefore CTMC can provide state-selective and scattering-
angle differential capture and ionization cross sections which can be compared with
experimental results. In addition the CTMC calculations provide further insight
into the collision dynamics via transition probabilities and electron trajectories
during the collision process.

Within the CMTC method the trajectories of all mutually interacting parti-
cles, i.e. projectile ion, target nucleus and electrons, are calculated by solving
Hamilton’s equations of motion

ṗi = −∂H
∂qi

, q̇i = +
∂H

∂pi
, (3.22)

where H is the Hamiltonian of the system and qi and pi are the generalized
coordinates and generalized momenta, respectively. The initial ensemble or mi-
crocanonical distribution of the target-centered electrons is constructed in such a
way that it simulates the spatial and momentum distributions of the quantum-
mechanical initial state, i.e. |Ψi(r)|2 and |Ψi(p)|2, from which starting conditions
for the calculations are randomly picked by the Monte Carlo technique.

For electron capture events the electron’s binding energy in the projectile is
determined by its kinetic energy in the projectile frame. A classical number nc is
obtained from the binding energy Ep of the electron relative to the projectile by

Ep = −Z2
p/
(
2n2c
)
, (3.23)
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where Zp is the charge of the projectile core. To obtain n-state selective cross
sections nc is binned according to the condition derived by Becker and McKellar
[56] [

(n− 1)(n− 1

2
)n

]1/3
≤ nc ≤

[
n(n+ 1)(n+

1

2
)

]1/3
(3.24)

The classical orbital angular momentum is defined as

lc = [(xẏ − yẋ)2 + (xż − zẋ)2 + (yż − zẏ)2]1/2, (3.25)

where x, y, z are the Cartesian coordinates of the electron relative to the projec-
tile nucleus. To reproduce quantum-mechanical statistical weights lc is binned
according to [57]

l ≤ lc ≤ l + 1, (3.26)

where l is the orbital angular momentum quantum number. Similarly the mag-
netic quantum number mc is binned as follows

m ≤ mc ≤ m+ 1. (3.27)

The cross section for a final n-state is given by

σn = N(n)πb2max/Ntot, (3.28)

where N(n) is the number of events of electron capture into the n-state and Ntot
is the total number of trajectories integrated. The impact parameter bmax is the
value beyond which the probability of electron capture is negligibly small.

Since the Na target studied in this thesis is a quasi-one electron system the
core electrons can be described by a model potential [58]. In this representation
the active electron evolves under the central potential model developed by Green
et al. from Hartree-Fock calculations [59] and later generalized by Garvey et
al. [60]

V (r) =
(N − 1)[1− Ω(r)]− Z

r
,

Ω(r) =

[(
η

ξ

)
(eξr − 1) + 1

]−1
. (3.29)

Here, N − 1 is the number of electrons present in the target core and η and ξ are
the screening parameters, which have been tabulated for 2 ≤ Z ≤ 54 [60]. This
parametrization leads to a much more realistic description of the active electron
dynamics so that the electron correctly sees a nuclear charge that for Na varies
from the asymptotic value of 1 to the nuclear charge 11 at the coalescence point.
Such a representation of the collision system using a model potential of the core
electrons is ideally suited for one-electron capture and ionization from quasi one-
electron targets such as Na. In the past such three-body CTMC calculations have
been rather successful at describing one-electron capture and ionization in keV
collisions on ground state and excited Na [61–68].



Chapter 4

Inelastic processes in
collisions of highly charged
ions with Na(3s) and
Na*(3p)

4.1 Introduction

Single electron transfer is the dominant process in collisions of highly charged ions
with atoms at low keV/amu energies and therefore plays a significant role in the
understanding of many plasma environments. In astrophysical processes, such as
the interaction of cometary atmospheres with the solar wind, electron transfer
gives rise to photon emission [5, 8, 69]. Furthermore, electron transfer processes
play a crucial role in tokamak fusion plasma [70,71].

In such confined systems as tokamaks electron transfer is utilized for plasma
diagnostics by measuring the subsequent photon emission spectra [72]. Another
application of photon emission following electron transfer is enhancement of ra-
diative cooling of the plasma in the divertor or edge layer of the tokamak. For this
purpose extrinsic impurities such as nitrogen and neon are puffed into the ves-
sel [73,74] and subsequently multiply ionized by the plasma. Collisions of the now
highly charged impurities and hydrogen atoms present in the edge plasma cause
electron transfer and subsequent photon emission. In the colder outer plasma
regions electron transfer from metastable H*(n = 2) and D*(n = 2) to highly
charged ions is a significant process due to the comparatively low ionization po-
tential of the excited atoms [3,75]. Until now it is not feasible to perform charge
transfer experiments with targets such as H*(n = 2) or D*(n = 2). It has been
proposed that cross sections for these metastables can be interpolated from those

39
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for alkali atoms since the ionization energies and thus the cross sections are sim-
ilar [76, 77]. In particular the ionization potential of H*(n = 2) and D*(n = 2)
(3.40 eV) lies in between those of Na(3s) (5.14 eV) and Na*(3p) (3.04 eV). This
makes these atoms likely candidates for interpolation of electron transfer cross
sections of H*(n = 2) and D*(n = 2).

In this chapter state-selective cross sections for single electron transfer and
ionization in collisions of highly charged N5+ and Ne8+ ions with ground state
Na(3s) and laser-excited Na*(3p) are discussed. The experimental data is com-
pared with three-body classical trajectory Monte Carlo (CTMC) calculations [54].
A big advantage of the CTMC method is that it is not limited to a finite basis set
and is thus very well applicable to electron transfer and ionization processes in-
volving highly charged ions. The investigated energy range from 1 to 10 keV/amu
contains collision velocities corresponding to the velocities of the target valence
electron, 9.4 keV/amu for Na(3s) and 5.6 keV/amu for Na*(3p). Since the relative
ionization cross sections are also obtained experimentally and theoretical cross sec-
tions can be calculated in the CTMC frame work as well results on ionization are
discussed to complete the picture of the investigated collision processes. Finally,
a scaling is proposed for interpolation of state-selective cross sections for electron
transfer with a H*(n = 2) target based on the results obtained with Na(3s) and
Na*(3p).

4.2 Electron capture from ground state sodium

Electron transfer and ionization cross sections in collisions of highly charged ions
and ground state Na(3s) or excited state Na(3p) are obtained by measuring the
recoil ion momentum distributions. The longitudinal momentum component is
proportional to the Q-value, i.e. the total change in the electron binding energy,
from which the final states can be assigned, see chapter 2.8. An example of a Q-
value spectrum obtained in 2.5 keV/amu N5+ + Na(3s) collisions is shown in fig.
4.1. At low energies, i.e. when the projectile velocity is smaller than the classical
orbital velocity of the target electron, electron transfer is known to be very selec-
tive with respect to the final state with usually one or two dominating channels.
With increasing projectile energy the capture process leads to population of ever
higher final states and an increase of the ionization cross section.

Since the overlap between the ion beam and the MOT cloud has not been
determined during the measurements only relative cross sections are obtained
experimentally. The experimental data is put on an absolute scale using the
theoretical total cross sections given in table 4.1. In the investigated collision
energy range the theoretical total cross sections show an almost linear decrease
with increasing collision energy. Cross sections for capture by N5+ projectiles
from Na(3s) are in the order of 2-3 × 10−14 cm2. In comparison cross sections for
capture by Ne8+ are about 60% larger, which directly reflects the higher projectile
charge state.
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Figure 4.1: Q-value spectra of Na+ recoils from 2.5 keV/amu N5+ + Na(3s)
→ N4+(n) + Na+ collisions.

Figure 4.2 shows state-selective experimental and theoretical capture cross sec-
tions for N5+ + Na(3s) collisions in the energy range between 1 and 10 keV/amu.
State-selective cross sections could be obtained for the final states n = 5 to n = 9,
for population of higher excited states n ≥ 10 a summed cross section is given.
At collision energies below 7 keV/amu single electron capture preferentially pop-
ulates the N4+(n = 6) final state with a cross section of 2.1 × 10−14 cm2 at a
collision energy of 1.8 keV/amu. However, with increasing collision energy the
probability for capture into the n = 6 state decreases in favor of the n = 7 final
state. The cross section for n = 7 shows a distinct maximum at a collision energy
of 4.3 keV/amu with 7.7 × 10−14 cm2. The theoretical calculations exhibit a sim-
ilar behavior with increasing energy, however, the cross section peaks at a slightly
higher energy of 5 keV/amu. The cross sections for higher excited states n = 8,
n = 9 and n ≥ 10 are below 5 × 10−15 cm2 at energies below 6 keV/amu, where
they show a weak oscillatory structure maximizing around 3 keV/amu which is
predicted by the theory as well. In chapter 5 it will be shown that these oscil-
lations can be associated with different number of times that the active electron
crosses the potential saddle between the projectile and target nuclei during the
collision. Above an energy of 6 keV/amu the cross sections for higher excited
states n ≥ 8 show a steep increase.

The only significant discrepancy of experiment and theory is observed in the
case of the most strongly bound and weakly populated final state n = 5 where the
CTMC calculations overestimate the relative cross section by a factor of two over
the whole collision energy range. This discrepancy is attributed to the neglect of
multiple capture channels in the theoretical description. Double capture domi-
nates at small impact parameters and will deplete the flux from single capture to
the low n-states. The calculated weighted transition probabilities for 5 keV/amu



42 Inelastic processes in collisions of HCI with Na(3s) and Na*(3p)

Figure 4.2: State-selective single electron cross sections for N5+ + Na(3s) →
N4+(n) + Na+ collisions as a function of the collision energy. Full squares denote
experimental data, open squares denote CTMC results. A B-spline curve is drawn
for the CTMC results to guide the eye.
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Figure 4.3: Theoretical weighted electron capture transition probabilities as a
function of the impact parameter b for product final states n = 5, 6 and 7 for
collisions of N5+ with Na(3s) at 5.36 keV/amu.

are illustrated in terms of their impact parameter dependence in figure 4.3. The
n = 5 final state is predominantly populated at small impact parameters so that
the aforementioned effect plays a major role.

State-selective capture cross sections for collisions of Ne8+ with Na(3s) are
depicted in figure 4.4. The main capture channels lead to population of the
Ne7+(n = 8) and Ne7+(n = 9) shells with a cross section of 1.5 × 10−14 cm2 and
2.4 × 10−14 cm2, respectively, at a collision energy of 2 keV/amu. Both cross
sections decrease with increasing energy. The cross sections for the n = 10 final
states show a rather weak dependence on the collision energy within the studied
range and exhibit a slight oscillatory behavior, which as for N5+ collisions is

Table 4.1: Total CTMC cross sections for single electron capture in collisions
of N5+ and Ne8+ with Na(3s) and Na*(3p).

projectile N5+ Ne8+ N5+ Ne8+

target Na(3s) Na(3s) Na(3p) Na(3p)
E (keV/amu) σ (10−14 cm2)

1 2.91 4.96 8.35 14.3
2 2.86 4.83 8.17 13.7
3 2.78 4.71 7.69 13.0
5 2.61 4.31 6.90 11.8
7 2.44 4.10 6.13 10.9

8.5 2.32 3.97 5.58 10.1
10 2.20 3.53 4.87 9.48
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Figure 4.4: State-selective single electron cross sections for Ne8+ + Na(3s)
→ Ne7+(n) + Na+ collisions as a function of the collision energy. Full squares
denote experimental data, open squares denote CTMC results. A B-spline curve
is drawn for the CTMC results to guide the eye.
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Figure 4.5: Q-value spectra of Na+ recoils from 2.5 keV/amu N5+ + Na*(3p)
→ N4+(n) + Na+ collisions.

related to electron potential saddle crossings between target and projectile, which
will be discussed in detail in chapter 5.

The opening of more channels with increasing collision energy is a general
feature of electron transfer, so that similarly as in the N5+ case, a steep increase
of the cross sections for population of highly excited final states n = 11 and
n ≥ 12 is observed. This trend is also seen in the CTMC results, whereas the
theoretical calculations underestimate the experimental results by a factor of 1.7 at
the highest collision energy. The cross section of the lowest significantly populated
final state n = 7 has a maximum at a collision energy of 7 keV/amu. The
theoretical results follow this trend, however, similarly to the case of N5+ theory
overestimates the cross sections by a factor of about two, which again is likely due
to two-electron capture drawing flux from one-electron capture at small impact
parameters.

4.3 Electron capture from excited state sodium

In collisions with excited Na*(3p) the lower binding energy of the valence electron
manifests itself in large total cross sections, almost a factor 3 larger than for
Na(3s), cf. Table 4.1. Furthermore, the main capture channels show a clear shift
to higher final states. An example of a Q-value spectrum obtained in 2 keV/amu
N5+ + Na*(3p) collisions is shown in fig. 4.5.

For electron capture from excited Na*(3p) by N5+ state-selective cross sections
are shown in figure 4.6 for final states N4+(n = 6) to N4+(n = 8) and a summed
cross section is given for states with n ≥ 9. At a collision energy of 1.8 keV/amu
the main capture channel is n = 8 with a cross section of 3.2 × 10−14 cm2. At
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Figure 4.6: State-selective single electron cross sections for N5+ + Na*(3p)
→ N4+(n) + Na+ collisions as a function of the collision energy. Full squares
denote experimental data, open squares denote CTMC results. A B-spline curve
is drawn for the CTMC results to guide the eye.

this energy the cross section for n = 7 is only slightly lower with 2.7 × 10−14

cm2. Capture into both states decreases rapidly with increasing collision energy
in favor of more highly excited final states n ≥ 9. However, the increase of the
cross sections into very highly excited states with increasing collision energy is less
steep than with a ground state Na(3s) target and the cross section even decreases
above 8 keV/amu. This trend is also seen in the CTMC results. The summed cross
section for final states n ≥ 9 has a maximum at a collision energy of about 7.5
keV/amu, which is also observed in the theoretical results. The cross section for
the lowest significantly populated final state n = 6 has a maximum at a collision
energy around 4.3 keV/amu. The theoretical results shows a similar dependence
on the collision energy, however less pronounced than in the experimental data.



4.3 Electron capture from excited state sodium 47

Figure 4.7: State-selective single electron cross sections for Ne8+ + Na*(3p)
→ Ne7+(n) + Na+ collisions as a function of the collision energy. Full squares
denote experimental data, open squares denote CTMC results. A B-spline curve
is drawn for the CTMC results to guide the eye.
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For Ne8+ projectiles final states Ne7+(n = 8) to Ne7+(n = 12) could be
resolved and a summed cross section is given for final states Ne7+(n ≥ 13). The
state-selective cross sections are shown in figure 4.7. At the lowest experimental
collision energy of 2 keV/amu the main capture channel is n = 11 with a cross
section of 4.3 × 10−14 cm2. This cross section decreases rapidly with increasing
collision energy and is in excellent agreement with the theoretical result. A similar
trend is observed with the neighboring final states n = 10 and n = 12. The cross
section for the highest final states n ≥ 13 increases with higher collision energies,
however, the increase is less rapid than with ground state Na(3s) and the cross
sections level off at 10 keV/amu. The cross sections of the lowest final states
n = 8 and n = 9 show a maximum around 7 and 5 keV/amu, respectively. While
the relative cross section of the n = 9 final state is well reproduced by the theory
the relative cross section for n = 8 is underestimated by a factor of two.

4.4 Ionization of ground and excited state sodium

Though electron capture is by far the dominant process in the low keV/amu en-
ergy range, ionization of the target becomes relevant at higher collisions energies
above the classical orbital velocity of the valence electron. Figure 4.8 shows rela-
tive experimental and theoretical ionization cross sections with respect to all single
electron removal events in collisions of N5+ and Ne8+ with Na(3s) and Na*(3p).
Due to the small ionization cross sections at low collision energies experimental
results could be obtained only for collision energies above 4.3 keV/amu for N5+

projectiles and 6 keV/amu for Ne8+ projectiles. Comparing the ionization cross
sections for N5+ and Ne8+ the cross sections are lower for Ne8+ since with in-
creasing projectile charge electron capture is favored over ionization. The relative
ionization cross section of excited Na*(3p) is almost an order of magnitude larger
than for ground state Na(3s) due to the lower binding energy.

The ionization cross section rapidly increases with higher collision energy. In
the case of an excited Na*(3p) target the leveling off of capture into the highest
final states can be attributed to the steep rise of the ionization cross sections at
collision energies above the classical velocity of the valence electron. For the sys-
tem N5+ + Na*(3p) ionization constitutes over 10% of the total electron removal
cross section at the highest experimental energy of 8.5 keV/amu. The CTMC
results are in good agreement with the experimental data. To give more insight
into the process CTMC ionization cross sections have been calculated up to a
collision energy of 25 keV/amu. In this energy range ionization is a significant
contribution to total electron removal for a ground state Na(3s) target and ac-
counts for 30% of the total electron loss at 25 keV/amu. For excited Na*(3p)
ionization dominates the reaction dynamics and at 25 keV/amu amounts to over
70% of the total electron removal.

In the low to intermediate energy range a scaling law has been obtained by
Wu et al. [78,79] for ionization in collisions of highly charged ions with H and He
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Figure 4.8: Relative experimental and CTMC single ionization cross sections
in collisions of (a) N5+ and (b) Ne8+ with Na(3s) and Na*(3p). A B-spline curve
is drawn for the CTMC results to guide the eye.

targets. The ionization cross sections with these targets could be put on one curve
for different projectile charge states q using generalized reduced cross sections
σ̃ = σI1.3/q as a function of a reduced collision energy Ẽ = E/Iq1/2. While
the energy dependence of the scaled cross sections for the systems studied in the
present work are similar to the proposed scaling law, the absolute magnitude is
underestimated by almost an order of magnitude. This is in line with our previous
work [43], where it has been shown that this scaling law cannot simply be extended
to weakly bound targets like Na(3s) and Na*(3p).
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Figure 4.9: State-selective CTMC cross sections as a function of the final state
n for collisions of 5 keV/amu Ne8+ with Na(3s), Na*(3p), H*(n = 2) and ‘hy-
drogenic’ Na(3s) and Na*(3p). Solid lines are drawn to guide the eye.

4.5 Scaling properties of electron capture cross
sections

To investigate the possible applicability of the cross sections obtained with Na(3s)
and Na*(3p) for interpolation of cross sections for H*(n = 2) scaling properties are
discussed. Since the ionization potential of Na(3s) is 5.14 eV and that of Na*(3p)
is 3.04 eV, it seems reasonable to expect that these systems should give insight
into the H*(n = 2) target, which has an ionization potential of 3.40 eV. The
latter system is experimentally inaccessible, but its state-selective cross sections
are much needed for modeling of thermonuclear fusion reactors such as ITER [80].

Figure 4.9 shows CTMC cross sections as a function of the final n-state for
collisions of 5 keV/amu Ne8+ with Na(3s), Na*(3p) and H*(n = 2) targets. From
the ionization potentials one would assume that the cross sections of H*(n =
2) are closer to Na*(3p) than Na(3s). However, from figure 4.9 it is seen that
the H*(n = 2) results are more similar to Na(3s) than Na*(3p). This at first
contradicts the assumption that cross sections scale with the ionization potential
of the target. Figure 4.9 also shows CTMC cross sections for ‘hydrogenic’ Na(3s)
and Na*(3p), i.e. assuming a target atom with the ionization potential of Na(3s)
or Na*(3p) but a hydrogenic 1/R potential. Here the cross sections for H*(n = 2)
are closer to ‘hydrogenic’ Na*(3p), as one would expect. This behavior can be
explained by the non-hydrogenic character of the Na potential as the screening
of the nuclear charge by the inner shell electrons as seen by the valence electron
depends strongly on its distance to the nucleus.
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Figure 4.10: Scaled state-selective experimental and CTMC cross sections as
a function of the final state n for collisions of Ne8+ with Na(3s) compared with
CTMC cross sections for collisions of Ne8+ with H*(n = 2) at (a) 2 keV/amu,
(b) 5 keV/amu and (c) 8.5 keV/amu. Solid and dashed lines are drawn through
the CTMC results to guide the eye.

A scaling law for electron capture in collisions of Aq+ with H(n=1) for projec-
tile charge states q = 1 - 20 has been proposed in [57]. This scaling law predicts
that the n-value at which the state-selective cross section maximizes should be
located at

nm = ni × q3/4 = (IH/IT )1/2 × q3/4, (4.1)

where ni is related to the ionization potential of ground state atomic hydrogen IH
= 13.6 eV and the ionization potential of the target atom IT by simple hydrogenic



52 Inelastic processes in collisions of HCI with Na(3s) and Na*(3p)

scaling laws. More recent work on ground and excited Li and Na targets [77, 81]
indicates that the relationship given by equation 4.1 should be modified by a
prefactor of 1.2 for alkali targets. This is due to the non-hydrogenic potential
that the active electron is subjected to in the alkalis.

To explore this point, theoretical cross sections for the H*(n = 2) target with
N5+ and Ne8+ projectiles have been calculated in the 1 to 10 keV/amu energy
range. From figure 4.9 and equation 4.1 it is found that to simulate a H*(n = 2)
target the position of the maximum n-state for Na(3s) should be moved up by
one n-unit. To obtain a quantitative agreement as well the magnitude of the
Na(3s) cross sections is increased by a factor of 1.3. The comparison of the scaled
experimental and CTMC results obtained with Na(3s) and the CTMC results
with H*(n = 2) for impact energies of 2, 5 and 8.5 keV/amu are shown in figure
4.10. Though the agreement is not perfect it provides a good first estimate for
the H*(n = 2) state-selective cross sections.

4.6 Conclusions

In this chapter experimental and theoretical state-selective single electron cap-
ture and ionization cross sections have been presented for highly charged ions
colliding with ground and excited state sodium atoms. The investigated energy
ranges from 1 to 10 keV/amu, which includes the velocity matching point of the
projectile velocity and the classical orbital velocity of the target electron. While
the total charge exchange cross sections change only slowly with the collision en-
ergy, the state-selective cross sections show a distinct collision energy dependence.
As an overall trend the cross section of the dominant capture channel decreases
with increasing energy in favor of higher excited final states and ionization of the
target. In general, good agreement is found between experiment and the CTMC
calculations. It is notable that theory follows the population of the high n-states
as the collision energy is increased and the ionization channel rises in importance.
The only failure of theory presents itself for the prediction of the low n-states with
the ground state Na(3s) target. This discrepancy is ascribed as due to the neglect
of multiple capture in the theoretical description and could be improved by theo-
retically implementing an n-body approach that includes the L-shell electrons on
the sodium atom and determining the states produced after multiple capture.

A simple scaling to interpolate state-selective electron capture cross sections
for the H*(n = 2) target from data obtained with Na(3s) has been proposed.
This scaling has been tested using CTMC cross sections calculated for collisions
of Ne8+ and N5+ with H*(n = 2) and Na(3s). Although not in perfect agreement,
the data for Na(3s) provides a good first estimate of the H*(n = 2) state-selective
cross sections. Further work is needed in order to define a scaling applicable to a
wide range of collision systems.



Chapter 5

Angular differential studies
of electron capture in
collisions of HCI with
Na(3s)

5.1 Introduction

Electron capture in collisions of highly charged ions with atoms is the dominant
process in the low keV/amu collision energy range and as such has been studied
extensively both theoretically and experimentally, see e.g. references [16, 82]. As
for total charge exchange cross sections, in general, there is excellent agreement
between theory and experiment. On the level of state-selective one-electron cap-
ture the comparison between theory and experiment is very satisfactory as well.
To understand the underlying dynamics of electron transfer processes and to test
theory on the most basic level angular differential measurements are required.
Charge transfer in collisions of highly charged ions with atoms occurs at large
impact parameters leading to very small projectile scattering angles in the order
of 0.1 mrad. With the development of recoil-ion momentum spectroscopy (RIMS)
it became possible to obtain angular differential charge transfer information with
hitherto unprecedented resolution and with nearly 4π solid angle detection effi-
ciency.

This chapter presents experimental and CTMC state-selective differential cross
sections (DCS) for electron transfer in collisions of highly charged He-like ions,
N5+, O6+ and Ne8+ with Na(3s). General trends and collision energy dependence
of the DCS for the different projectile ions are discussed. Within the CTMC model
the structure of the DCS is explained in terms of different transfer mechanisms. It

53
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Figure 5.1: Experimental Q-value distributions of Na+ recoil ions resulting
from collisions of N5+ and Ne8+ with Na(3s) at 2 keV/amu and O6+ at 2.25
keV/amu. The final states of the electron in the projectile are indicated.

is shown that the active electron can be transferred from the target to the projec-
tile in one direct step by crossing the potential saddle between the projectile and
the target nuclear centers just once, or oscillate between the two nuclear centers
several times. While the effect of these electron oscillations is washed out in the
total cross sections, structures resulting from different numbers of electron saddle
crossings appear in both the state-selective cross sections and, more strongly pro-
nounced, in the angular differential spectra for capture into highly excited states.
Similar features have been reported for total capture cross sections in slow sym-
metric and inelastic alkali ion-alkali atom collisions [83], capture cross sections
in collisions of singly charged alkali ions with Rydberg-state atoms [84], electron
excitation cross sections in collisions of He2+ with H [85] and electron transfer
probabilities as a function of impact parameter in collisions of slow Na+ with
Rb [86].

5.2 Transverse momentum spectra

Experimental Q-value spectra of Na+ recoil ions resulting from electron transfer
in collisions of N5+ and Ne8+ with Na(3s) at a collision energy of 2 keV/amu
and O6+ at 2.25 keV/amu are shown in figure 5.1. As has been shown in chapter
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Figure 5.2: Comparison of transverse momentum spectra of Na+ recoils from
1.5 keV/amu Ne8+ + Na(3s) → Ne7+(n = 10) + Na+ collision: experiment and
CTMC with and without convolution.

4, electron transfer at low keV/amu energies is very selective with respect to
the electron’s final state in the projectile. At 2 keV/amu and 2.25 keV/amu,
respectively, capture into the final states N4+(n = 6), O5+(n = 7) and Ne7+(n =
9) accounts for over 50% of the cross section for each presented system. With
increasing collision energy electron transfer into higher final states takes on greater
significance and there is a marked increase of the ionization cross section. In the
following, the main discussion will be focused on the DCS of the two main capture
channels to describe the general features of the dynamics.

Before presenting the transverse momentum spectra an assessment of the ex-
perimental transverse momentum resolution is made by applying a Gaussian con-
volution to the CTMC results. A comparison of experimental and CTMC trans-
verse momentum spectra with and without convolution for the Ne7+(n = 10) final
state obtained at 1.5 keV/amu collision energy is shown in figure 5.2. While there
is qualitative agreement between the experimental and CTMC spectra, the quan-
titative agreement drastically improves when the CTMC transverse momentum
spectrum is convoluted with a Gaussian with a width of 0.2 a.u. In the following
the CTMC results are displayed without convolution.

Figure 5.3 shows experimental and CTMC transverse momentum distribu-
tions for capture into the dominant final states N4+(n = 6), O5+(n = 7) and
Ne7+(n = 9) at 2 keV/amu for N5+ and Ne8+ and 2.25 keV/amu for O6+. For
easy comparison all transverse momentum spectra are normalized to a peak value
of one. All experimental spectra show just one maximum around a transverse
momentum of 1 a.u., which for O6+ corresponds to a projectile scattering angle of
0.12 mrad. The maxima are located at somewhat smaller momenta for N5+ and
somewhat larger momenta for Ne8+. All distributions smoothly extend to higher
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Figure 5.3: Experimental and CTMC recoil ion transverse momentum spectra
for the respective dominant capture channel in collisions of N5+, O6+ and Ne8+

with Na(3s) at 2 and 2.25 keV/amu, respectively.

momenta, up to 7 a.u. for N5+ and up to 10 a.u. for Ne8+ projectiles. The shift
to larger momenta for higher projectile charge is a direct result of the increased
repulsion between the projectile ion and the resulting recoil ion. The agreement
between experiment and CTMC is very good.

To illustrate the collision energy dependence of this process transverse mo-
mentum spectra for capture into N4+(n = 6) at 2, 5 and 8 keV/amu are shown in
figure 5.4. The main contribution to the transverse momentum is caused by the
Coulomb repulsion of the projectile and recoil ion after the collision. In order to
compare transverse momentum spectra at different collision energies the abscissa
is multiplied with the square root of the projectile energy. Under the assumption
of pure Rutherford scattering, this should remove the collision energy dependence
resulting from a change of the interaction time. The resulting experimental and
CTMC transverse momentum spectra show a trend to higher momentum val-
ues with increasing collision energy. Since in this representation the abscissa is
approximately inversely proportional to the impact parameter this implies that
the electron transfer process shifts to smaller impact parameters with increasing
collision energy.

Assuming pure Rutherford scattering, a simple relation of the transverse mo-
mentum and the impact parameter can be obtained under the approximation that
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Figure 5.4: Experimental and CTMC recoil ion transverse momentum spectra
for the process N5+ + Na(3s) → N4+(n = 6) + Na+ and Ne8+ + Na(3s) →
Ne7+(n = 9) + Na+ at 2, 5 and 8 keV/amu projectile energy.

there is no interaction before the electron transfer

ptrans =
q − 1

bv
. (5.1)

Here q is the initial projectile charge, b is the impact parameter and v is the
collision velocity. This equation can be used to estimate the impact parameter
range of the respective process from the transverse momentum spectrum.

Figure 5.5 shows the weighted CTMC transition probabilities for the final
states N4+(n = 6) and Ne7+(n = 9) at 2, 5 and 8 keV/amu. At a collision
energy of 2 keV/amu the maximum impact parameter at which electron capture
takes place is about 26 a.u. for N4+(n = 6) and 32 a.u. for Ne7+(n = 9). This
is in line with a simple estimate using the OtB model which predicts that the
capture radius increases with increasing projectile charge. For N4+(n = 6) the
weighted transition probability peaks at 17 a.u. at 2 keV/amu. With increasing
collision energy the weighted transition probability distributions shift to smaller
impact parameters, e.g. at 5 keV/amu the distributions peaks at 15 a.u. Also
in the case of the Ne7+(n = 9) final state the weighted transition probability
distributions show only one maximum over the whole impact parameter range
and the trend to smaller impact parameters with increasing collision energy is
clearly shown. At 2 keV/amu the weighted probability maximizes at an impact
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Figure 5.5: Weighted CTMC electron capture transition probabilities as a
function of the impact parameter b for capture into the N4+(n = 6) and N7+(n =
9) final states at 2, 5 and 8 keV/amu.

parameter of about 24 a.u. The maximum shifts to 22 a.u. at 5 keV/amu and
about 18 a.u. at 8 keV/amu. This can be explained by the increasing importance
of capture into higher final states at higher collision energies which draw flux
at large impact parameters. Similar to the experimental and CTMC transverse
momentum spectra the CTMC transition probabilities show only one distinct
maximum over the whole collision energy range.

The transverse momentum spectra for capture into stronger bound final states
N4+(n = 5), O5+(n = 6) and Ne7+(n = 8) show a behavior very similar to that
of the main capture channels.

For the next higher final n-states N4+(n = 7), O5+(n = 8) and Ne7+(n = 10)
experimental and CTMC transverse momentum spectra obtained at 2 keV/amu
for N5+ and Ne8+ and 2.25 keV/amu for O6+ are shown in figure 5.6. Though
there is quantitative discrepancy between theory and experiment, the experimen-
tally observed oscillatory structure in the spectra is well reproduced by the CTMC
calculations. The quantitative discrepancy between experiment and CTMC can
be largely attributed to the experimental resolution of the total transverse mo-
mentum of 0.2 a.u. At a collision energy of about 2 keV/amu the experimental
spectra show a pronounced maximum at very low momenta around 0.2 a.u. for
all projectile ions, which corresponds to a projectile scattering angle of only 0.02
mrad for O6+ projectiles, and a second maximum at momenta between 1 and 2
a.u. The spectra extend to high momentum values of up to 8 a.u., which is further
than for the respective main capture channels indicating capture events at very
small impact parameters.

A comparison of experimental and CTMC spectra for the N4+(n = 7) and
Ne7+(n = 10) final states obtained at collision energies of 2, 5 and 8 keV/amu is
shown in figure 5.7. Though again there is some quantitative discrepancy between
theory and experiment, the qualitative agreement with regard to the change of
the shape of the spectrum as a function of collision energy is rather satisfactory.
While at 8 and 5 keV/amu the oscillatory structure is only very weakly hinted at,
it becomes apparent at a collision energy of 2 keV/amu.
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Figure 5.6: Experimental and CTMC recoil ion transverse momentum spectra
for the final states N4+(n = 7), O5+(n = 8) and Ne7+(n = 10) at 2 keV/amu
and 2.25 keV/amu, respectively.

The corresponding weighted CTMC transition probabilities as a function of the
impact parameter for the N4+(n = 7) and Ne7+(n = 10) final states at 2, 5 and 8
keV/amu are shown in figure 5.8. Comparing the impact parameter range at which
electron capture takes place for the main and next higher final states, it is seen that
capture into higher final states can happen at larger impact parameters, as it is
expected in a simple picture of the electron transfer process. Whereas the weighted
transition probabilities for capture into the main final states N4+(n = 6) and
Ne7+(n = 9) show a clear maximum at a certain impact parameter in the whole
investigated collision energy range, which shifts to smaller impact parameters
with increasing collision energy, the probabilities of capture into the next higher
final states show a different behavior. At 2 keV/amu the weighted probability
distributions for the N4+(n = 7) and Ne7+(n = 10) final states show a very broad
maximum, ranging from 10 to 25 a.u. for the N4+(n = 7) and from 10 to 30 a.u.
for the Ne7+(n = 10) final state. At 5 keV/amu a more pronounced maximum
starts to emerge at larger impact parameters, at about 17 a.u. for N4+(n = 7)
and about 25 a.u. for Ne7+(n = 10). At this collision energy a second peak
in the weighted probability distribution is visible for capture into Ne7+(n = 10)
at an impact parameter of about 10 a.u., suggesting different electron capture
mechanisms, as will be discussed in the following section. At 8 keV/amu the
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Figure 5.7: Experimental and CTMC transverse momentum spectra for the
process N5+ + Na(3s) → N4+(n = 7) + Na+ and Ne8+ + Na(3s) → Ne7+(n =
10) + Na+ at 2, 5 and 8 keV/amu.

weighted transition probabilities for both the N4+(n = 7) and Ne7+(n = 10) final
states look much like those for the stronger bound N4+(n = 6) and Ne7+(n = 9)
final states, the only difference being the general shift to larger impact parameters.
As a general trend, capture probabilities into the N4+(n = 7) and Ne7+(n = 10)
final states at larger impact parameters increase with increasing collision energy
at the expense of the N4+(n = 6) and Ne7+(n = 9) final states, respectively, as
has been shown in figure 5.5.

5.3 The role of electron saddle crossings

To explain the structure and energy dependence of the transverse momentum
spectra CTMC calculations have been performed which recorded each time the
component of the electron position vector re along the internuclear axis (re · R)
crossed the potential saddle position rsaddle. In the following, such an event of the
active electron crossing of the potential saddle between the two nuclear centers
during the collision will be referred to as a ‘swap’. In order to be captured by the
projectile the electron has to cross the potential saddle an odd number of times
between the target and the projectile core.

The position of the potential saddle in the Garvey representation of the target,
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Figure 5.8: Weighted CTMC electron capture transition probabilities as a
function of the impact parameter b for capture into the N4+(n = 7) and Ne7+(n =
10) final state at 2, 5 and 8 keV/amu.

cf. chapter 3, can be parametrized as Rsaddle = ROtB + aR2e−λR + bR2e−γR,
where ROtB = R/(

√
q + 1) is the saddle position predicted by the classical over-

the-barrier model for the hydrogen target and a = 0.56, b = 0.12, λ = 1.37 and
γ = 0.39 are the parameters corresponding to the correction terms. Using this
parametrization the potential saddle position is shifted further from the target for
small internuclear internuclear distances R compared to the hydrogenic model.
This indicates that for the present case the target ion’s area of influence extends
to larger distances than assumed by the over-the-barrier prediction.

A comparison between experimental and CTMC transverse momentum distri-
butions for the processes Ne8+ + Na(3s) → Ne7+(n) + Na+ for n = 8, 9, 10 and
11 at 1.5 keV/amu collision energy is presented in figure 5.9, explicitly showing
the contributions of the number of times the electron crosses the potential saddle.
Here, the experimental spectra are normalized to the peak value of the CTMC
results. Even though the transverse momentum spectra for the Ne7+(n = 8) and
Ne7+(n = 9) final states show no structure, the CTMC calculations reveal that
the spectra consist of contributions of different number of electron swaps. Direct
transfer, i.e. 1 swap, leads to final transverse momenta between 0 and 4 a.u.
maximizing at about 1 a.u. The 3 swaps contribution, implying events where the
active electron first moves to the projectile, then back to the target and after
that is finally captured by the projectile, starts to rise from transverse momenta
of about 1 a.u., maximizing at about 2 a.u. At this collision energy contribu-
tions of 5 and more crossings play only a very minor role in the population of
these final states. Overall, the contributions of different number of electron swaps
to the spectra are overlapping to smooth total distributions without additional
structures.

In contrast to the main capture channel Ne7+(n = 9) and the stronger bound
Ne7+(n = 8) final state the contributions of different numbers of electron swaps
to the transverse momentum spectra separate for capture into higher final states
Ne7+(n = 10) and Ne7+(n = 11). From figure 5.9 it can be seen that the sharp
peak at very small transverse momenta of 0.2 a.u. for Ne7+(n = 10) and Ne7+(n =
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Figure 5.9: Transverse momentum distributions for the processes Ne8+ +
Na(3s) → Ne7+(n) + Na+ for n = 8, 9, 10 and 11 at 1.5 keV/amu with the
contributions of the different number of electron swaps explicitly shown.

11) results from a direct transfer of the electron from the target to the projectile.
For the Ne7+(n = 10) final state the 1 swap contribution also adds to the peak
between 1 and 2 a.u. Such capture events where the electron crosses the barrier
just once lead to transverse momenta of maximal 2.5 a.u. Larger momenta are
due to capture where the electron returns to the target and is captured later by
the projectile, i.e. 3 swaps. These events result in large momenta maximizing at
around 1.5 a.u. and extending up over 10 a.u. Thus the experimentally observed
peak at transverse momenta between 1 and 2 a.u. is comprised of contributions of
3 and 5 electron swaps. At large momenta, between 2 and 6 a.u., a contribution
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Figure 5.10: Transverse momentum distributions for the processes N5+ +
Na(3s) → N4+(n) + Na+ for n = 6 and n = 7 an at 2.0 keV/amu with the
different electron swap contributions explicitly shown.

of 5 swaps emerges, where the active electron returns to the target once more
before it is finally captured by the projectile. For the Ne7+(n = 11) final state the
shoulder seen in the transverse momentum spectrum at about 1 a.u. is resulting
from 3 swaps events only. The shoulder at high transverse momenta from 2 a.u.
on is composed of a sum of contributions of 3 and 5 electron swaps. In general,
the separate electron swap contributions show narrower features for capture into
higher final states, so that they become experimentally observable.

For a comparison of the electron oscillation processes for different projectiles
transverse momentum spectra for the N4+(n = 6) and N4+(n = 7) final states at 2
keV/amu are shown in figure 5.10. Overall the transverse momentum spectra and
separate electron swap contributions for these states show a very similar behavior
as the Ne7+(n = 9) and Ne7+(n = 10) final states at 1.5 keV/amu, respectively.
As in the case of Ne7+(n = 9) the transverse momentum distribution of the
N4+(n = 6) final state shows contributions from mainly 1 and 3 electron swaps,
where the 1 swap contribution appears at momenta from 0 to 3 a.u. and the 3
swaps contribution starts at 0.5 a.u. and extends to high momenta of 7 a.u. The
sharp peak at very small transverse momenta for the N4+(n = 7) final state can
be explained as a direct capture process after just 1 swap. The experimentally
observed shoulder of the transverse momentum distribution at about 1 a.u. is
comprised of capture events after 1 swap and 3 swaps. While direct capture, i.e.
1 swap, leads to final transverse momenta of maximally 3 a.u., the long tail of the
transverse momentum distribution is caused by capture events after 3 swaps. The
5 swaps contribution plays almost no role in both final states N4+(n = 6) and
N4+(n = 7) at 2 keV/am unlike in the case of Ne7+(n = 9) and Ne7+(n = 10) at
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Figure 5.11: Weighted CMTC electron capture transition probabilities as a
function of the impact parameter b for capture into the Ne7+(n), n = 8, 9, 10
and 11 final states at 1.5 keV/amu with the different electron swap contributions
explicitly shown.

1.5 keV/am. This can be explained by the shorter interaction time of projectile
and target due to the somewhat higher collision energy of 2 keV/amu and the
overall smaller capture radius of N5+ with respect to Ne8+.

Figure 5.11 shows weighted CTMC transition probabilities as a function of the
impact parameter b explicitly indicating the contributions arising from different
number of electron swaps for Ne7+(n), n = 8, 9, 10 and 11 final states created at
1.5 keV/amu. The total weighted transition probabilities extend to larger impact
parameters for capture into more highly excited final states. For all final states
capture after just one swap happens predominantly when the collision occurs at
large impact parameters and the probability for 3 and more swaps increases with
smaller impact parameter. The trend to more electron swaps with smaller impact
parameter can be explained by the longer interaction time of target and projectile.

For the Ne7+(n = 8) final state capture after just 1 swap happens predomi-
nantly at impact parameters between 10 and 25 a.u. Transfer after an additional
back and forth swap of the electron, i.e. 3 swaps, takes place at impact parameters
from 0 to 22 a.u. and 5 swap transfer occurs at impact parameters from 0 to 17
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a.u. The probabilities for capture after a certain number of electron swaps overlap
in the impact parameter range so that the total transition probability shows just
one smooth maximum, similarly to the transverse momentum spectra. The sep-
arate transition probabilities for the Ne7+(n = 9) final state show a very similar
behavior, the only difference being the aforementioned shift to somewhat larger
impact parameters for the total transition probability and the probabilities for
the separate swap contributions. For the stronger bound final states Ne7+(n = 8)
and Ne7+(n = 9) capture after just one electron swap dominates the dynamics
and thus the total transition probabilities peak at rather large impact parameters
of about 18 a.u. for the n = 8 final state and at 24 a.u. for n = 9. This changes
for the next higher final state Ne7+(n = 10) where population after 3 swaps is
the main contribution and the weighted transition probability for this contribu-
tion shows two maxima at impact parameters around 10 and 18 a.u., respectively.
Transfer into the n = 10 final state after just 1 swap occurs at impact parame-
ters from 15 to 35 a.u., while capture after 5 swaps happens at smaller impact
parameters from 0 to about 20 a.u. The shift to more electron swaps is even more
pronounced for the for Ne7+(n = 11) final state. Here, the 3 swap contribution
at smaller impact parameters up to 25 a.u. is the dominant process, followed by
capture after 5 swaps at impact parameters between 15 and 35 a.u. While the
impact parameter range increases for capture into higher final states, the maxi-
mum of the weighted transition probability shifts to smaller impact parameters.
This is contradictory to a simple picture where capture into stronger bound final
states happens at smaller impact parameters.

Figures 5.12 shows a distribution of CTMC events differential in transverse
momentum and the position of the projectile with respect to the target zproj
at which the active electron is swapped for the last time to the projectile for
Ne7+(n = 10) and Ne7+(n = 11) final states populated at 1.5 keV/amu. In this
representation zproj = 0 is the point where the projectile passes the target. For
the Ne7+(n = 10) final state a direct capture event, i.e. 1 swap, can occur either
when the projectile is still approaching the target, zproj < 0, or on the outgoing
part of the projectile trajectory, zproj > 0. Events where the electron is captured
during the incoming part of the projectile trajectory lead to higher transverse
momenta between 0.5 and 2 a.u., corresponding to the small peak seen in figure
5.9 at these transverse momenta. For events in which the electron is transferred on
the outgoing trajectory the resulting transverse momentum is quite small, < 0.5
a.u., which make up the sharp peak in figure 5.9. While 1 swap capture events
into the Ne7+(n = 10) final state are already possible from a zproj value of -15
a.u., 3 swap events appear only from zproj > -10 a.u on. Comparing the final
transverse momenta at one zproj value it becomes apparent that electron transfer
involving three swaps leads to larger momenta. This is caused by the preceding
bouncing of the electron between the ionic centers which reduces the screening
of the target charge and thus causes a larger repulsion of target and projectile
leading to larger final transverse momenta.

From figure 5.12 it is seen that direct capture, i.e. 1 swap, into the Ne7+(n =
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Figure 5.12: Final CTMC transverse momentum versus the position of the
projectile with respect to the target (zproj) at the last saddle crossing for the
final states Ne7+(n = 10) and Ne7+(n = 11) at 1.5 keV/amu for events resulting
after 1 or 3 electron saddle crossings, respectively.

11) final state only occurring long after the projectile has passed the target at zproj
> 15 a.u. These events make up the very sharp 1 swap peak in the transverse
momentum spectrum of this state as seen in figure 5.9. For the 3 swap process
populating the Ne7+(n = 11) final state two separate contributions are emerging.
Again, events where the electron is finally captured on the incoming part of the
projectile trajectory lead to large final transverse momenta above 3 a.u., while
capture events occurring long after the projectile has passed the target lead to
much smaller transverse momentum values.

The overall dependence of the final transverse momentum on the zproj value
of the last saddle crossing, i.e. lower final transverse momenta at later final swap
time, can be easily understood in a simple picture. The earlier the electron is
captured by the projectile, even temporarily, the longer does the resulting re-
pulsion between the projectile and recoil ion accumulate to the final transverse
momentum.

A comparison of the experimental and CTMC cross sections for capture into
the final states Ne7+(n), n = 8, 9, 10 and 11 as a function of collision energy is
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Figure 5.13: Experimental and CTMC electron transfer cross sections for the
process Ne8+ + Na(3s) → Ne7+(n) + Na+ for n = 8, 9, 10 and 11 as a function
of collision energy. The partial contributions arising from different number of
swaps are explicitly shown.

shown in figure 5.13 with explicit contributions of the different number of electron
swaps. For the Ne7+(n = 8) final state the 1 swap contribution shows a maximum
at about 4 keV/amu and is the dominant process in a broad collision energy range
from 0.5 to 10 keV/amu. With decreasing collision energy 3 and more swaps
contributions become more relevant, though the increase is only gradual and the
different contributions show only weakly pronounced maxima. A similar behavior
is observed for the Ne7+(n = 9) final state where the 1 swap process maximizes
at a collision energy of about 5 keV/amu and 3 and more swap processes increase
successively with decreasing collision energy. For the highly excited final states
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Ne7+(n = 10) and Ne7+(n = 11), however, the separate swap contributions show
pronounced maxima as a function of the collision energy. The 1 swap contribution
for capture into the Ne7+(n = 10) shows a pronounced peak at a collision energy
of 8 keV/amu and decreases much faster than in case of capture into stronger
bound final states. Capture after 3 swaps shows a maximum at 2 keV/amu and
is the dominant process for population of the Ne7+(n = 10) in this energy range.
The 3 swap contribution decreases with even lower collision energies in favor of
the 5 swap process which is the main contribution at about 1 keV/amu. The
weak oscillatory structure observed for the energy dependent cross section for the
Ne7+(n = 10) final state can be ascribed to the separate contributions of different
number of electron swaps. The cross sections and separate swap contributions
for the Ne7+(n = 11) final show a similar behavior as a function of the collision
energy, with an overall shift to larger collision energies.

5.4 Conclusions

In summary, we have obtained experimental transverse momentum distributions
in collisions of highly charged N5+, O6+ and Ne8+ ions with ground state Na(3s)
in the collision energy range from 1.5 to 8 keV/amu. In all collision systems
the transverse momentum distributions for the main and stronger bound final
states show just one maximum at all collision energies. In contrast, the distribu-
tions for higher excited final states feature an oscillatory structure which becomes
more distinct at lower collision energies. The results are compared with CTMC
calculations which are in general in a qualitatively good agreement with the ex-
perimental data. The structure and behavior of the transverse momentum spectra
is explained in terms of different number of times the electron crosses the poten-
tial barrier between the two nuclear centers during the collision. The significance
of electron swapping strongly increases with decreasing collision energy and has
been found to be a general feature of all investigated collision systems.



Chapter 6

Two-electron processes in
O6+ + Na(3s) collisions

6.1 Introduction

While the dynamics of transfer of one electron in collisions of highly charged ions
with atoms is well understood, this is not the case for processes involving several
electrons. Capture of two electrons results in the creation of highly doubly-excited
states significantly increasing the number of possible transfer channels and mech-
anisms compared to transfer of just one electron. Furthermore, double ionization
and transfer ionization, whereby one electron is transferred to the projectile and
one is emitted into the continuum, add to the complexity of the dynamics of the
system. Additionally, there is also the possibility of electron-electron interaction
during the collision process.

Most experiments investigating the mechanisms of double electron transfer
with highly charged ions have been performed using He or H2 targets. It has
been found that electron capture by highly charged ions from these targets leads
to either symmetric final states, i.e. final states with (almost) the same principal
quantum numbers (n ≈ n′), or highly asymmetric final states, i.e. doubly excited
states with very different quantum numbers (n� n′) . In particular for He targets
there has been a lot of discussion about the role of ‘correlated’ electron capture.
This process has been invoked to explain the population of highly asymmetric
final states suggesting that the capture takes place in a single step promoted by
dielectronic interaction [87–89].

Alternative explanations have been proposed, which explained the creation
of asymmetric final states as a result of a sequential two-step mechanisms via an
intermediate state promoted by electron-nucleus interaction followed by correlated
transfer excitation (CTE) involving electron-electron interaction [90,91].

Na with its one valence electron has a shell structure markedly different from
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Figure 6.1: Distribution of the absolute magnitude of the transverse momentum
versus the Q-value of Na2+ recoils from double electron capture in 8.25 keV/amu
O6+ + Na(3s) collisions.

He with two equivalent electrons. In this chapter results on double electron cap-
ture in collisions of O6+ with Na(3s) in the collision energy range from 3.75 to
8.25 keV/amu are presented. Possible transfer mechanisms are discussed on the
basis of the Q-value spectra, transverse momentum spectra and potential-energy
curves of the relevant capture channels.

6.2 Results and discussion

Figure 6.1 shows the distribution of Na2+ recoils resulting from 8.25 keV/amu
O6+ + Na(3s) collisions as a function of the absolute magnitude of the transverse
momentum versus the Q-value. Compared to one-electron capture and ionization
processes involving two electrons are much more exothermic leading to Q-values
up to −55 eV. Furthermore the transverse momentum spectra maximize at much
larger values between 5 and 10 a.u. and extend to values of about 20 a.u. To be
able to detect recoils with such large momenta it was necessary to increase the
extraction voltages of the spectrometer, c.f. chapter 2. This led to a decreased
momentum resolution of about 0.4 a.u., which corresponds to a Q-value resolution
of about 6 eV at 8.25 keV/amu.
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Figure 6.2: Q-value spectrum of Na2+ recoils resulting from 8.25 keV/amu O6+

+ Na(3s) collisions.

A typical Q-value spectrum obtained at a collision energy of 8.25 keV/amu is
shown in figure 6.2. Two contributions to the spectrum are clearly distinguishable.
At this collision energy the dominant component appears at Q-values between −20
and 0 eV and a less pronounced contribution emerges between −35 and −55 eV.

The transverse momentum distributions of the two channels are shown in
figure 6.3. Na2+ recoils at Q-values between −35 and −55 eV show a rather
broad distribution maximizing at about 10 a.u. and extending to large momenta
up to 20 a.u. For the recoils at Q-values between 0 and −20 eV a much narrower
distribution at smaller momenta is observed with a maximum at about 5 a.u. The
difference is in line with the simple basic picture of electron transfer where capture
into stronger bound final states occurs at smaller internuclear distances leading
to larger repulsion of projectile and target and thus larger transverse momenta.

6.2.1 Final state assignment

To assign the Q-value distributions to specific processes only capture of the 3s
valence electron and one of the 2p inner shell electrons of the Na target was
considered in a previous work [92]. Since within the classical over-the-barrier
model the capture radius for a 2p electron is 5.1 a.u. and 3.0 a.u. for a 2s
electron, one might assume that the second captured electron originates from
the 2p shell instead of the 2s shell. However, the OtB model only takes into
account the electron’s binding energy and the projectile charge. Considering that
the wave function of a 2s electron extends to larger distances than the wave
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Figure 6.3: Transverse momentum distributions of Na2+ recoils created in 8.25
keV/amu O6+ + Na(3s) collisions resulting in Q-values between 0 and −20 eV
and −35 and −55 eV.

function of a 2p electron processes involving a 2s electron instead of a 2p cannot
be ruled out. Therefore in the following, processes starting from the 2p3s as
well as 2s3s configurations of Na are taken into account as a possible scenario.
Possible processes where only inner shell electrons are involved are excluded in
the following, since the cross section for such processes are estimated to be over
an order of magnitude smaller.

In general, doubly charged recoil ions can be produced by capture of two elec-
trons by the projectile (double capture, DC), by transfer ionization (TI), whereby
one electron is transferred to the projectile and one is emitted into the continuum,
or by double ionization (DI). Double ionization can be ruled out since it would
lead to Q-values Q ≥ 52 eV in case of ionization of the 3s and one of the 2p
electrons or even larger values of Q ≥ 85 eV in case of the 3s and 2s electrons and
no recoils are observed at these Q-values. This is to be expected since the classical
orbital velocity of the 2p and 2s electrons of Na correspond to collision energies
of 87 and 147 keV/amu, respectively, which is an order of magnitude larger than
the investigated projectile energy range.

The longitudinal momenta corresponding to transfer ionization are defined as

plong ≥
I1 + I2 − EO

5+

b

vp
− vp, (6.1)

where I1 and I2 are the ionization potentials of the involved electrons and EO
5+

b

is the binding energy of the electron in the O5+ projectile after the collision. In
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reference [92] only the TI process involving the 3s valence electron and one 2p
core electron of Na and leading to creation of the O5+(1s23s) final state has been
taken into account. Thus it was claimed that transfer ionization plays only a
minor role in the creation of Na2+ recoils, since TI resulting in creation of the
O5+(1s23s) final state appears at Q ≥ −6, which contributes relatively little to
the whole spectrum. However in principle TI processes involving the 2s instead of
the 2p sub-shell of Na have to be considered as well. Furthermore, there is a priori
no reason to exclude the possibility of creation of the O5+(1s22s) and O5+(1s22p)

final states. Thus TI processes would appear at Q-values Q ≥ I3s + I2p − EO
5+

b

or Q ≥ I3s + I2s − EO
5+

b , respectively, where I3s = 5.14 eV, I2p = 47.3 eV
and I2s = 80.1 eV [93] are the respective ionization potentials of Na and Na+.

Table 6.1: Q-values for the relevant processes O6+ + Na(3s)→ O4+(1s2nln′l′)
+ Na2+ and O6+ + Na(3s) → O5+(1s2nl) + Na2+ + e−. Binding energies
of the O4+(1s2nln′l′) and O5+(1s2nl) states are obtained from NIST [93] and
multi-configuration Hartree-Fock (MCHF) calculations [94]

O4+(1s2nln′l′) Q-value (eV)
O5+(1s2nl) Na(2p3s) Na(2s3s)

2s2 −200 −167
2s2l′ l, l′ ≥ 1 −189 → −164 −156 → −131
2sn′l′ n′ = 3 −132 −99
2sn′l′ n′ = 4 −110 −77
2sn′l′ n′ = 5 −101 −68
2sn′l′ n′ = 6 −96 −63
2sn′l′ n′ = 7 −93 −60

2s n′ =∞ −86 −53
2pn′l′ n′ = 3 −119 −86 → −78
2pn′l′ n′ = 4 −96 −65 → −62
2pn′l′ n′ = 5 −88 −55 → −54
2pn′l′ n′ = 6 −84 −51
2pn′l′ n′ = 7 −81 −48

2p n′ =∞ −74 −41
3s2 −54 −21
3l3l′ l, l′ ≥ 1 −48 → −40 −15 → −7
3ln′l′ n′ = 4 −31 → −22 2 → 11

n′ = 5 −21 → −15
n′ = 6 −17 → −11
n′ = 7 −14 → −9
n′ ≥ 8 −12 → −2

3s n′ =∞ −6 27
4ln′l′ −6 → 22
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With the above considerations six possible boundaries of transfer ionization in
the Q-value spectrum are possible: Q ≥ −86, −74, −53, −41, −6 and 27 eV,
cf. table 6.1. For ionization processes the Q-value is connected to the energy
of the emitted electron in the projectile frame. For single electron ionization the
boundary Q-value marks the point of electron capture into the continuum (ECC),
in which the electron travels along with the projectile. Since single ionization in
the low keV/amu collision energy range mainly leads to events close to the ECC
boundary [43] recoils resulting in TI processes are expected to appear close to the
Q-value boundaries given above as well. Thus TI involving the 3s electron and
one 2p electron leading to final states O5+(1s22s) or O5+(1s22p) seem unlikely,
since no Na2+ recoils are observed near Q-values of −86 and −74 eV, cf. figure
6.2. On the other hand, the Na2+ recoils at Q-values between −35 to −55 could in
principle be explained by TI events involving the 3s electron and one 2s electron
resulting in creation of either the O5+(1s22s) final state at Q ≥ −53 eV or the
O5+(1s22p) final state at Q ≥ −41 eV. However, it seems unlikely that TI leads
to large transverse momenta of more than 10 a.u. as observed in this case, since
the emitted electron takes some of the momentum from the recoil [17, 23]. TI
processes involving the 3s and one of the 2s electrons of Na can be excluded since
no recoils are observed at corresponding Q-values of 27 eV and higher. Therefore,
TI processes are not considered in the following and it is assumed that recoils
with Q-values in the range of −35 to −55 eV originate from two-electron transfer.

For recoils at Q-values between 0 and −20 eV there is a TI boundary at −6
eV in case the 3s electron and one 2p electron are involved in a process leading to
creation of the O5+(1s23s) final state. However the contribution is rather small, so
that (most of) these recoils are likely to originate from double capture processes
as well. We note that these considerations are by no means final and further
experiments are required. However, even coincident measurement of the recoil
ion with the scattered projectile would be insufficient, since two-electron transfer
with highly charged ions results in creation of highly doubly-excited final states
which are likely to undergo Auger decay changing the projectile’s charge state
after the collision. Therefore, it would be necessary to measure the recoil and
scattered projectile in coincidence with potentially emitted electrons to identify
the process unequivocally.

Q-values for double capture of electrons starting from the 2p3s and 2s3s con-
figurations of Na are given in table 6.1. The binding energies of the O4+(nln′l′)
states have been obtained from NIST [93] and multi-configuration Hartree-Fock
(MCHF) calculations [94]. From our Q-value spectra we conclude that there is no
capture into final states O4+(2sn′l′). Considering capture of the 3s electron and
one of the 2s electrons of Na the contribution at Q-values between −35 and −55
eV can be explained by capture into final states O4+(2pn′l′) with n′ ≥ 5. Alter-
natively, if the captured electrons originate from the 3s and 2p shells, respectively,
these recoils can be assigned to the O4+(3l3l′) final state.

Recoils at Q-values between 0 and −20 eV can be attributed to capture of the
3s electron and one of the 2p electrons of Na into the O4+(3ln′l′), n′ ≥ 5 series,



6.2 Results and discussion 75

Figure 6.4: Coulomb potential-energy curves for single and double capture for
processes involving the 3s electron and one 2p electron of Na as a function of
the internuclear distance R. Black curves denote single capture channels, gray
curves denote double capture channels.

or into O4+(3l3l′) final states in case of capture of the 3s electron and one 2s
electron.

6.2.2 Transfer mechanisms

To identify the transfer mechanisms, potential-energy curves of the relevant two-
electron and one-electron capture channels are considered. Figure 6.4 shows the
relevant potential curves for capture events involving the 3s electron and one of
the 2p electrons of Na into various final states of the projectile. For the initial
state of the O6+ + Na system polarization effects are neglected and the potential
is approximated by a straight-line at 0 eV. The potentials of the O5+ + Na+ and
O4+ + Na2+ systems, i.e. after transfer of one or two electrons, are approximated
as pure Coulomb interactions. The curves for capture into the (3ln′l′) states are
represented as broad bands due to the strong non-degeneracy of the involved l, l′

sub-levels. It is assumed that electron transfer can occur at the curve crossings.

Creation of recoils at Q-values from 0 to −20 eV can be explained as sequential
capture of the 3s and one 2p electron via an intermediate state into final states
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Figure 6.5: Coulomb potential-energy curves for single and double capture for
processes involving the 3s electron and one 2s electron of Na as a function of
the internuclear distance R. Black curves denote single capture channels, gray
curves denote double capture channels.

O4+(3ln′l′) with n′ ≥ 5

O6+ + Na(2p3s)→ O5+(n) + Na+ → O4+(3ln′l′) + Na2+. (6.2)

Since capture into the O5+(n = 7) final state is the dominant process for single
electron transfer [55] it is very likely that it acts as the intermediate state for final
states O4+(3l7l′). Similar processes can explain capture into the O4+(3l6l′) and
O4+(3l8l′) final states with intermediate states O5+(n = 6) and O5+(n = 8),
respectively.

The absence of recoils at Q-values corresponding to capture into the O4+(3l4l′)
and the rather weak contribution of the O4+(3l5l′) final states can be explained
by the lack of appropriate intermediate states, as the O5+(n = 5) single capture
channel is very weak and the O5+(n = 4) channel is basically non-existent [55].

Similarly, the O5+(n = 3) final state cannot be populated in a one-electron
capture process [55], which is thus ruled out as an intermediate final state for
possible two-step capture into O4+(3l3l′) final states. Therefore, when invoking
capture of the 3s valence electron and a 2p core electron, creation of recoils with
Q-values between −35 and −55 eV corresponding to the O4+(3l3l′) final states
would have to be explained in a different way. A ‘correlated’ transfer mechanism
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Figure 6.6: Collision energy dependence of the relative cross section ratio for
population of O4+(2pn′l′), n′ ≥ 5 final states with respect to the total double
capture cross section.

alternative to sequential independent electron capture has been proposed for two
electron transfer in collisions of highly charged ions with He [87, 89] invoking a
one-step process promoted by electron-electron interaction. Such a process could,
in principle, be responsible for creation of the O4+(3l3l′) final states:

O6+ + Na(2p3s)→ O4+(3l3l′) + Na2+. (6.3)

Within this reasoning, however, final states O4+(3l4l′) should also be popu-
lated via this mechanism. The complete lack of recoils at Q-values corresponding
to O4+(3l4l′) final states suggest that this is not the case, which makes the creation
of O4+(3l3l′) final states via a ‘correlated’ one-step mechanism questionable.

As discussed in subsection 6.2.1, recoils at Q-values between −35 and −55
eV can alternatively be explained by population of final states O4+(2pn′l′) with
n′ ≥ 5 by capture of the 3s valence electron and one of the 2s core electrons of Na.
Corresponding potential-energy curves for capture events from the 2s3s configura-
tion are depicted in figure 6.5. With a similar argument as for capture of electrons
starting from the 2p3s configuration of Na into final states O4+(3ln′l′), n′ ≥ 5,
population of O4+(2pn′l′), n′ ≥ 5 final states from 2s3s could proceed via an
intermediate single capture state O5+(n) with n ≥ 5.

Possible sequential population of O4+(3l3l′) final states from the 2s3s con-
figuration can be excluded due to the lack of an appropriate intermediate state.
Also a possible simultaneous, ‘correlated’ two-electron capture process seems un-
likely, since in this case O4+(3l4l′) final states starting from the 2s3s configuration
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should be created in a similar process as well, however, no recoils are observed at
the relevant Q-values ≥ 0 eV.

Finally, the most likely scenario seems that recoils at Q-values between 0 and
−20 eV are created by sequential capture of the 3s valence electron and one of the
2p electrons of Na into final states O4+(3ln′l′) with n′ ≥ 5 via an intermediate
state O5+(n), while recoils with Q-values from −35 to −55 eV originate from a
sequential capture process of the 3s electron and one of the 2s core electrons into
final states O4+(2pn′l′) with n′ ≥ 5 via an intermediate state O5+(n). This is
also supported by the transverse momentum spectra. The final capture into the
O4+(2pn′l′) final states occurs at much smaller internuclear distances compared
to final capture into the O4+(3ln′l′) final states, cf. figures 6.4 and 6.5, which
implies stronger repulsion and thus larger transverse momenta, as shown in figure
6.3.

The relative change of the two contributions to the Q-value spectra as a func-
tion of the collision energy provides additional benchmark data. The relative ratio
of recoils assigned to capture from the 2s3s configuration of Na into O4+(2pn′l′)
final states depicted in figure 6.6 for collision energies between 3.75 and 8.25
keV/amu shows a strong increase for decreasing collision energies.

6.3 Conclusions

Recoil ions resulting from two-electron processes in collisions of O6+ with Na(3s)
have been obtained in the collision energy range from 3.25 to 8.25 keV/amu. The
Q-value spectra of the Na2+ recoils show two separate contributions. The doubly
charged recoils are assumed to originate from two-electron capture, since transfer
ionization processes can be excluded on the basis of the final Q-values and the
respective transverse momenta. By means of Coulomb potential-energy curves
the two contributions are assigned to either capture of the 3s valence electron
and one of the 2p inner shell electrons of Na into the series O4+(3ln′l′) with
n′ ≥ 5 or to capture of the 3s electron and one of the 2s core electrons into the
series O4+(2pn′l′) with n′ ≥ 5. The relative cross section of the latter process is
increasing with decreasing collision energy. Further experimental and theoretical
work is necessary for an unambiguous assignment of the final states and transfer
mechanisms.
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Summary and outlook

In this thesis a systematic experimental study of electron transfer and ionization
processes in collisions of highly charged ions with Na atoms in the low keV/amu
collision energy has been presented. Such processes play a significant role in all
astrophysical and man-made plasma environments.

The experimental results have been obtained with the MOTRIMS technique
which combines cooling and trapping of the atomic target in a magneto-optical
trap (MOT) with recoil ion momentum spectroscopy (RIMS). By measuring the
very small momentum change of the recoil ion caused by the interaction with
the projectile detailed information on the collision process can be obtained. The
recoil momentum component longitudinal to the projectile beam is related to the
energy gain or loss, i.e. the Q-value, of the process. This value is associated
with the change of the electron binding energies before and after the transfer and
therefore with the electron final states. The momentum component transverse to
the projectile beam is directly linked to the projectile scattering angle which gives
information on the impact parameter dependency of the process. All information
can be obtained simultaneously with nearly 4π detection efficiency. In order to
ensure that the initial thermal momentum distribution of the target does not blur
the very small momentum changes resulting from the electron transfer and ioniza-
tion processes the target atoms have to be cooled. In our MOTRIMS experiment
an ultracold Na atom target with a temperature of about 200 µK is provided by
means of laser cooling and trapping in a MOT. For single electron transfer and
ionization a momentum resolution of about 0.05 a.u. has been achieved which
allows for separation of electron capture into distinct final states.

Relative state selective single electron capture and ionization cross sections
have been obtained for collisions of N5+ and Ne8+ with ground state Na(3s) and
excited state Na*(3p). The investigated energy range of 1 to 10 keV/amu includes
the velocity matching point of the projectile velocity and the classical orbital
velocity of the target electron. The relative cross sections show a distinct collision
energy dependence. At the lower energies electron transfer is the dominant process
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and rather selective with respect to the electron final state. As an overall trend
the cross sections of the dominant capture channels decreases with increasing
energy in favor of higher excited final states and ionization of the target. Above a
collision energy larger than the classical orbit velocity of the valence electron,
which corresponds to 9.4 keV/amu for Na(3s) and 5.6 for Na(3p), ionization
processes start to play a significant role, with an exponentially increasing cross
section.

The experimental results have been compared with classical trajectory Monte
Carlo (CTMC) calculations. In general, good agreement is found between the
experimental data and the CTMC calculations. Notably theory follows the pop-
ulation of highly excited n-states after capture as the collision energy is increased
and the ionization channel rises in importance. The only discrepancy is found for
the prediction of cross sections of low n-states with a ground state Na(3s) target.
This discrepancy is attributed to the neglect of multiple capture in the theoreti-
cal description and could be improved by theoretically implementing an n-body
approach that includes the L-shell electrons on the sodium atom and determining
the states produced after multiple capture.

One motivation for obtaining cross sections in collisions of highly charged ions
with Na is the possible interpolation of cross sections of collisions with experi-
mentally elusive, fusion relevant targets such as H*(n = 2). To interpolate state
selective electron capture cross sections for collisions with H*(n = 2) a simple
scaling from data obtained with Na(3s) has been proposed. This scaling has been
tested using CTMC cross sections calculated for collisions of N5+ and Ne8+ with
H*(n = 2) and Na(3s). Although not in perfect agreement, the data for Na(3s)
provides a good first estimate of the H*(n = 2) state-selective cross sections.

For further insight into the collision processes transverse momentum distribu-
tions in one-electron transfer collisions of highly charged N5+, O6+ and Ne8+ ions
with ground state Na(3s) have been obtained in the collision energy range from
1.5 to 8 keV/amu. The results are compared with CTMC calculations which are
in general in a qualitatively good agreement with the experimental data. The
CTMC calculations also give additional insight into the impact parameter depen-
dence of the process. Transfer of the loosely bound valence electron of Na(3s)
occurs at large internuclear distances which results in very small scattering an-
gles in the order of 0.02 to 0.1 mrad which corresponds to transverse momenta of
0.2 to 1 a.u.. The experimentally obtained state-selective transverse momentum
distributions for the main capture channels show a shift to larger momenta for
decreasing collision energy due to the longer interaction time. While the distri-
butions for the main capture channels show just one maximum for all collision
systems and energies the distributions for capture into highly excited final states
feature distinct structure which is strongly dependent on the collision energy.

CTMC calculations reveal that the active electron can cross the potential
barrier between the target and the projectile one or several times. It is found
that different number of times of electron saddle crossing between the two nuclear
centers during the collision contribute to all final states and that the structure
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observed in the transverse momentum spectra for highly excited final states is
a direct result of the different electron oscillation processes. The significance
of electron saddle crossings strongly increases with decreasing collision energy.
Evidence of electron saddle crossings is found for all investigated collision systems.

First preliminary results on two-electron processes in collisions of O6+ with
Na(3s) have been obtained in the collision energy range from 3.25 to 8.25 keV/amu.
The Q-value spectra of the Na2+ recoils show two separate contributions. The
doubly charged recoils are assumed to originate from two-electron capture, since
transfer ionization processes can be excluded on the basis of the final Q-values and
the respective transverse momenta. By means of the Q-value spectra, transverse
momentum distributions and Coulomb potential-energy curves the two contribu-
tions have been assigned to either capture of the 3s valence electron and one of
the 2p inner shell electrons of Na into the series O4+(3ln′l′) with n′ ≥ 5 or to cap-
ture of the 3s electron and one of the 2s core electrons into the series O4+(2pn′l′)
with n′ ≥ 5. The relative cross section of the latter process is increasing with
decreasing collision energy.

More experiments on multiple electron processes and corresponding n-body
CTMC, which explicitly incorporates all (active) electrons, are required for a
further understanding of the collision dynamics. As an alternative option to an
alkali target such as Na, alkaline earth metal targets, such as Ca and Mg, which
are also trappable in a MOT, could be used to investigate two-electron processes.
The comparatively low binding energies of the two valence electrons of alkaline
earth metals would result in significantly larger cross sections and a change in the
capture dynamics.





Appendix A

Atomic units

The atomic units system, which is based on the values of the 1s electron of the
hydrogen atom, is defined by setting the electron’s mass me, the elementary charge
e, the reduced Planck’s constant ~ and the Coulomb constant 1/4πε0 to 1

me = e = ~ =
1

4πε0
= 1 (A.1)

quantity symbol value in SI-units other units
mass me 9.1094 · 10−31 kg 511 keV/c2

charge e 1.6022 · 10−16 C

length a0 5.2918 · 10−11 m 0.529 Å
time te 2.4189 · 10−17 s
speed ve 2.1877 · 106 m/s

momentum pe 1.9929 · 10−24 kgm/s
energy E 4.3593 · 10−18 J 27.2114 eV

Table A.1: Overview of the most important physical quantities given in SI units
related to 1 atomic unit.

The kinetic energy of the projectile ion beam is given in keV per atomic mass
unit (amu), where 1 amu is 1.6605 · 10−27 kg. Note that 1 amu is different from
one unit of mass in atomic units. The conversion of the kinetic energy in keV/amu
into projectile velocity vp in atomic units is given by

vp = 0.2008
√
E[keV/amu]. (A.2)

The conversion of the transverse momentum of the recoil ion in atomic units
into the projectile scattering angle θ in rad is given by

θ(rad) =
ptrans(a.u.)

1836M(amu)vp(a.u.)
. (A.3)
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Appendix B

Numerical Abel inversion

While in principle it is possible to measure the complete three-dimensional recoil
momentum distribution I(px, py, pz), in order to do so the projectile beam has to
be pulsed and maximal one event can obtained per pulse leading to long measure-
ment times. An alternative is to perform the measurements with a continuous
projectile beam and to measure only the projection of the complete momentum
distribution onto the detector plane, i.e. the x-y-plane. Since the detector plane
contains a symmetry axis the three-dimensional recoil momentum distribution can
be reconstructed from the two-dimensional projection using the so-called Abel-
inversion.

For recoil extraction along the z-axis continuous data acquisition implies that
the recoil momentum component along the z-axis, pz, which is linked to the
recoil time of flight, is not measured. Only the projection Iy(py) onto the y-
axis of the two-dimensional transverse momentum distribution I(ptrans) is ob-
tained. The transverse momentum ptrans is connected to py via the relation

ptrans =
√
p2y + p2z. The measured one-dimensional transverse momentum dis-

tribution Iy(py) is an effective integration of the two-dimensional transverse mo-
mentum I(ptrans)

Iy(py) = 2

∫ ∞
py

I(ptrans)ptransdptrans√
p2trans − p2y

≡ A[I(ptrans)], (B.1)

where A is the so-called Abel transformation. Due to the cylindrical symmetry
of the transverse momentum distribution I(ptrans) it can be extracted from the
projection Iy(py) onto the y-axis by applying the inverse Abel transformation

I(ptrans) = A−1[Iy(py)] = − 1

π

∫ ∞
ptrans

dIy/dpy√
p2y − p2trans

dpy, (B.2)

where A−1 is the inverse Abel transformation or Abel inversion. This relation
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enables us to obtain the full transverse momentum distributions from the distri-
bution of the projection onto py.

Directly applying the inverse Abel transformation turns out to be quite sensi-
tive to statistical noise because it involves the derivative of the measured distri-
bution. To overcome this problem a new method for performing the inverse Abel
transformation has been developed, especially designed to deal with noisy data.
Our approach is based on an earlier iterative procedure of Vrakking [47]. We have
extended this method by including additional smoothing and weighting conditions
in the iteration formula in order to achieve better convergence and a smoother
final result. This method allows us to extract information also for data points
close to the origin, where the noise of the transformation is usually accumulated.

The method presented in [47] deals with reconstruction of a three-dimensional
velocity distribution onto a two-dimensional plane. Here a simplified version is
given, which only deals with reconstruction of the two-dimensional transverse
momentum distribution I(ptrans) from the one-dimensional projection Iy(py).
To avoid multiple indices the distributions are renamed according to: P (v) =
I(ptrans) and Q(y) = Iy(py), where v is the recoil velocity transverse to the pro-
jectile beam and is related to the transverse momentum via ptrans = vM and
y is the position of the recoil on the detector linked to the respective transverse
momentum component via py = My/τ .

The iterative procedure is based on the ansatz

P0(v) = Qexp(y)/(2πy), (B.3)

where Qexp(y) is the measured distribution. The position on the detector y can
be converted into a velocity v via the time of flight condition y = vτ , where τ is
the time of flight. The iteration procedure is given by

Pi+1(v) = Pi(v)− c1
Qi(v)−Qexp(v)

2πv
, (B.4)

Qi+1(v) = 2

∫ ∞
v

Pi+1(v′)
v′√

v′2 − v2
dv′, (B.5)

where the i + 1st iteration of the reconstructed distribution Pi+1(v) is obtained
from a correction based on the difference of the reconstructed and measured pro-
jections weighted with a factor c1. Equation B.5 is the Abel transformation of
Pi+1(v) to get the new projection Qi+1(v).

Before we present our modification to this treatment, we introduce the dis-
cretization of the problem. Due to the finite pixel size of the detector, the data
come as a list of data points, labeled with j

Qi(v) := Qij(vj). (B.6)
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Accordingly, the discrete versions of the equations (B.3-B.5) are

P0,j(vj) = Qexp,j(vj)/(2πvj), (B.7)

Pi+1,j(vj) = Pi,j(vj)− c1
Qi,j(vj)−Qexp,j(vj)

2πvj
, (B.8)

Qi+1,j(vj) = 2

jmax∑
k=j+1

Pi+1,k(vk)
vk√
v2k − v2j

(vk − vk−1). (B.9)

Here, jmax is the highest entry of the data and vk − vk−1 = ∆vk is the stepsize
between two neighboring data points. To avoid a division by zero, the sum starts
with j + 1.

In our modified version of the iteration we add an additional term to the
iteration equation B.8

Pmodi+1,j(vj) = Pi+1,j(vj)− c2
(
Pij(vj)−

1

2
[Pi,j−1(vj) + Pi,j+1(vj)]

)
. (B.10)

The new correction term with weighting factor c2 is a correction in ‘P-space’
where any data point of Pi is compared with the two neighboring ones. If it is not
the arithmetic average the new calculated data point gets a correction towards
to arithmetic average. This procedure tries to smooth the Pi functions. On the
other hand, this smoothing is balanced by the first correction factor, which tries
to change the Pi function in order to perfectly describe the data. Without the
smoothing algorithm the c1 term tends to generate much noise for a high number
of iterations and the final result hardly converges.





Appendix C

Magnetic field switching

Figure C.1: Na+ recoil x-y-distributions resulting from 5.0 keV/amu O6+ +
Na(3s) collisions with the magnetic field switched either off (left panel) or on
(right panel) during the measurements, respectively.

Figure C.1 shows detector images of Na+ recoils obtained at 5.0 keV/amu
O6+ + Na(3s) collisions with either the MOT magnetic field switched either off
or on during the collision process. The recoil spectrum appears rotated in case of
constant magnetic field due to distortion of the recoil trajectories. A correction
rotation has been applied to these spectra during the analysis procedure. A com-
parison of transverse momentum spectra for specific final states O5+(n = 7) and
O5+(n = 8) are depicted in figure C.2 for measurements with the magnetic field
switched either off or on. The difference of results with the magnetic field switched
either off or on is below the experimental resolution of 0.2 a.u. Furthermore the
difference in structure of the two final states is unaffected by the magnetic field.
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Figure C.2: Comparison of transverse momentum spectra of O5+(n = 7) (left
panel) and O5+(n = 8) (right panel) final states obtained in 5.0 keV/amu O6+

+ Na collisions with magnetic field switched either off or on, respectively.

Therefore, most measurements presented in this work have been obtained with a
constant MOT magnetic field in order to drastically decrease the measurement
time.



Samenvatting

Statische eigenschappen van atomen, zoals de bindingsenergieën van elektronen,
kunnen met hoge precisie worden gemeten en berekend. Daarentegen is het ver-
krijgen van inzicht in dynamische processen in de atoomfysica met grote inspan-
ningen verbonden, omdat een veelheid aan verschillende processen mogelijk is die
elk van vele factoren afhangen. Een voorbeeld van dergelijk dynamische processen
zijn botsingen tussen neutrale atomen en ionen. Tijdens de botsing kunnen een
of meerdere van de elektronen die voor de botsing gebonden zijn aan het atoom
worden overgedragen aan het geladen ion. Het is ook mogelijk dat een of meerdere
elektronen van het atoom worden losgemaakt zonder dat ze aan het ion worden
overgedragen. Dit proces wordt ionisatie genoemd.

Botsingen van ionen met atomen spelen een belangrijke rol in een fusieplasma
zoals die in de toekomstige International Tokamak Experimental Reactor (ITER).
De hoge temperaturen die nodig zijn om fusie te bereiken hebben tot gevolg dat
hooggeladen ionen in het plasma ontstaan. Emissie van licht en röntgenstraling
als gevolg van botsingen van de (hooggeladen) ionen met atomen kan worden
gebruikt voor diagnostiek van het plasma. Omdat de golflengte specifiek is voor
een bepaald proces kunnen op deze manier de bestanddelen van het plasma worden
gëıdentificeerd.

Botsingen tussen ionen en atomen komen ook voor in astrofysische omgevin-
gen. Als kometen door het zonnestelsel vliegen, vinden botsingen tussen de ionen
van de zogenaamde zonnewind met atomen in de atmosfeer van de kometen plaats.
Door de röntgenstraling te meten, die ontstaat als gevolg van die botsingen, kun-
nen eigenschappen van de zonnewind en de kometen worden bepaald.

De state of the art-techniek om atomaire en moleculaire botsingen te bestude-
ren is recoilionenimpulsspectroscopie, of kortweg recoilspectroscopie. Deze tech-
niek is gebaseerd op het meten van de impuls, of snelheid, van het target, het
atoom of molecuul, na de botsing. Met een zwak elektrisch veld worden de gëıo-
niseerde targetdeeltjes, genoemd recoilionen, uit het botsingscentrum geleid naar
een detector waar hun positie wordt gemeten vanwaaruit hun snelheid kan worden
bepaald. Figuur 1 toont het principe van recoilspectroscopie. De gemeten snel-
heid bevat informatie over het botsingsproces, zoals de kwantumtoestand van het
overgedragen elektron in het projectiel en de afstand tussen target en projectiel
waarbij de overdracht plaatsvindt.
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Figuur 1: Het principe van recoilspectroscopie: Links: Een ionenbundel wordt op
een wolkje koude natriumatomen geschoten. Midden: Tijdens de botsing met de
projectielionen kan een natriumatoom elektronen verliezen door overdracht van elek-
tronen aan het projectiel of door ionisatie. Het gëıoniseerde natrium wordt ’recoilion’
genoemd. Rechts: Het recoilion wordt door een zwak elektrisch veld naar de detector
geleid waar zijn positie en dus snelheid wordt gemeten.

De snelheidsverandering van de recoilionen veroorzaakt door de botsing is
meestal minder dan 50 m/s (190 km/h), wat heel laag in vergelijking met de
snelheid van het projectiel, welke een snelheid heeft van rond 1.000.000 m/s.
Deeltjes in een gas op kamertemperatuur hebben een gemiddelde snelheid van
500 m/s. Om de snelheidsverandering van de recoilionen met hoge precisie te
kunnen meten is het nodig om het target voor de botsing af te koelen, zodat de
initiële snelheidsspreiding het resultaat niet vervaagt.

Door gebruik van laserlicht kunnen atomen gekoeld worden tot zeer lage tem-
peraturen nabij het absolute nulpunt. In de atoomfysica worden veel precieze
experimenten gedaan met lasergekoelde atomen. Zo zijn lasergekoelde atomen
bijvoorbeeld het uitgangspunt om Bose-Einstein-condensatie te bereiken. Om de
atomen ook op een plek vast te houden, wat nodig is om experimenten met hoge
precisie te kunnen uitvoeren, wordt een zogenaamde magneto-optische val ge-
bruikt. Met zes laserbundels en een magnetisch veld worden atomen afgekoeld en
vastgehouden in het vacuüm. Het resultaat is een wolkje koude atomen met een
temperatuur van 200 microKelvin boven het absolute nulpunt (-273.15◦C). De ge-
middelde snelheid is 0.5 m/s wat laag genoeg is om de snelheid van de recoilionen
met hoge resolutie te kunnen meten.

In dit proefschrift worden verschillende processen bestudeerd die gebeuren
tijdens botsingen van hooggeladen ionen met natriumatomen. Er zijn nieuwe
resultaten verkregen voor elektronoverdracht en ionisatie in botsingen van N5+,
O6+ en Ne8+ ionen met natriumatomen in de grondtoestand of in de aangeslagen
toestand. Figuur 2 toont een snelheidsverdeling van Na+-recoilionen die ont-
staan zijn door botsingen tussen Ne8+-ionen met natriumatomen in de grondtoe-
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Figuur 2: Experimenteel bepaalde snelheidsverdeling van Na+-recoilionen, ont-
staan door botsingen tussen Ne8+-ionen en natriumatomen. De verschillende pieken
corresponderen met invangst van het buitenste elektron van natrium in verschillende
kwantumtoestanden van het projectiel. De meting toont aan dat invangst in kwan-
tumtoestand n = 9 het meest waarschijnlijk is in deze botsingen.

stand. De pieken in het spectrum duiden aan in welke schil van het projectielion
het elektron wordt overgedragen, aangegeven door het kwantumgetal n. De ver-
schillende invangstprocessen kunnen goed worden onderscheiden. Invangst in de
Ne7+(n = 9)-schil heeft de hoogste waarschijnlijkheid.

Waarschijnlijkheden, of werkzame doorsneden, voor de verschillende mogelijke
processen zijn gemeten voor botsingen van N5+- en Ne8+-ionen met natriumato-
men in de grondtoestand of in de aangeslagen toestand bij verschillende snelheden
van het projectielion. De waarschijnlijkheden voor invangst in een specifieke toe-
stand zijn duidelijk afhankelijk van de snelheid van het projectielion. Bij lagere
snelheden is overdracht van een elektron heel specifiek wat betreft de kwantum-
toestand van het elektron in het projectielion. Hoe hoger de snelheid van het
projectielion hoe waarschijnlijker is invangst in een hogere kwantumtoestand en
ionisatie.

De resultaten van botsingen van hooggeladen ionen met natriumatomen kun-
nen worden gebruikt voor een schatting van botsingen van hooggeladen ionen
met metastabiel waterstof, H*(n=2). Wisselwerking van ionen met H*(n=2) is
belangrijk in een fusieplasma, maar experimenten met H*(n=2) als target zijn
nagenoeg onmogelijk.
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Figuur 3: Experimenteel bepaalde en theoretisch berekende werkzame doorsneden
voor invangst van een elektron van natrium in de n = 6 en n = 7 schillen van N4+.
De berekende bijdragen van verschillende aantallen van oscillaties van het elektron
tijdens de botsing zijn apart getoond.

Voor meer inzicht in elektronenoverdracht is naast de waarschijnlijkheden van
de verschillende processen ook informatie verkregen over de afstand van projectiel
en target waarbij de processen gebeuren. Daarmee wordt aangetoond dat invangst
van het elektron door het projectiel ion gebeurt bij heel grote afstanden tot 30
Bohrstralen. Berekeningen met behulp van de classical trajectory Monte Carlo
theorie laten zien dat het elektron tijdens de botsing een of meerdere keren tussen
het target en het projectiel kan oscilleren. Bij een oneven aantal oscillaties wordt
het elektron door het projectiel gevangen, bij een even aantal oscillaties keert het
elektron weer terug naar het target. Figuur 3 laat de experimenteel en theoretisch
berekende werkzame doorsneden, dat wil zeggen waarschijnlijkheden, zien voor
invangst van een elektron van natrium in de n = 6 en n = 7 schillen van N4+

voor verschillende snelheden van het projectielion. De berekende bijdragen van
verschillende aantallen oscillaties van het elektron tussen het N5+-projectiel en het
natriumtarget tijdens de botsing zijn apart getoond. Bij lagere botsingssnelheid is
de wisselwerkingstijd van projectiel en target langer, dus heeft het elektron meer
tijd voor de oscillaties.

Voor botsingen van O6+ ionen met natrium zijn ook processen bestudeerd
waarbij twee elektronen zijn betrokken. Er wordt aangetoond dat de Na2+-
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recoilionen resulteren uit overdracht van het buitenschilelektron en een van de bin-
nenschilelektronen. Twee verschillende processen kunnen worden onderscheiden
waarbij het overgedragen binnenschilelektron of uit de 2s- of uit de 2p-binnenschil
van het natriumatoom komt.

Terwijl processen die één elektron behelzen best wel goed zijn begrepen is dit
niet het geval voor processen waarin meerdere elektronen actief zijn tijdens de
botsing. Er is meer werk, zowel experimenteel als theoretisch, nodig voor verder
inzicht in deze processen.
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R. G. West, Science 274, 205 (1996).

[5] T. E. Cravens, Geophys. Res. Lett. 24, 105 (1997).

[6] K. Dennerl, J. Englhauser, and J. Trumper, Science 277, 1625 (1997).

[7] P. Beiersdorfer, C. M. Lisse, R. E. Olson, G. V. Brown, and H. Chen, As-
trophys. J. Lett. 549, L147 (2001).

[8] D. Bodewits, D. J. Christian, M. Torney, M. Dryer, C. M. Lisse, K. Dennerl,
T. H. Zurbuchen, S. J. Wolk, A. G. G. M. Tielens, and R. Hoekstra, A&A
469, 1183 (2007).

[9] S. Knoop, Electron Dynamics in Ion-Atom Interactions, PhD thesis, Rijk-
suniversiteit Groningen, 2006.

[10] R. D. DuBois, Phys. Rev. A 34, 2738 (1986).

[11] R. Shingal, C. J. Noble, and B. H. Bransden, J. Phys. B 20, 793 (1987).

[12] A. R. Schlatmann, R. Hoekstra, H. O. Folkerts, and R. Morgenstern, J. Phys.
B 25, 3155 (1992).

[13] Y. Dehong, L. Jiarui, L. Ziming, Y. Feng, P. Guangyan, W. Duanwei, and
S. Shiang, Phys. Rev. A 15, 2931 (1989).

[14] A. Jain and T. G. Winter, J. Phys. B 29, 4675 (1996).

101



102 BIBLIOGRAPHY

[15] S. Knoop, R. E. Olson, H. Ott, V. G. Hasan, R. Morgenstern, and R. Hoek-
stra, J. Phys. B 38, 1987 (2005).

[16] W. Fritsch and C. D. Lin, Phys. Rep. 202, 1 (1991).

[17] C. Cocke and R. Olson, Phys. Rep. 205, 153 (1991).

[18] V. Mergel, R. Dörner, J. Ullrich, O. Jagutzki, S. Lencinas, S. Nüttgens,
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[28] T. W. Hänsch, I. S. Shahin, and A. L. Schawlow, Phys. Rev. Lett. 27, 707
(1971).

[29] S. Hoekstra, Atom Trap Trace Analysis of Calcium Isotopes, PhD thesis,
Rijksuniversiteit Groningen, 2005.

[30] S. Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A. Ashkin, Phys. Rev.
Lett. 55, 19 (1985).

[31] A. G. Drentje, H. R. Kremers, J. Mulder, and J. Sijbring, Rev. Sci. Instr.
69, 728 (1998).



BIBLIOGRAPHY 103

[32] A. Hendrickx, Electron capture in He2+-Na collisions: towards improved
resoluton in the MOTRIMS experiment, Master’s thesis, Rijksuniversiteit
Groningen, 2003.

[33] R. Moshammer, D. Fischer, and H. Kollmus, Many-Particle Quantum Dy-
namics in Atomic Dynamics and Molecular Fragmentation, Springer Verlag,
2003.

[34] S. Wolf and H. Helm, Phys. Rev. A 56, R4385 (1997).

[35] S. Wolf, Laserkühlung und Photoionisation von Atomen für Ionen-
Rückstoßexperimente, PhD thesis, Universität Freiburg, 1998.

[36] S. Wolf and H. Helm, Phys. Rev. A 62, 043408 (2000).

[37] J. Ullrich and V. P. Shevelko, editors, Many-Particle Quantum Dynamics
in Atomic Dynamics and Molecular Fragmentation, Springer Verlag, Heidel-
berg, 2003.

[38] S. Knoop, Electron capture processes in He2+-Na collisions, Master’s thesis,
Rijksuniversiteit Groningen, 2001.

[39] SIMION 3D 7.0 software package, http://www.simion.com .

[40] RoentDek Handels GmbH, http://www.roentdek.com .

[41] J. G. Kircz, R. Morgenstern, and G. Nienhuis, Phys. Rev. Lett. 48, 610
(1982).

[42] H. A. J. Meijer, Associative Ionization of Two Laser Excited Na Atoms, PhD
thesis, Rijksuniversiteit Utrecht, 1988.

[43] S. Knoop, V. G. Hasan, H. Ott, R. Morgenstern, and R. Hoekstra, J. Phys.
B 39, 2021 (2006).

[44] F. Aumayr, M. Gieler, J. Schweinzer, H. Winter, and J. P. Hansen, Phys.
Rev. Lett. 68, 3277 (1992).

[45] M. Gieler, F. Aumayr, J. Schweinzer, W. Koppensteiner, W. Husinsky, H. P.
Winter, K. Lozhkin, and J. P. Hansen, J. Phys. B 26, 2137 (1993).

[46] H. Ott, A new approach for the numerical abel transformation of noisy data,
internal report, Technical report, Rijksuniversiteit Groningen, 2005.

[47] M. J. J. Vrakking, Rev. Sci. Instr. 72, 4084 (2001).

[48] N. Bohr and J. Lindhard, K. Dan. Vidensk. Selsk. Mat. Fys. Medd. 28, 1
(1954).

[49] H. Knudsen, H. K. Haugen, and P. Hvelplund, Phys. Rev. A 23, 597 (1981).



104 BIBLIOGRAPHY

[50] H. Ryufuku, K. Sasaki, and T. Watanabe, Phys. Rev. A 21, 745 (1980).
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