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Abstract:

First results on the energy dependence of double-electron capture in ion-alkali colli-

sions obtained within a collaboration with the KVI in Groningen, the Netherlands,

are presented and discussed in detail. The kinematically complete electron cap-

ture experiments are performed in collisions of O6+ at low keV/amu energies with

magneto-optically trapped Na(3s) atoms by measuring the recoil ion momentum

spectra of the doubly charged recoil ions. Laser cooling of the target atoms ensures

high momentum resolution due to low initial thermal momenta. From the recoil

momentum spectra the Q-values and the scattering angles of the process are de-

rived. Two distinct double capture mechanisms can be identified: sequential double

capture and correlated double capture. Projectile ion energies are varied between

6.750 and 8.625 keV/amu. The ratio of correlated double capture shows no signifi-

cant energy dependence in the investigated collision energy range. Also, our mobile

magneto-optical trap (MOT) setup has been equipped with a recoil ion momentum

spectrometer. The MOT setup is introduced and the applicability of the spectrom-

eter for future experiments on multiple electron transfer is discussed.

Zusammenfassung:

Erste Ergebnisse zur Energieabhängigkeit von Doppelelektrontransfer in Stößen von

Ionen mit Alkaliatomen, erzielt im Rahmen einer Zusammenarbeit mit dem KVI

in Groningen, die Niederlande, werden präsentiert und im Detail besprochen. Die

kinematisch vollständigen Elektrontransferexperimente werden an Stößen von O6+

bei niedrigen keV/amu Energien mit magneto-optisch gefangenen Na(3s) Atomen

durchgeführt durch Messung der Rückstoßionenimpulsspektra der doppelt gelade-

nen Rückstoßionen. Laserkühlung der Targetatome garantiert eine hohe Impulsauf-

lösung infolge der niedrigen thermischen Anfangsimpulse. Aus den Rückstoßionen-

impulsspektren werden die Q-Werte und die Streuwinkel des Prozesses hergeleitet.

Zwei verschiedene Doppelelektrontransfermechanismen können identifiziert werden:

Sequentieller Doppeltransfer und korrelierter Doppeltransfer. Projektilenergien wer-

den zwischen 6.750 und 8.625 keV/amu variiert. Der Anteil von korreliertem Doppel-

transfer zeigt keine signifikante Energieabhängigkeit im untersuchten Kollisionsener-

giebereich. Außerdem wurde unsere mobile magneto-optische Falle (magneto-optical

trap, MOT) mit einem Rückstoßionenimpulsspektrometer ausgestattet. Der MOT

Aufbau wird vorgestellt und die Eignung des Spektrometers für künftige Experimen-

te zu Mehrelektrontransfer wird diskutiert.
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Chapter 1

Introduction

In contrast to stationary phenomena at the microscopic level the dynamics of many-

body systems in the quantum regime is barely understood. Theoretical description

of quantum dynamics is facing large problems due to its complexity and there is a

need of more experimental data. For studying the dynamics in a quantum mechan-

ical many-body system one example is scattering of highly charged ions on atom

targets, where various different processes can take place: The incoming ion can ion-

ize or excite the target atom or capture one or more of the atom’s electrons. The

probabilities for these various processes depend on the properties of the projectile

and the target as well as on the collision energy. With a target almost at rest, com-

paring the projectile’s velocity vp with the target electrons’ classical angular velocity

ve gives an estimate of the importance of the competing processes. At high collision

energies (vp � ve) the target’s excitation and ionization dominate. At compara-

tively low projectile velocities of vp ≈ ve, i.e. at collision energies in the low keV

range, electron capture is most likely to occur.

Leaving excitation aside scattering of a q-fold charged ion Aq+ on an atom B can

result in the projectile ion capturing r of the atom’s electrons and ionization of s of

the atom’s electrons to the continuum:

Aq+ + B(n′1l
′
1m

′
1, ..., n

′
tl
′
tm

′
t) → A(q−r)+(n1l1m1, ..., nrlrmr) + B(r+s)+ + se−, (1.1)

where (n′1l
′
1m

′
1, ..., n

′
tl
′
tm

′
t) and (n1l1m1, ..., nrlrmr) are the respective sets of quan-

tum numbers before and after the collision, with the principle quantum number n,

the angular momentum quantum number l and the magnetic quantum number m.

Electrons are captured into highly excited projectile states (n1l1m1, ..., nrlrmr) which

decay into energetically lower states by emission of electromagnetic radiation in the

UV- or X-ray range or by Auger processes.

1
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Electron transfer plays an important role in understanding all plasma environ-

ments. The emission of X-rays after the electron transfer can be used to probe the

constituents of laboratory plasmas [1, 2]. This is important in the development of

fusion techniques since it provides a method to probe the plasma for impurities [3, 4].

Electron transfer in ion atom collisions is also a feature of the interaction of the

solar wind with comets [5, 6]. From the subsequent X-ray emission properties of the

comets and the solar wind can be deduced, e.g. the speed of the solar wind [7].

For a detailed understanding of the dynamics in 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 with as large a

detection solid angle as possible. In the last two decades a new technique has been

developed that is based upon precisely measuring the momentum distribution of the

recoil ions after the collision with a large detection solid angle of almost 4π (Recoil

Ion Momentum Spectroscopy, RIMS) which marked a huge step in atomic collision

physics. This technique has overcome the limitations of previous techniques and

has made it possible to investigate the dynamics in atomic collision experiments in

great level of detail [8]. It can be used for all kinds of atomic collision experiments

that result in the creation of charged particles and is thus applicable to electron

transfer 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 in binding energies of the electrons, which provides information on the final

state of the electrons, and the projectile’s scattering angle which is a measure of

the impact parameter of the process. The great advantage of recoil ion momentum

spectroscopy is that all information can be obtained simultaneously.

The momenta transferred during electron capture are very small. Therefore the

target has to be cooled. This is usually done by using supersonic gas jet targets and a

variety of experiments have been performed this way [8, 9, 10]. However, the choices

for atomic targets that can be used in supersonic gas jet are limited to light noble

gases (He, Ne, Ar). Also only the lightest targets can be cooled sufficiently enough

and for the heavier targets the temperature limits the momentum resolution due

to the targets’ initial momentum distribution. Thus most electron capture transfer

with an atomic target have been performed with He.

Therefore the technique of recoil ion momentum spectroscopy has been combined

with another major development in the field of atomic physics, i.e. laser cooling and

trapping of atoms in a magneto-optical trap (MOT) [11]. The combination of using

a magneto-optical trap to cool and trap the target atoms and recoil ion momentum

spectroscopy has been termed MOTRIMS. By scattering of near resonant laser light
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atoms can be cooled down to temperatures of the order of magnitude of 100 µK.

This corresponds to an initial momentum spread of the target of about 0.01 a.u..

The best resolution achieved in a MOTRIMS experiment up to now is 0.03 a.u.

[12]. This means that the target atoms’ initial momentum spread is not a resolution

limiting factor. There is a variety of elements that can be stored in a magneto-optical

trap and ultralow temperatures can be achieve for all of them, i.e. also for heavy,

many-electron atoms. Thus using a magneto-optical trap to provide the target is an

extension and improvement over experiments with supersonic gas jets.

In 1997 Wolf and Helm [13, 14, 15] presented an experiment on two-photon

ionization of Rb atoms which for the first time combined the two techniques of

magneto-optically trapping of the target and measuring the momentum of the re-

sulting recoil ions. In 2001 first experiments on electron capture using MOTRIMS

have been reported independently by several groups [16, 17, 18]. Also, MOTRIMS

provides a new tool to study the properties of ultracold atoms [12].

In electron transfer transfer of more than one electron is of special interest since

here the question arises if and in what way correlation effects between the trans-

ferred electrons play a role. In experiments with He and H2 targets two distinct

electron capture mechanisms could be identified, namely sequential double capture

and correlated double capture [19, 18].

This thesis presents the first experimental results on energy dependent double

electron capture in collisions of highly charged ions with an alkali target. The ex-

periments are been performed at the MOTRIMS setup at the Kernfysisch Versneller

Instituut (KVI) in Groningen, the Netherlands. The studied collision system is

O6++Na(3s) where double electron transfer results in the creation of doubly excited

O4+(nl, n′l′) projectile states:

O6+ + Na(3s) → O4+(nl, n′l′) + Na2+. (1.2)

The principal goal of this experiment is to study the energy dependence of the

ratio of the state selective double electron capture cross sections.

Also, within in the frame of this thesis our mobile Rb magneto-optical trap setup

in Freiburg [20] has been equipped with a recoil ion momentum spectrometer pro-

vided by N. Anderson [21]. In future experiments within a collaboration with the

Gesellschaft für Schwerionenforschung mbH (GSI), Darmstadt, features and mech-

anisms of multiple electron transfer will be studied where the magneto-optically

trapped Rb atoms will provide a many electron target. In the first planned experi-

ments highly charged ions, e.g. Ar12+, created in an EBIT at the GSI, will be used
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as projectiles:

Ar12+ + Rb(5s) → Ar(12−r)+(n1l1, n2l2, ..., nrlr) + Rb(r+s)+ + se−. (1.3)

For collisions of such highly charged projectiles the classical Over-the-Barrier

model (OtB) model predicts cross sections for multiple electron capture of the order

magnitude of 10−16 cm2 which corresponds to impact parameters of over 300 Bohr

radii.

The final goal is to use the Rb magneto-optical trap as a target at the HITRAP

facility at the GSI where heavy, highly charged ions, e.g. extremes like U90+, will

be available at low keV energies and multiple electron transfer reactions will be

investigated:

U90+ + Rb(5s) → U(90−r)+(n1l1, n2l2, ..., nrlr) + Rb(r+s)+ + se−. (1.4)

Here the OtB model predicts cross sections of several 10−15 cm2, i.e. impact

parameters of over 1000 Bohr radii, even for the transfer of five electrons.

This thesis’ outline reads as follows: Chapter 2 describes the concepts used

in MOTRIMS experiments, i.e. laser cooling, magneto-optical trapping and recoil

ion momentum spectroscopy. The next chapter, chapter 3, presents the classical

Over-the-Barrier model which provides a qualitative and intuitive picture of the

electron transfer processes and good estimates for many important values such as

the total cross sections, the mean Q-value and the projectiles’ scattering angle.

In chapter 4 the transportable Rb magneto-optical trap setup and the recoil ion

momentum spectrometer are described and the applicability of the spectrometer for

the upcoming multiple electron transfer experiments at the GSI is discussed. Recoil

ion momentum spectra resulting from double electron capture in collisions of O6+

with Na(3s) taken at the MOTRIMS setup at the KVI are presented in chapter 5

and discussed in detail. Finally, Chapter 6 gives a conclusion of the achieved results

and an outlook on future experiments on multiple electron capture in collisions of

highly charged ions with magneto-optically trapped atoms.



Chapter 2

Recoil Ion Momentum

Spectroscopy with Ultracold

Atoms

The first section of this chapter, section 2.1, gives a summary on previous techniques

used for studies of ion atom collisions and the advantages of the MOTRIMS tech-

nique used in state of the art experiments on collisions of ions with alkali atoms.

The main part of this chapter focuses on the basic principles used in MOTRIMS

experiments: Sections 2.2 and 2.3 present the basics of laser cooling and magneto-

optical trapping of atoms. The next section, 2.4, describes the kinematics of ion

atom collisions and how the Q-value and the projectile’s scattering angle can be

derived from the recoil ion momentum components. Finally, section 2.5 presents

how the recoil ion momenta can be obtained from the recoils’ spatial distribution

on the detector and their time of flight.

2.1 Investigation of Ion Atom Collisions

When studying electron capture in ion atom collisions the main goals are to deter-

mine the final states of the transferred electrons in the projectile and the projectile’s

scattering angle and thus impact parameter of the collision. In the past decades

several different methods have been developed to investigate electron transfer and

will be presented in the following.

In Translational Energy Spectroscopy (TES) the change of the projectile’s energy

is measured. From this the total change of the electrons’ binding energies can be

derived and if the initial states are known the electrons’ final states in the projectile

5
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can be determined. Simultaneous detection of the projectile’s scattering angle pro-

vides scattering angle dependent state selective cross sections. The resolution of this

technique is limited by two things: Firstly the achievable resolution of the energy

change is ∆EP /EP ≈ 10−4. Secondly due to the finite collimation of the projectile

beams before the collision the scattering angle resolution is limited to ∆θ ≈ 0.1

mrad [22]. However, this is ofter the order of magnitude of scattering angles in

atomic collisions.

Photon Emission Spectroscopy (PES) provides very precise information on the

electrons’ final states by measuring the frequency of the photons emitted during the

decay of the excited projectile states after the electron transfer [23, 24]. The main

advantage of this technique is the good resolution when measuring the frequency

of the emitted photons. However the detection solid angle of the spectrometers

is quite small. Principally, by simultaneously measuring the projectile’s deflection

the scattering angle can also be obtained. However, as with TES, the scattering

angle resolution is limited to ∆θ ≈ 0.1 mrad. Also capture into the ground state or

long-lived excited states cannot be observed.

Another technique that has been used in numerous experiments investigating

electron transfer in ion atom collisions is Electron Emission Spectroscopy or Auger

Electron Spectroscopy (AES). In this case the kinetic energies of electrons emitted

in an autoionization process after the electron transfer is detected. Like PES this

technique provides precise information on the final states of the electrons before the

decay. However this is only possible if the electron capture leads to excited final

states that decay via electron emission i.e. again no information is provided on pos-

sible capture into the ground state or long-lived excited states. Several experiment

have been performed in the past using AES to study double electron transfer in ion

atom collisions using mostly He and H2 targets [19, 25].

At the end of the 1980s a novel technique has been developed by J. Ullrich and H.

Schmidt-Böcking [8] which made it possible to obtain the projectile’s scattering angle

with a very high resolution, something impossible with then existing techniques. The

key is to precisely measure the tiny momentum transferred to the target during the

electron transfer. By using two-dimensional position-sensitive detectors to detect the

recoil ions and simultaneously measuring their time of flight it is possible to obtain

the complete three-dimensional recoil ion momentum distribution at once, hence the

name Recoil Ion Momentum Spectroscopy (RIMS). A scheme of the electron transfer

process is shown in fig. 2.1. From the momentum component parallel to the incident

projectile beam the Q-value, i.e. the total change of the electrons binding energies
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Figure 2.1: Schematic view of the transfer of two electrons from the target B to the
q-fold charged projectile Aq+. From the recoil momentum component longitudinal
to the incident projectile ion beam direction (plong) the electrons’ final states nln’l’
in the projectile can be derived while the momentum component perpendicular to
the ion beam (ptrans) yields the projectile’s scattering angle.

before and after the collision:

Q =
r∑

i=1

(
Efinal

i − Einitial
i

)
(2.1)

and thus the final state distribution of the electrons in the projectile can be

derived. This is also possible for capture into the ground or long-lived excited states

unlike with Photon or Electron Emission Spectroscopy. The transverse momentum

components are proportional to the projectiles’ scattering angle which now can be

measured with unprecedented precision, since in this case the achievable resolution

is nearly completely independent from the projectiles’ energy spread and angular

divergence.

Since the recoil momenta are very small, typically of the order of magnitude of

a few to several a.u.i , it is necessary that the target’s initial velocity distribution is

very low. One possibility to produce a cold target is using supersonic gas jets where

a gas at high pressure passes a small nozzle. In the process the gas is accelerated

to supersonic speed while losing internal energy. This results in a beam target with

a small momentum spread in every direction in space. For a He gas jet an initial

momentum spread of 0.06 a.u has been achieved for the momentum perpendicular

to the jet’s direction which corresponds to a temperature of 0.1K [26]. The target

jet is crossed with the projectile beam. This technique has been widely used for

rare gas targets, especially He, and molecular hydrogen H2. The combination of

i If not mentioned otherwise, all values and formulae are given in atomic units. Exceptions are
energies, which are usually given in eV, and cross sections, which are given in cm−2. Conversion
factors into SI- and other units are found in the appendix.
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RIMS with a supersonic jet target is know as COLTRIMS (COLd Target Recoil

Ions Momentum Spectroscopy) [27].

The COLTRIMS technique can be and has been used to investigate many dif-

ferent kinds of atomic interactions. Basically all ionizing processes can be studied

this way. This includes the interaction 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 [8] ii . Coincident

measurement of the target recoil, the projectile and possibly freed electrons in com-

bination with a detection solid angle of almost 4π lead to kinematically complete

experiments. Therefore this technique is also called a ’Reaction Microscope’. Re-

views covering the various experiments performed with COLTRIMS and reaction

microscopes can be found in [9] and [10].

However, providing the cold target by a supersonic gas jet has a significant

drawback, since extremely low temperatures in the sub-Kelvin range can be achieved

only for the lightest targets like He and H2. For all heavier targets the initial

momentum spread is the resolution limiting factor. Also, the range of atomic targets

that can be provided with a gas jet is small, since for example atoms like alkalis and

earth alkalis tend to form molecules and clusters very quickly. Therefore the atomic

targets for COLTRIMS are limited to the light noble gases He, Ne and Ar, whereas

good resolution can only be achieved for He. This can be overcome by providing the

target atoms in a magneto-optical trap (MOT) [11]. Principally, all atoms that have

optically active electrons can be trapped, for example alkali and earth alkali atoms.

Thus by using magneto-optical traps a whole new range of ultracold atomic targets

becomes available. The temperature of an atomic sample in a MOT is typically of

the order of magnitude of 100 µK which corresponds to an initial momentum spread

of about 0.01 a.u.. In current experiment using magneto-optically trapped targets

the resolution is limited by the spatial and temporal resolution of the detector.

The record for the achieved momentum resolution is 0.03 a.u. [12], which is below

the smallest initial momentum spread achieved with a gas jet target. The low

temperature and thus small initial momentum spread is not limited to light targets

but can be achieved also for heavy atoms like Rb. The combination of magneto-

optically trapping of the target and using recoil ion momentum spectroscopy has

been named MOTRIMS.

The first experiment to feature the MOTRIMS technique was presented in 1997

by Helm and Wolf [13, 14, 15] where recoil momenta of photoionized Rb+ ions has

iiA formula for conversion of the projectiles’ kinetic energy to their speed in m/s is given in the
appendix.
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been determined by time of flight measurements with an impressive resolution of 0.05

a.u.. In 2001 three different groups have independently presented first experiments

on collisions of ions with magneto-optically trapped targets [16, 18, 17]. A recent

review on the already performed experiments and future possibilities of MOTRIMS

has been given in [28].

Currently, there are six running MOTRIMS apparatus worldwide: A Li target

setup at the Max-Planck-Institut für Kernphysik in Heidelberg, two Rb target setups

at the Kansas State University, the United States, a Rb target setup in Caen, France,

the Rb target setup at the University of Freiburg which will be described in chapter

4 and the Na target setup at the Kernfysisch Versneller Instituut in Groningen, the

Netherlands, where the experiments on double electron transfer presented in this

thesis have been performed, cf. chapter 5.

2.2 Laser Cooling

In MOTRIMS experiments the target is provided by a laser cooled and magneto-

optically trapped atom sample. The principle of laser cooling is based on momentum

transfer from the laser photons to moving atoms during the absorption and emission

process. This section presents the simple Doppler cooling model of a two-level

atom with the resonance frequency ω0 moving in a laser beam of frequency ωL.

For an atom at rest the detuning of the laser light’s frequency from resonance is

defined as δ = ωL − ω0. For a moving atom 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 system and ~k is the photon’s wave vector. If the laser is

red-detuned, i.e. δ < 0, the atom will preferably absorb light that incides opposite

to the atom’s moving direction and thus experience a momentum kick against its

moving direction. The momentum transferred during the absorption of one photon

is ~~k. For low laser intensities, as it is assumed in the following, the excited atom

decays via isotropic spontaneous emission. Thus on average the atom is pushed

back.

Although absorption of one photon transfers only a very small momentum to the

atom, even in the low intensity case when exciting a strong enough transition the

atom undergoes about 107 absorption-emission cycles per second, so that it is slowed

considerably. The force on the atom ~F is the momentum change in time which is

equal to the momentum of one photon ~~k times the excitation rate γp:

~F =
d~p

dt
= ~~kγp (2.2)
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Figure 2.2: Optical damping force in units of the photon’s momentum times the
decay rate ~kγ as a function of the atom’s velocity in units of γ/k. The dotted lines
are the forces from two counterpropagating laser beams respectively, the solid line
is the sum of both forces. The dashed line indicates the linear dependence of the
force for small velocities. Taken from [29].

The excitation rate for a two-level atom γp is given by a Lorentzian, where I is

the laser’s intensity, I0 is the saturation intensity of the given transition and γ is the

natural linewidth of the transition [29]:

γp =
γ

2

I/I0

1 + I/I0 + [2(δ + ωD)/γ]2
. (2.3)

Since the Doppler shift of the frequency as seen by a moving atom, ωD, is velocity

dependent, ωD = −~k · ~v, the light pressure force ~F is velocity dependent as well.

If the atom is moving in the direction of the wave vector ~k, the Doppler shift is

negative and the detuning increases and thus the scattering rate decreases. Therefore

one laser beam can slow atoms moving opposite to the wave vector but not those

moving in the same direction. This problem can be solved by using a pair of red-

detuned counterpropagating laser beams. In this configuration atoms moving in

both directions can be slowed down.

An atom moving in the field of two counterpropagating, red-detuned laser beams

will experience the force:

~F = ~F+ + ~F−

= ~~k
γ

2

[
I/I0

1 + I/I0 + [2(δ − ~k · ~v)/γ]2
− I/I0

1 + I/I0 + [2(δ + ~k · ~v)/γ]2

]
. (2.4)
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For small velocities eq. 2.4 can be expanded in a Taylor series and thus the force

can be simplified to [29]:

~Fod
∼=

8~k2δ(I/I0)~v

γ[1 + I/I0 + (2δ/γ)2]2
= −β~v (2.5)

The linear dependence of the force on the velocity for small velocities is effectively

a viscous damping force. The atoms are moving in the laser beam as would particles

move through syrup. By applying three pairs of counterpropagating, red-detuned

laser beams the atoms can be slowed in all three dimensions. This configuration has

been called optical molasses.

Fig. 2.2 shows the optical damping force of two counterpropagating laser beams

on an atom in units of one photon’s momentum times the decay rate ~kγ as a

function of the atom’s velocity in units of γ/k. As seen in the picture the force shows

a linear dependence on the velocity around zero velocity. The function decreases with

higher and increases with lower velocities with extrema near v = ±γ
√

s0 + 1/2k [29].

For even higher or lower velocities, respectively, the force returns to zero. Therefore

only atoms with a velocity between v = ±γ
√

s0 + 1/2k are slowed down.

On average the momentum transfer change of an atom caused by the isotropic

spontaneous emission of photons is zero. However, this is not the case for the square

of the momentum and thus the mean kinetic energy. Since the recoils happen in

random direction the atom sample is heated. The competing damping force and

heating effect lead to a minimum temperature, the so-called Doppler temperature

or Doppler limit:

T =
~γ

2kB

(2.6)

where kB is the Boltzmann constant. The Doppler temperature is typically of

the order of magnitude of 100 µK.

Temperatures below the Doppler limit are achieved by sub-Doppler cooling. It is

based on the spatial variation of the polarization of two counterpropagating beams.

In combination with excitation of the atoms a potential is created so that the atom

is predominantly moving ’up-hill’ and therefore loses kinetic energy. Appropriately,

this is called Sisyphus cooling [29]. For an atom of mass M the temperature limit

is defined by the recoil resulting from scattering of a single photon:

Tr =
(~~k)2

MkB

(2.7)
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Figure 2.3: (a) Spatial dependence of the energy of the Zeeman substates due to
a linear magnetic field for the transition F = 0 → F ′ = 1. (b) Three-dimensional
scheme of a magneto-optical trap: three pairs of counterpropagating red-detuned
σ+/σ− laser beams slow the atoms and the pair anti-Helmholtz coils produces an in-
homogeneous field which provides for the spatial dependence of the optical damping
force. Thus the atom can be both cooled and trapped.

2.3 Magneto-Optical Trapping

In a configuration of three counterpropagating laser beams the atoms are cooled but

not trapped since there is no position dependent force. This can be introduced by

using an inhomogeneous magnetic field. The magnetic field is most conveniently

created using a pair of anti-Helmholtz coils which produce a quadrupole magnetic

field. In the following the method is described in one dimension but is valid in

the three-dimensional case all the same. As a consequence of the magnetic field

B = B(z) = Az the atom’s up to now degenerate Zeeman substates experience an

energy shift which depends linearly on the atom’s position in space. The light’s

force on the atoms is again given by eq. 2.4 ~F = ~F+ + ~F− where ~F± are the forces of

the counterpropagating laser beams and differ in their detuning as seen by an atom

moving with the velocity ~v. Now the total frequency detuning is also dependent

on the magnetic field and thus on the atom’s position ∆± = δ∓~k · ~v ± µ′B/~.

Here µ′ = (g′m′
F − gmF )µB is the effective magnetic moment of the respective

transition. In fig. 2.3 (a) the energy shifts of the Zeeman substates are shown for

the simple case of a F = 0 → F ′ = 1 transition, though this scheme works for any

F → F ′ = F + 1 transition. As shown in fig. 2.3 (a) at position z′ the m′
F = +1

Zeeman substate experiences a positive energy shift while the energy shift of the

m′
F = −1 substate is negative. Thus the detuning of the ∆mF = −1 transition
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decreases, while the detuning of the ∆mF = +1 transition increases. This can be

utilized to create a position dependent force by applying circular polarized laser

light since σ−-polarized light excites only the m′
F = −1 substate and σ+-polarized

light excites only the m′
F = +1, respectively. By shining in σ−-polarized light from

the right and σ+-polarized light from the left atoms at position z′ are dominantly

excited into the m′
F = −1 substate. The atoms 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 dominantly σ+ light is scattered since the energy shifts are reversed.

Thus the atoms are always pushed to the position where the magnetic field is zero.

A scheme of the circular polarized cooling beams and the magnetic field is shown

in fig. 2.3 (b). With this scheme, utilizing both the Doppler and the Zeeman effect,

atoms can be trapped inside a small volume at ultra low temperatures of the order

of magnitude of 100 µK.

2.4 Recoil Ion Momentum Spectroscopy

The state of the art technique for investigations of atomic collision processes is recoil

ion momentum spectroscopy. In the case of MOTRIMS experiment the target is

provided by magneto-optically trapped atoms, as described in the previous sections.

In this section it will be illustrated how the relevant information of the collision can

be obtained by measuring the recoil ion momenta.

In the following subscripts el, T and P and indicate measurands of the elec-

trons emitted into the continuum, the target and the projectile, respectively, while

superscripts i and f denote values before and after the collision, respectively. The

momentum conservation in ion atom collisions, taking into account electron capture

and ionization, is given by:

Pi
P + Pi

T = Pf
P + Pf

T +
∑

l

Pf
el,l. (2.8)

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

pp,trans and pp,long are the transverse and longitudinal momentum components of the

projectile 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. Fig. 2.4 shows the momenta of the
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Figure 2.4: Kinematics of the collision in the case of pure electron capture. Pi
P

is the projectile’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
transverse 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, pp,trans and pp,long. Also, the
projectile’s scattering angle θ is shown.

target and the projectile before and after the transfer in the case of pure electron

capture. If no ionization processes are involved following equations are obtained in

the laboratory system:

0 = ptrans + pp,trans, (2.9)

P i
P = plong + pp,long, (2.10)

The energy conservation for this system reads:

Ei
P + Ei

T = Ef
P + Ef

T + Q +
∑

l

Ef
el,l. (2.11)

Starting from the energy and momentum conservation, eqs. 2.8 and 2.11, in the

case of pure electron transfer a simple relation between the longitudinal momentum

of the recoil ions and the Q-value of the process is obtained:

plong =
Q

vp

− 1

2
rvp. (2.12)

Here vp is the projectile’s velocity before the transfer and r is the number of the

captured electrons. The preceding formula is valid if the momentum change during

the collision is small compared to the projectile’s total momentum and the initial

momentum of the target can be neglected. A detailed derivation of eq. 2.12 can be

found in [30]. A simple and 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
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the process:

∆Ep =
1

2
(∆mp)v

2
p + mpvp∆vp = −Q (2.13)

⇒ mp∆vp = −Q

vp

− 1

2
rvp. (2.14)

The projectile’s change of mass ∆mp equals the masses of the captured electrons

which in atomic units equals the number of captured electrons r. Since the longitudi-

nal momentum change of the projectile equals the negative longitudinal momentum

of the recoil ion ∆Pp,long = −plong equation 2.12 is obtained:

plong = −(∆mp)vp −mp(∆vp) =
Q

vp

− 1

2
rvp. (2.15)

In order to derive a relation between the transverse momentum and the scattering

angle one starts from eq. 2.9. Without ionization processes the target’s transverse

momentum after the collision is compensated by the projectile’s transverse momen-

tum ptrans = −pp,trans. The absolute value of the transverse momentum of the

projectile is related to the scattering angle θ via following relation, cf. fig. 2.4:

pp,trans ≡ |pp,trans| = mpvp sin θ. (2.16)

In electron transfer processes the scattering angle is very small, typically of the

order of magnitude of 0.1 mrad. Therefore following relation for the transverse

momentum of the recoil ion and the projectile’s scattering angle can be used:

ptrans ≡ |ptrans| = mpvpθ. (2.17)

Thus 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

eqs. 2.12 and 2.17.

2.5 Determination of the Recoil Momenta

The three-dimensional recoil momentum information is recorded by a two-dimensional

position-sensitive detector while simultaneously measuring the recoils’ time of flight.

In order to map the momentum distribution of the recoil ions onto the detector the

recoil ions are extracted out of the collision region by an electric field. This can be

done either in the direction of the incident ion beam or transverse to it.

When the recoil ions are extracted in the direction of the projectile beam, the lon-

gitudinal momentum is obtained from the time of flight and the transverse momenta
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Figure 2.5: Scheme of a recoil ion momentum spectrometer where the recoil ions
are extracted perpendicular to the incident ion beam by an electric field ~E. The
magneto-optically trapped atom cloud is positioned in the extraction region of the
spectrometer, where it is hit by the incident projectile beam.

are obtained from the two-dimensional image on the detector. When the recoils are

extracted perpendicular to the projectile beam, the longitudinal momentum is ac-

quired from one coordinate of the detector image and the transverse momenta are

obtained from the other coordinate of the detector image and from the time of flight.

The spectrometers in Freiburg and Groningen that are described in this thesis both

use the perpendicular extraction method. Therefore in the following only the per-

pendicular extraction is considered. Usually recoil ion momentum spectrometers

consist of two parts: the extraction region and the drift region. In the extraction

region an ideally homogeneous electric field pushes the recoil ions towards the de-

tector. Afterwards the recoil ions enter a field free drift region. Here recoils with

different momenta are further spatially separated thus improving the momentum

resolution.

Fig. 2.5 shows the scheme of a recoil ion momentum spectrometer where the

extraction field is applied in z-direction. Therefore there is no force onto a recoil ion

in x- and y-direction and the motion of the ion is uniform in these directions. The

relation between the position of a recoil on the detector and its momentum reads:

px = plong =
M

τ
x, (2.18)

py = ptrans,y =
M

τ
y. (2.19)

Here M is the mass of the recoil ion and τ is its the time of flight from the

collision center to the detector. In order to calculate the transverse momentum in

z direction it is necessary to know the acceleration of the recoils in the extraction
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field. In a homogeneous field of the strength E a recoil of mass M and charge r

experiences an acceleration of:

a =
rE

M
. (2.20)

In the following it is assumed that the recoil has a velocity of vtrans,z in the

direction of the extraction field as a result of the electron transfer. In the extraction

region this recoil is accelerated along a distance La and thus the time of flight of the

recoil in the extraction region τa is obtained from:

La =
1

2
aτ 2

a + vtrans,zτa. (2.21)

After the recoil has passed the acceleration distance La its velocity is:

va = aτa + vtrans,z. (2.22)

The time of flight of the recoil in a drift region of length Ld reads:

τd =
Ld

va

=
Ld

aτa + vtrans,z

. (2.23)

With ptrans,z = Mvtrans,z the total time of flight is:

τ = τa + τd =
−ptrans,z +

√
p2

trans,z + 2LaM2a

Ma
+

LdM√
p2

trans,z + 2LaM2a
. (2.24)

A recoil ion that has no initial momentum in z direction, i.e. ptrans,z = 0, arrives

after the mean time of flight:

τ0 = τ(ptrans,z = 0) =

√
2La

a
+

Ld√
2Laa

. (2.25)

It is possible to solve eq. 2.24 analytically for ptrans,z. However, the obtained

formula is rather complicated [30]. 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, in a good approximation eq. 2.24 can be expanded in a Taylor series around

τ0 and the first order reads as follows:

∆τ = τ − τ0 ≈ −
ptrans,z

Ma
. (2.26)

Therefore the transverse momentum in z direction is:

pz = ptrans,z ≈ Ma∆τ. (2.27)
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It is also possible to derive the total transverse momentum distribution from

the projection onto the y coordinate using the inverse Abel transformation [31].

However this relies on a perfectly cylindrical symmetric distribution of the transverse

momentum around the projectile beam axis. As will be shown in subsection 5.3.4

this is not always the case.



Chapter 3

Theoretical Model

A simple and intuitive theoretical approach to electron capture is provided by the

classical Over-the-Barrier Model (OtB). The basic idea of this model is that electron

transfer becomes possible at internuclear distances at which the height of the po-

tential barrier between the target and the projectile is lower than the Stark-shifted

binding energy of the electrons in the target. The model is valid 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.

The model is introduced in section 3.1. In the next section, 3.2, the projectile’s

velocity is taken into account. The recoil ion’s transverse momentum after the

electron transfer is derived in section 3.3. The last two sections, 3.4 and 3.5, present

the results obtained with the OtB model for the two collision systems Ar12++Rb(5s)

and U90++Rb(5s).

3.1 Classical Over-the-Barrier Model

The OtB model has been proposed in 1954 by Bohr and Lindhard [32] and was later

extended by Ryufuku et al. [33], Barany et al. [34] and Niehaus [35]. Niehaus’

version is the most sophisticated and distinguishes between the so-called way-in,

when the projectile approaches the target, and the way-out, when the projectiles

moves away from the target. The difference 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. If

more than one electron is involved in the capture process all electron are treated

19
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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. Also the interaction with the weaker bound electrons is neglected. At

infinite internuclear distance of target and projectile the target atom core’s potential

that the i’th electron sees is given by:

Vi(r) = − i

|r|
(3.2)

when the center of origin is placed at the position of the target and r denotes

the electron’s distance from the atom’s core.

When the projectile approaches the target (way-in), the target’s i’th electron

feels the projectile’s potential in addition to that of the target atom’s core. This

results in a Stark-shift of the electron’s binding energy at the target. The total

potential can be written as follows:

V in
i (r) = − q

|R− r|
− i

|r|
, (3.3)

where R is the internuclear distance of projectile and target. Fig. 3.1 shows the

total potential V in
i (r) for the case of A12++Rb(5s).

Figure 3.1: Total potential of the projectile and target cores V in
i (r) as seen by the

valence electron of Rb(5s) with an approaching A12+ projectile at an internuclear
distance of 60 a.u..

Deriving eq. 3.3 gives the position of the maximum height of the barrier between
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the two potential wells:

dV in
i

dr
= − q

(R− r)2
− i

r2
= 0 (3.4)

⇒ rin
i,max =

R
√

i
√

q +
√

i
. (3.5)

From this the maximum height of the barrier can be obtained as a function of

the internuclear distance R:

V in
i,max(R) = − q

R
− i + 2

√
iq

R
. (3.6)

The deciding assumption of the OtB model is that electron transfer is possible

from the internuclear distance of projectile and target at which the maximal height

of the potential barrier equals the Stark-shifted binding energy of the electron at

the target Ei − q/R:

V in
i,max(R) ≡ Ei −

q

R
. (3.7)

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

Rin
i =

i + 2
√

iq

−Ei

. (3.8)

As long as the projectile approaches the target i.e. with decreasing internuclear

distance R sequentially t electrons become quasi-molecular, i.e. they move in the

combined potentials of projectile and target. Within the OtB model it is assumed

that the binding energy of a quasi-molecular electron equals the Stark-shifted binding

energy of the electron at the target at the capture distance Rin
i :

Emol
i = Ei −

q

Rin
i

. (3.9)

When the projectile starts moving away from the target, i.e. when the inter-

nuclear distance increases, the height of the potential barrier increases as well and

the quasi-molecular electrons can be captured either by the projectile or the target.

Again, the electrons are captured sequentially, but in reversed order. It is to be

noted that the sequential course of the electron capture is a result of this simple

theoretical model and not a fundamental property of the capture process.

When ci electrons have been transferred on the way-out, the potential for the

i’th electron reads as follows:

V out
i (r) = − q − ci

|R− r|
− i + ci

|r|
. (3.10)
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With the same deliberations as for the way-in the maximal height of the barrier

on the way-out is obtained by deriving the preceding equation:

V out
i,max = − q

R
− i + 2

√
i + ci

√
q − ci

R
. (3.11)

and thereof the internuclear distance Rout
i at which the i’th electron is captured

by either the projectile or the target is obtained:

⇒ Rout
i = Rin

i

(√
q − ci +

√
i + ci√

q +
√

i

)2

(3.12)

Figs. 3.2 (a) to (d) show the chronological course of the transfer of the valence

electron as described within the OtB model for collisions of a q-fold charged projectile

on Rb(5s).

In the following it is assumed that the projectile has captured ci of the atom’s

electrons that were stronger bound than the i’th electron. When the i’th electron

is also captured by the projectile its binding energy at the projectile at infinite

internuclear distance is:

Efinal
i = Ei −

q

Rin
i

+
i + ci

Rout
i

. (3.13)

That is to say that the electron’s initial binding energy is shifted twice, on the

way-in and the way-out. On the way-in the shift is caused by the approaching

projectile ion while on the way-out it’s the target’s core which after losing ci electrons

and also the i’th electron has a total charge of i + ci.

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

(
Efinal

i − Ei

)
=

r∑
i=1

(
− q

Rin
i

+
i + ci

Rout
i

)
. (3.14)

When the binding energies are defined to be negative the Q-value is negative for

an exothermic reaction and positive for an endothermic reaction.

In order to distinguish between the different possible processes, each process

is assigned a string j of length t where t is the number of electrons that become

quasi-molecular during the collision. The i’th position in a string represents the i’th

electron and a 1 means the transfer of an electron to the projectile and a 0 means,

that the electron has been recaptured by the target. For example the following

string (j) = (101) describes a process during which a total of three electrons become
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Figure 3.2: Figures (a) to (d) show the chronologic course of the transfer of the
valence electron in a collision of Ar12+ on Rb(5s): (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.

quasi-molecular and the first and the third electron are captured by the projectile

while the second is recaptured by the target.

A quasi-molecular electron i has a certain probability fi to be captured by the

projectile during the way-out and accordingly a probability (1−fi) to be recaptured

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 electrons state’s after the collision, either

at the target or the projectile [35]:

fi =
n2

i

n2
i + m2

i

, (3.15)

where ni is the approximate principal quantum number of the i’th electron when

captured by the projectile and mi is its the approximate principal quantum number
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Figure 3.3: (a) Capture radius Rin
i , (b) cross section σ, (c) average Q-value QOtB

and (d) the total probability for electron capture fr as functions of the projectile’s
charge q for the transfer of one (solid line), two (dashed line), three (dotdashed line)
and four (dotted) electrons, respectively, in each case for the simplest process, i.e.
j = (1), j = (11), j = (111) and j = (1111) for collisions with a Rb(5s) target.

when recaptured by the target.

For the simplest capture processes, i.e. j = (1), j = (11), j = (111), ..., the

probability for the transfer of r electrons fr equals the product of the probabilities

for the transfer of the single electrons fi:

fr =
r∏

i=1

fi. (3.16)

Since the transfer of the i’th electron is possible within the capture radius Rin
i ,

the cross section for the transfer of the i’th electron is:

σi = fiπ(Rin
i )2. (3.17)

From a internuclear distance Rin
i+1 the (i+1)’th electron becomes quasi-molecular

and can be captured by the projectile on the way-out. Therefore the cross sections
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for the transfer of exactly r electrons for the simplest capture processes is:

σr = frπ[(Rin
r )2 − (Rin

r+1)
2]. (3.18)

The general equation can be found in [35]. The rate for the transfer of exactly r

electrons is given by:

Ṅr = σrJNtarget. (3.19)

Here J is the flux of the incident ion beam and Ntarget is the number of the atoms

in the target sample.

Fig. 3.3 shows the capture radius Rin
i , the cross section σ, the average Q-value

QOtB and the total capture probability fr as functions of the projectile’s charge

for the transfer of one to four electrons, in each case for the simplest process, i.e.

j = (1), j = (11), j = (111) and j = (1111), using Rb(5s) as a target. The capture

radius Rin
i shows a square root dependence on the projectile’s charge. For a highly

charged projectile the capture radius for single capture is of the order of several 10

Bohr radii, and even exceeds 100 Bohr radii for a very highly charged projectile. For

the capture of two to four electrons the capture radii are of the order of magnitude of

10 Bohr radii. The cross sections show an almost linear dependence on the projectile

charge. For multiple electron capture the cross sections are of the order of magnitude

of 10−15cm2 to 10−14cm2. The cross section for single electron capture is two orders

of magnitude higher and is not shown for higher projectile charge state for better

clarity. The total Q-value in the case of multiple electron transfer is of the order

of several -10 eV to over -100 eV. The capture probability strongly increases with

increasing projectile charge. The charge q is the only projectile parameter that has

been used within the model so far.

3.2 Extended Classical Over-the-Barrier Model

Using the model described in the previous section one obtains a single value for the

final binding energy of a transferred electron at the projectile. However, experiments

show that the distribution of the final binding energies has a certain finite width.

An approximation for this width, the so-called reaction window, can be obtained by

including the projectile’s kinetic energy into the OtB model.

Taking into account that the height of the potential barrier V in
i,max(R) = Vb(R)

varies with time and since electron capture takes place within a finite time ∆t,

Heisenberg’s uncertainty relation implies an uncertainty of the height of the barrier:

∆V qm
b ∆t ≈ 1. (3.20)
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Figure 3.4: Geometry of the scattering of a q-fold charged projectile Aq+ on a
target B at impact parameter b. Indicated are the capture radius of the i’th electron
Rin

i , the projectile’s velocity vp and the radial velocity vin
rad,i.

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

written as follows:

∆V kl
b =

dVb

dt
∆t =

∣∣∣∣dVb

dR

∣∣∣∣ vrad∆t, (3.21)

where vrad = dR/dt is the radial velocity. Assuming that the classical and

the quantum mechanical uncertainties are the same, the uncertainty of the barrier

height is obtained as a function of the derivative of the potential barrier and the

radial velocity:

∆Vb =

(∣∣∣∣dVb

dR

∣∣∣∣ vrad

)1/2

. (3.22)

This uncertainty has to be taken into account for each quasi-molecular electron on

the way-in at an internuclear distance of Rin
i as well as on the way-out at a distance

of Rout
i . The derivative of the potential barrier on the way-in at the internuclear

distance Rin
i is:

dV in
i,max

dR

∣∣∣
Rin

i

=

(√
q +

√
i

Rin
i

)2

(3.23)

and on the way-out at Rout
i the following equation applies:

dV out
i,max

dR

∣∣∣
Rout

i

=

(√
q − ci +

√
i + ci

Rout
i

)2

. (3.24)

The starting point for obtaining the radial velocity is the generally valid equation:

sin2 α + cos2 α = 1 (3.25)



3.2. Extended Classical Over-the-Barrier Model 27

which for the way-in leads to a relation between the projectile’s velocity vp, the

radial velocity on the way-in vin
rad,i, the capture radius Rin

i and the impact parameter

b, cf. fig. 3.4: (
vin

rad,i

vp

)2

+

(
b

Rin
i

)2

= 1. (3.26)

Thereof the radial velocity on the way in vin
rad,i is obtained as a function of the

impact parameter:

vin
rad,i(b) =

√
1−

(
b

Rin
i

)2

v0. (3.27)

After averaging over all impact parameters b between Rin
t+1 and Rin

t , i.e. Rin
t+1 <

b < Rin
t , the average velocity is obtained in case that t electrons become quasi-

molecular during the collision:

vin
rad,i,t =

∫ Rin
t+1

Rin
t

vin
rad,i(b)bdb∫ Rin
t+1

Rin
t

bdb
(3.28)

=
2

3

(
Rin

i

)2
v0

(
1−

(
Rin

t

Rin
i

)2
)3/2

−
(

1−
(

Rin
t+1

Rin
i

)2
)3/2

(
Rin

t+1

)2 − (Rin
t )

2
. (3.29)

In case that i = t, i.e. that the i’th electron is the last one to become quasi-

molecular during the collision, the upper equation is reduced to:

vin
rad,t =

2

3
vp

√
1−

(
Rin

t+1

Rin
t

)2

. (3.30)

The same deliberations lead to the average velocity on the way-out for the general

case that i ≤ t:

vin
rad,i =

2

3

(
Rout

i

)2
vp

(
1−

(
Rin

t

Rout
i

)2
)3/2

−
(

1−
(

Rin
t+1

Rout
i

)2
)3/2

(
Rin

t+1

)2 − (Rin
t )

2
(3.31)

and for the particular case i = t the equation is simplified to:

vout
rad,t =

2

3
vp

√
1−

(
Rin

t+1

Rout
t

)2

. (3.32)
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The energy uncertainty for the capture of the i’th electron during a certain pro-

cess (j) is the square root of the sum of the squares of the barrier height uncertainties

on the way-in and the way-out:

∆E
(j)
i =

[
(∆V in

b )2 + (∆V out
b )2

]1/2
(3.33)

=

[∣∣∣∣dV in
b

dR

∣∣∣∣ vin
rad +

∣∣∣∣dV out
b

dR

∣∣∣∣ vout
rad

]1/2

(3.34)

=

(√q +
√

i

Rin
i

)2

vin
rad,i +

(√
q − ci +

√
i + ci

Rout
i

)2

vout
rad,i

1/2

. (3.35)

The quadratic sum of all captured electrons is the total energy uncertainty of

the Q-value for a certain process (j):

∆Q(j) =

[∑
i

(∆E
(j)
i )2

]1/2

. (3.36)

Assuming a Gaussian distribution of the Q-values around the mean the Q-value

value QOtB calculated with eq. 3.14 the Q-value distribution reads as follows:

W (Q) =
1

∆Q
√

π
exp

[
−
(

Q−QOtB

∆Q

)2
]

. (3.37)

The width of the distribution is proportional to the square root of the projectile’s

velocity vp, which means that the distribution broadens with increasing velocity and

more reaction channels become available.

3.3 Transverse Momentum within the Classical

Over-the-Barrier Model

The OtB model also gives an estimate for the distribution of the recoils’ transverse

momenta after the electron transfer. Here the starting point is the Coulomb force

between two particles of charge q1 and q2 separated by the distance R:

F =
q1q2

R2
eR (3.38)

where eR is the radial unit vector. The transverse momentum is caused by the

force component perpendicular to the projectile’s flight direction. If the x-axis is
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Figure 3.5: Scheme of the charge distribution of (projectile, target) along the
projectile’s trajectory in the case of the transfer of two electrons from the target
B to the q-fold charged projectile Aq+. Rin/out

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

placed in direction of the projectile’s velocity vector, cf. fig. 3.5, the transverse

component of the Coulomb force is:

F⊥ =
q1q2b

(x2 + b2)3/2
. (3.39)

In order to obtain the momentum the force has to be integrated over time. Under

the assumption of a constant projectile velocity vp this is equivalent to an integration

over space:

ptrans =

∫ ∞

−∞
F⊥dt =

1

vp

∫ ∞

−∞
F⊥dx. (3.40)

After integration along the projectile’s trajectory 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

Rin
i

)2

+ r

√
1−

(
b

Rout
i

)2
 + (q − r)r

 (3.41)

In the case of the transfer of the weakest bound electron i = 1 with Rin
1 = Rout

1 =

R1 the relation between the transverse momentum and the impact parameter reduces

to:

ptrans(b) =
1

vpb

(q + 1)

√
1−

(
b

R1

)2

+ (q − 1)

 . (3.42)

The intensity distribution of the transverse momentum is the momentum differ-

ential cross section:

dσ

dptrans

=
dσ

db

db

dptrans

= 2πb
db

dptrans

(3.43)
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where σ = πb2 has been used. From eqs. 3.41 and 3.42 the derivative dptrans/db

can be calculated and thus the transverse momentum distribution can be obtained.

3.4 The Ar12++Rb(5s) system

The first system to be investigated within the collaboration of the Physics Depart-

ment of the University of Freiburg and the Gesellschaft für Schwerionenforschung

(GSI) in Darmstadt is scattering of Ar12+ on ultracold Rb. In order to have an

estimate of the mean Q-values, the total cross sections and the recoils’ transverse

momenta, calculations for this system have been performed in the frame of the

extended OtB model and will be presented in the following.

Electron # 1 2 3 4 5

nl 5s 4p 4p 4p 4p

−Ei [eV] 4.18 27.29 39.02 52.20 68.44

−Efinal
i [eV] 9.97 48.57 58.18 68.11 79.77

QOtB
i [eV] -5.79 -21.28 -19.16 -15.91 -11.33

Rin
i [a.u.] 51.65 11.76 10.46 9.31 8.15

Table 3.1: Binding energies before and after the transfer, Q-values and the capture
radii for the first five electrons in collisions of Ar12+ with Rb(5s) calculated using
the OtB model.

The characteristic values of the Ar12++Rb(5s) system, i.e. the negative binding

energies of the five least bound electrons before and after the transfer −Ei and

−Efinal
i , the corresponding Q-values for the single electrons QOtB

i and the capture

radii Rin
i are listed in table 3.1. Like in any alkali the valence electron of Rb has a

distinctly smaller binding energy compared with the next stronger bound electrons,

4.18 eV for the valence electron compared to 27.29 eV for the next stronger bound

electron. The electrons’ final energy in the projectile is calculated using eq. 3.13.

Due to the high charge state of the projectile and the small initial binding energy

of the valence electron it can already be captured at a large internuclear radius of

51.65 Bohr radii. The capture radii of the inner shell electrons are about a factor of

five smaller, mostly due to their higher initial binding energy.

Table 3.2 shows the total Q-values QOtB =
∑

QOtB
i , the total cross sections σ

and the estimated rates Ṅ for the capture of up to five electrons. The total Q-values

are decidedly negative i.e. the processes are exothermic even for multiple electron
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Rb+ Rb2+ Rb3+ Rb4+ Rb5+

QOtB [eV] -5.79 -27.07 -46.23 -62.14 -73.47

σ [10−16cm−2] 1113 12.7 10.0 8.9 3.9

Ṅ [s−1] 5600 60 50 45 20

Table 3.2: Total Q-values, total cross sections and rates for the transfer of one to
five electrons in collisions of Ar12+ on Rb(5s) calculated using the OtB model.

transfer. This is e.g. not the case for helium targets [31]. The total Q-value QOtB

increases with the number of captured electrons up to nearly -80 eV for capture of

five electrons. In order to calculate the rate following realistic parameters have been

used: Number of atoms in the magneto-optical trap NMOT = 108 and projectile ion

flux J = 5 · 108 cm−2s−1.

When calculating the total cross sections the probability for capture of r electrons

has been set to 0.5. This has been done on the basis of the results obtained by S.

Knoop [31] where this value yielded the best agreement with the experiment. This

can of course be put into question, however the OtB model treats all electrons

independently which is certainly not valid for multiple electron transfer.

Using highly charged projectile ions like Ar12+ in collisions with an alkali target

leads to large total cross sections of the order of magnitude of 10−13cm2 for single

electron capture and few 10−16 cm2 for multiple electron capture. This is already

one order of magnitude larger than e.g. when using O6+ projectiles [31]. With the

aforementioned values the expected rates for multiple electron capture in collisions

of Ar12+ on Rb(5s) are of the order of magnitude of 10 s−1.

Fig. 3.6 shows the calculated Q-value distributions at 9 keV/amu for single,

double, triple and quadruple electron capture. The probabilities are normalized to

1 and since the distributions get wider with increasing number of captured electrons

the peak heights decrease. The broadening of the distributions is due to the stronger

variation of the barrier height at smaller internuclear distances, which causes a larger

uncertainty of the barrier height. From single to quadruple electron transfer the

widths of are 4.2 eV, 15.0 eV, 25.6 eV and 35.5 eV (HWHM), respectively.

Fig. 3.7 shows the dependence of the transverse momentum on the impact pa-

rameter for single to quadruple electron capture. The transverse momentum transfer

at a certain impact parameter increases with the number of electrons transferred due

to the increasing Coulomb repulsion of projectile and recoil ion.

Fig. 3.8 shows the intensity distribution of the transverse momentum for single
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Figure 3.6: From right to left: Q-values for single (solid line), double (dashed line),
triple (dotdashed line) and quadruple electron transfer (dotted line) in collisions of
Ar12+ and Rb(5s) at 9 keV/amu calculated using the OtB model. The distributions
get broader with increasing number of transferred electrons. The probabilities are
normalized to 1.

to quadruple capture. The distribution for single electron capture is quite narrow

and has a maximum at 0.6 a.u.. The transverse momentum distributions for multiple

electron transfer are significantly broader than the distribution for single capture.

The distribution for double electron capture has a maximum at 5.5 a.u., the distri-

bution for triple capture at 9.5 a.u. and the distribution for quadruple capture at

13.9 a.u..
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Figure 3.7: Transverse momenta as a function of the impact parameter b for single
(solid line), double (dashed line), triple (dotdashed line) and quadruple electron
transfer (dotted line) in collisions of Ar12+ and Rb(5s) at 9 keV/amu calculated
using the OtB model.

Figure 3.8: Transverse momentum distributions for single (solid line), double
(dashed line), triple (dotdashed line) and quadruple electron transfer (dotted line)
in collisions of Ar12+ and Rb(5s) at 9 keV/amu calculated using the OtB model.
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3.5 The U90++Rb(5s) system

The final goal is to use the mobile, ultracold Rb target setup at the HITRAP facility

and study multiple electron transfer from Rb to heavy, highly charged ions at low

keV/amu collision energies. This section presents the extreme case of using U90+

projectiles.

Electron # 1 2 3 4 5

nl 5s 4p 4p 4p 4p

−Ei [eV] 4.18 27.29 39.02 52.20 68.44

−Efinal
i [eV] 22.79 109.77 131.86 156.17 186.47

−Qi [eV] 18.61 82.48 92.84 103.97 111.03

Rin
i [a.u.] 130.12 28.75 25.01 21.87 18.86

Table 3.3: Binding energies before and after the transfer, Q-values and capture
radii for the first five electrons in collisions of U90+ with Rb(5s) calculated using
the OtB model.

Table 3.3 shows the characteristic values of the U90++Rb(5s) system, i.e. the

negative binding energies of the five least bound electrons before and after the trans-

fer, Ei and Efinal
i , the corresponding Q-values for the single electrons QOtB

i and the

capture radii Rin
i . Since an extremely highly charged projectile like U90+ causes

a large Stark-shift on the way-in which cannot be compensated by the Stark-shift

caused by the target ion on the way-out the final energies of the captured electrons

at the projectile are more than twice as large as in the case of Ar12+ projectiles.

Thus also the Q-values for the single transferred electrons QOtB
i are much larger

than with a lower charged projectiles as Ar12+. The electron transfer processes are

clearly exothermic with large Q-values around -100 eV for the transfer of the second,

third, fourth and fifth electron. Also, due to the projectile’s huge charge the capture

radii are more than twice as large than as with an Ar12+ projectile. The transfer of

the valence electron takes place at huge impact parameters of 130 Bohr radii and the

transfer of the next stronger electrons takes place at impact parameters of around

20 Bohr radii.

Table 3.4 shows the theoretically calculated total Q-values QOtB, total cross

sections σ and estimated rates Ṅ for the capture of up to five electrons. In order

to calculate the rates the same parameters have been used as in section 3.4. Due

to the increased final energies of the captured electrons at the projectile, the total
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Rb+ Rb2+ Rb3+ Rb4+ Rb5+

−QOtB [eV] 18.61 101.09 193.93 297.90 408.93

σtheo [10−16 cm−2] 7084 88.4 64.8 53.9 24.5

Ṅ [s−1] 35400 440 325 270 120

Table 3.4: Total Q-values, total cross sections and rates for the transfer of one to
five electrons in collisions of U90+ on Rb(5s) calculated using the OtB model.

Q-values become very large, over -400 eV for the capture of five electrons. The

large capture radii, cf. table 3.3, also lead to total cross sections that are almost

one order of magnitude larger than with Ar12+ projectiles’. As done for the system

Ar12++Rb(5s) when calculating the total cross sections the probability for capture

of r electrons has been set to 0.5. With the cross sections the rates are also almost

one order of magnitude larger than with a twelvefold charged projectile and are of

the order of magnitude of 100 s−1 even for fivefold electron capture.

Fig. 3.9 shows the calculated Q-value distributions at 9 keV/amu for single,

double, triple and quadruple electron capture. Again, the probabilities are normal-

ized to 1 and since the distributions get broader with increasing number of captured

electrons the peak heights decrease. Though the mean Q-values are much larger

than with Ar12+ projectiles the width of the distributions shows only a very weak

dependence on the projectile’s charge. From single to quadruple electron transfer

the widths of are 3.9 eV, 14.1 eV, 23.9 eV and 32.6 eV (HWHM), respectively. The

Q-value distributions for the capture of a certain number of electrons are clearly sep-

arated. This is different from the Q-value distributions of the system Ar12++Rb(5s)

where the Q-values for double, triple and quadruple electron capture are in the same

range cf. fig. 3.6.

The dependence of the transverse momentum on the impact parameter for single,

double, triple and quadruple electron capture is shown in fig. 3.10. The transverse

momentum transfer at a certain impact parameter increases with the number of

electrons transferred due to the increasing Coulomb repulsion of projectile and recoil

ion. When compared to collisions of Ar12+ on Rb using U90+ as projectile results in a

much larger transverse momentum of the recoil ion due to the much larger Coulomb

repulsion.

Fig. 3.11 shows the intensity distribution of the transverse momentum for single

to quadruple capture. The distribution for single electron capture is quite narrow

and has a maximum at 1.9 a.u.. The transverse momentum distributions for multiple
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Figure 3.9: From right to left: Q-values for single (solid line), double (dashed line),
triple (dotdashed line) and quadruple electron transfer (dotted line) in collisions of
U90+ and Rb(5s) at 9 keV/amu calculated using the OtB model. The distributions
get broader with increasing number of transferred electrons. The probabilities are
normalized to 1.

electron transfer are significantly broader than the distribution for single capture.

The distribution for double electron capture has a maximum at 17.5 a.u., the distri-

bution for triple capture at 29.4 a.u. and the distribution for quadruple capture at

47.1 a.u.. The distributions for multiple capture display rather high intensities at

large transverse momenta over 60 a.u. for triple electron capture, and even 90 a.u.

for quadruple capture.

As will be explained in detail in section 4.3.3, this will be the limiting factor for

the achievable resolution. Since one is interested in the complete recoil momentum

distribution, the recoil distributions have to be compressed onto the finite size of the

position sensitive recoil ion detector leading to a reduced momentum and Q-value

resolution.
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Figure 3.10: Transverse momenta as a function of the impact parameter b for the
single (solid line), double (dashed line), triple (dotdashed line) and quadruple elec-
tron transfer (dotted line) in collisions of U90+ and Rb(5s) at 9 keV/amu calculated
using the OtB model.

Figure 3.11: Transverse momentum distributions for single (solid line), double
(dashed line), triple (dotdashed line) and quadruple electron transfer (dotted line)
in collisions of U90+ and Rb(5s) at 9 keV/amu calculated using the OtB model.





Chapter 4

A Rubidium Target MOTRIMS

Setup

For upcoming experiments on multiple electron capture in collisions of highly charged

ions with alkali atoms within a collaboration of the University of Freiburg and the

Gesellschaft für Schwerionenforschung (GSI), Darmstadt, our mobile Rb magneto-

optical trap setup, built by W. Salzmann [20], has been modified and equipped with

a recoil ion momentum spectrometer provided by N. Andersen. First experiments

will be performed at an Electron Beam Ion Trap (EBIT) at the GSI where highly

charged projectile ions like Ar12+ at low keV/amu energies will be available. The

final objective is to use the MOT as a target at the Highly Charged Ions Trap

(HITRAP) beamline where heavy, highly charged ions, up to bare uranium U92+,

will be available in the low keV/amu range. The magneto-optical trap setup will

be introduced in sections 4.1 and 4.2. In section 4.3 the recoil ion momentum

spectrometer is be described and its applicability for the planned experiments is be

analyzed.

4.1 Laser System

For operation of a magneto-optical trap several lasers are necessary which are sta-

bilized to different hyperfine transitions of the trapped atoms. The Rb isotope used

in this setup is 85Rb which has a nuclear spin of I=5
2
. Due to hyperfine coupling

the ground state 52S1/2 splits into two sub-states F = 2 and F = 3 and the excited

state 52P3/2 splits into four sub-states F ′ = 1, 2, 3 and 4. The energy splittings of

the hyperfine sub-states of the D2 line 52S1/2 → 52P3/2 used for cooling of the Rb

atoms are shown in fig. 4.1.

39
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Figure 4.1: Hyperfine splitting of the energy levels of the D2 line of 85Rb: Arrows
indicate the various laser frequencies. The cooling laser is 18 MHz red-detuned to
the cooling transition F = 3 → F ′ = 4. The repump laser brings atoms from the
F = 2 ground state to the F ′ = 3 excited state

The cooling transition on the D2 line is F = 3 → F ′ = 4. The cooling laser itself

is 18 MHz red-detuned to this transition in order to account for the Doppler shift of

the laser frequency as seen by the moving atoms. Since the energy splitting between

the F ′ = 3 and F ′ = 4 sub-states is of the order of 100 MHz, a non-negligible

fraction of atoms is excited nonresonantly to the F ′ = 3 state. From here the atoms

can spontaneously decay to the F = 2 ground state. Since the hyperfine splitting

between the ground state’s sub-states is much larger with over 3 GHz these atoms

cannot be addressed by the cooling laser. Thus the F = 2 ground state is called

a dark state, in contrast to the F = 3 bright ground state. In order to bring the

atoms back into the cooling cycle a second frequency, the so-called repump frequency,

resonant to the F = 2 → F ′ = 3 transition is necessary. From the F ′ = 3 state

the atoms can spontaneously decay to the F = 3 ground state and can be now be

addressed by the cooling laser again.

The laser system for trapping of the Rb atoms is provided by three home-build

diode lasers, a master-slave system and an additional repump laser. A scheme of the

laser setup is shown in fig. 4.2. The master and the repump lasers are extended-

cavity grating lasers [36] which are stabilized to hyperfine transitions of Rb using

frequency modulation (fm) spectroscopy [37]. All three lasers are also monitored for

single-mode operation using Fabry-Perot resonators.

A small fraction of the master beam is split for fm spectroscopy. In order to
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lock the laser to the stronger hyperfine F ′ = 3/F ′ = 4 crossover an acousto-optic

modulatori (AOM1) is used to blue-shift the frequency by 124 MHz. Thus the

master is stabilized at the F = 3 → F ′ = 2 transition. Another part of the master

laser beam is split and passes a double pass AOM (AOM2). The total frequency

shift is 166 MHz to the blue so that the frequency is 18 MHz red-detuned to the

F = 3 → F ′ = 4 cooling transition. This beam is used to injection lock the slave

laser which provides the cooling laser beams with a total output power of 100 mW.

The trapping beam can be switched using a mechanical shutter.

Another part of the master laser beam is split off and used for absorption imag-

ing. Therefore the beam is lead through a double pass AOM (AOM3) so that the

frequency is blue-shifted by 184 MHz and thus is resonant to the F = 3 → F ′ = 4

transition. Using a double pass AOM enables fast switching of the beam.

The repump laser is stabilized at the F = 2 → F ′ = 3 transition. In a normal

MOT the atom density and atom number is limited due to the atoms’ reabsorbing of

light scattered by other atoms. In order to increase the atom number and density the

present MOT setup had been modified [38] to the so-called dark SPOT configuration

(dark Spontaneous-Force Optical Trap) [39]. The idea of a dark SPOT is to store

atoms in the dark F = 2 ground state. This is achieved by placing small circular

black spot (dark spot) in the repump beam and imaging it onto the trap center

position. Thus atoms in the trap center that decay into the F = 2 dark state

cannot be addressed by the cooling laser beam. They do not scatter any light

which leads to an increase in density and atom number. Before the installation of

the recoil ion momentum spectrometer an atom number of 108 has been measured

[20]. A characterization of the trapped atom sample after the installation of the

spectrometer has yet to be done. A high number of trapped atoms is of great

advantage in electron capture experiments, since the rate depends linearly on the

atom number in the target.

The setup can be operated in two different dark SPOT configurations. For the

so-called detuned dark SPOT the repumper is red-detuned to the F = 2 → F ′ = 3

transition and locked to the F ′ = 2/F ′ = 3 cross over. Thus the efficiency of

the transfer into the F = 3 bright ground state is reduced and the atoms stay

longer in the F = 2 dark state. The other alternative is to actively depopulate the

F = 3 ground state by applying an additional laser beam, the so-called depumper.

Therefore another part of the master laser beam is split and lead through a single

pass AOM (AOM4). The plus first order, shifted 63 MHz to the blue, is resonant

iThe principle of an AOM is Bragg scattering of light on an acoustic wave propagating through
an optically non-linear crystal.
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Figure 4.2: The laser system that provides the necessary beams for the MOT
operation consists of a master-slave system and an additional repump laser. The
cooling beams are provided by the slave laser which is injection locked by the master
laser and drives the F = 3 → F ′ = 4 cooling cycle. The repumper brings atoms in
the F = 2 ground state back to the cooling cycle.

to the F = 3 → F ′ = 3 transition. After excitation to the F ′ = 3 state the atoms

decay to the F = 2 dark ground state. This configuration is called forced dark

SPOT. For density measurements it is necessary to bring the atoms back into the

F = 3 bright ground state. For this purpose about 10% of the repump beam are

split off to serve as a fill-in and overlayed with the depumper beam on a polarizing

beam splitter cube. Our setup can be switched between bright MOT, forced dark

SPOT and detuned dark SPOT configurations.

All lasers and optical elements are located on a transportable optical table. Also,

the electronics for the laser system control is placed in a transportable rack.

4.2 Vacuum Chamber

In order to avoid collisions with background gas as far as possible the MOT itself

is created inside a vacuum chamber. Fig. 4.3 shows the vacuum chamber after

the installation of the recoil ion momentum spectrometer. In order to bring the
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Figure 4.3: MOT chamber after the installation of the recoil ion momentum spec-
trometer. All laser beams are delivered via glass fiber cables from the optics table
to the chamber. H1, H2 and z denote the three retroreflected MOT laser beams (the
H2 beam is coupled out on the other side of the camber and thus not shown). RP1
and RP2 indicate the two repump beams. The recoil ion momentum spectrometer
is build in at the long axes of the chamber. Coils around the spectrometer can be
used to deflect the recoils’ trajectories. Also, the access port for ion or ionizing laser
beams is indicated.

laser beams to the vacuum chamber they are coupled into 15 m long polarization

maintaining glass fiber cables which are led to the vacuum chamber. The linearly

polarized trapping beams are coupled out and freely expanded to a diameter of 22

mm2 [20]. Afterwards each beam is collimated by a plano-convex lens and passes a

quarter-wave plate to account for the circular polarization. The beams are adjusted

to overlap at the center of the vacuum chamber. On the other side of the chamber

each beam passes another quarter-wave plate. The beams are retroreflected and pass

the quarter-wave plate a second time. Thus a configuration of three counterpropa-

gating beams with the correct circular polarization is achieved. The access port for

the vertical cooling laser beam (z beam) also provides access for the absorption and

depumper/fill-in beams.

The two repump beams are coupled out above the vacuum chamber and after

expansion pass a collimation lens each. The optics for the dark SPOT is placed at
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the vacuum chamber. The dark spots in the form of black spots with a diameter

of 3 mm are placed on glass plates. Before entering the trap the hollow repump

beams are overlapped with the retroreflected horizontal cooling beams (H1 and H2)

on polarizing beam splitter cubes. The vacuum chamber also provides access ports

for ion beams or ultra-short lasers.

After installing the recoil ion momentum spectrometer the chamber has been

pumped by a external turbo pump to a pressure of 10−7 mbar. Afterwards an ion

getter pump and titanium sublimation pump (Ti:Sub) have been used to reduce the

pressure to 10−9 mbar so that MOT operation is possible. The chamber is placed

on a mobile rack which also contains the ion getter and Ti:Sub pumps as well as the

electronics and controls of the vacuum gauges, the MOT magnetic quadrupole and

the recoil ion momentum spectrometer.

4.3 Recoil Ion Momentum Spectrometer

Electron transfer in collisions of ions with the magneto-optically trapped Rb atoms

will be investigated by measuring the momentum distribution of the resulting Rbr+

recoil ions. As described in section 2.5 in order to obtain the complete three-

dimensional momentum distribution the recoils have to be extracted from the colli-

sion region using an electric field which maps the recoil ions onto a two-dimensional

position sensitive detector while simultaneously measuring their time of flight.

The extraction field of the spectrometer is discussed in subsection 4.3.1. The

next subsection, 4.3.2, describes the MCP delay-line detector. Calculations on the

estimated resolution are presented in subsection 4.3.3. Recoil ion trajectories in the

spectrometer have been simulated and are discussed in subsection 4.3.4.

4.3.1 Extraction Field

The spectrometer used in this setup has been constructed by M. van der Poel [21]

for recoil extraction perpendicular to the incident ion beam. This means that the

longitudinal momentum plong and thus the Q-value of the process can be derived

from the x coordinate on the detector. One of the transverse momenta ptrans,y can

be derived similarly from the y coordinate on the detector and the other transverse

momentum component ptrans,z is obtained from the time of flight.

The extraction field is created by applying a positive voltage Up on the push elec-

trode opposite to the detector and grounding the drift tube. To infer the momentum

distribution from the spatial and temporal distribution of the recoil ions using eqs.
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Figure 4.4: Scheme of the recoil ion momentum spectrometer used in the Freiburg
MOTRIMS setup. The extraction field is created by applying a potential at the
push electrode. Thin wires which are doubly wound around the extraction head
and connected by a chain of resistors provide for the homogeneity of the field.

2.18, 2.19 and 2.27 it is necessary to create an ideally homogeneous electric extrac-

tion field. In this spectrometer this has been achieved by 37 40 µm thin tungsten

wires which are wound twice around the four rods of the extraction head. Between

the equidistantly wound wires 10 kΩ resistors are soldered on one of the rods and act

as potential dividers. Thus the potential drops linearly across the extraction region

to ground potential. After passing the extraction region the recoil ions enter the

drift tube and at the end of the drift tube hit the two-dimensional position sensitive

detector.

Since the MOT has a finite width of 600 µm whereas the spatial resolution of

the detector is 100 µm focusing of the recoil ions is necessary if the recoils’ different

starting positions in the MOT should not be the resolution limiting factor. For

this purpose one resistor of the resistor chain positioned at about two thirds of the

length of the extraction head can be changed from outside. Choosing a resistor

larger than 10 kΩ leads leads to the formation of an electric lens which focuses the

recoils. An alternative is to directly apply a second potential Uf on the connector

of the resistor which also results in the formation of an electric lens. When choosing

the right variable resistor or the right focusing potential Uf a lens is formed which

focuses recoil ions with the same charge and momentum but slightly different starting

positions onto the same spot on the detector. By this means the spread of the recoils’

time of flight due to different starting positions in the MOT can also be compensated.
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Figure 4.5: Side view of the extraction head of the recoil ion momentum spec-
trometer.

4.3.2 MCP delay-line detector

The detector consist of a triple microchannel plate detector (MCP) (RoentDek [40])

with a spatial resolution of ≤ 0.1 mm and a delay-line anode. An MCP enhances

the signal from an impinging ion by secondary emission of electrons. The spatial

sensitivity is given by an regular array of tiny tubes where the secondary electron

emission takes place. Using three MCPs (Z-stack) provides more gain at given

voltage. A typical operating voltage of the MCP is -2400 V. A mesh is placed in

front of the MCP in order to prevent the high voltage from penetrating the drift

tube.

Position encoding is achieved by a so-called delay-line (DLD40, RoentDek [40])

with a linear active diameter of 40 mm. A scheme of a delay-line is shown in fig. 4.6.

When an electron cascade from the MCP hits the delay-line at a certain position,

the signal propagates to both ends of the delay-line. By measuring the difference in

arriving time of the two signals the impinging position in the respective direction

can be obtained. For two-dimensional position encoding two delay-line wires are

wound at an respective angle of 90◦. Fig. 4.6 shows the back of the delay-line MCP

stack before the installation in the vacuum chamber.

The pitch of one wire loop is about 1 mm. The position can be derived from the

signal propagation time across the delay-line. The single pitch propagation time is

0.73 ns, i.e. the time it takes the signal to cross 1 mm perpendicular to the winding

of the delay-line. Since for position encoding the difference of the propagation times

is needed, the conversion factor is twice this value, i.e. 1.46 ns per 1 mm. This

results in a perpendicular signal propagation time of v⊥ = 0.685 mm/ns

The signals are measured with a time to digital converter TDC (acam GPX [41]).
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Figure 4.6: a) Scheme of the delay-line which allows for spatial resolution of the
recoil ion distribution on the detector due to different signal propagation times
across the delay-line wires. (b) MCP delay-line detector before the installation into
the vacuum chamber.

The TDC records time in units of channels with typical resolution of 82 ps. Thus a

conversion factor for channel to position can be obtained. In this case one channel

corresponds to 0.05 mm. However the MCP resolution is given with ≤ 0.1 mm and

thus limits the spatial resolution. For measurements of the recoils’ time of flight the

conversion factor from channels to time is given directly by the TDC resolution, i.e.

1 channel corresponds to 82 ps.

4.3.3 Momentum Resolution

The momentum resolution of a recoil ion momentum spectrometer depends on the

spatial and temporal resolution of the detector, the spectrometer’s geometry and the

applied electric field whereas the latter is the only variable parameter. The recoils’

mean time of flight from the collision region to the detector is also a function of the

strength of the extraction field E and is given by eq. 2.25:

τ0 = τ(ptrans,z = 0) =

√
2La

a
+

Ld√
2Laa

(2.25)

where La denotes the acceleration distance, Ld is the length of the drift tube, a

is the acceleration given by eq. 2.20 and r is the number of transferred electrons.

The mean time of flight τ0 of Rbr+ recoils for r=1, 2, 3 and 4 after collision with an

arbitrary projectile as a function of the extraction field is shown in fig. 4.7.
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Figure 4.7: Mean times of flight for Rbr+ recoil ions as a function of the extraction
field E for r = 1 (solid line), r = 2 (dashed line), r = 3 (dashed-dotted line) and
r = 4 (dotted line).

Assuming that the recoil distribution resulting from a certain process fills the

whole size of the position detector, with the momentum origin at the detector’s

center, the maximal momentum that can be detected is a function of the time of

flight and thus of the extraction field:

pmax =
Ms

τ0(E)
, (4.1)

where s denotes half of the size of the detector. Fig. 4.8 shows the dependence

of the maximal detectable momentum pmax for single to quadruple electron transfer

for a Rb target.

As described in subsection 4.3.2 the theoretical spatial resolution of the MCP

delay-line detector, i.e. for the x and y coordinates, is ∆{x, y}=0.1 mm. This means

that ions hitting the detector 0.1 mm apart from one another due to their difference

in momentum can be identified as such.

The theoretical resolution of the spectrometer is derived from eq. 2.18 and eq.

2.19 by the Gaussian error propagation:

∆p{x,y}

p{x,y}
(E) =

[(
∆{x, y}
{x, y}

)2

+

(
∆τ

τ

)2

+

(
δp

p

)2
]1/2

(4.2)

where {x, y} denotes the recoils’ impinging position on the detector in x and y

direction, respectively, and τ is the time of flight. The atoms’ initial momentum

spread δp of 0.01 a.u. resulting from a temperature of about 100 µK is also taken
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Figure 4.8: The maximal detectable momentum pmax for Rbr+ recoil ions as a
function of the extraction field E for r = 1 (solid line), r = 2 (dashed line), r = 3
(dashed-dotted line) and r = 4 (dotted line).

into account. The uncertainty of the time of flight ∆τ arises from different trans-

verse momenta in the direction of the extraction field, i.e. ptrans,z. In the following

it is assumed that the transverse momentum in z direction ptrans,z is of the same

magnitude as the transverse momentum in y direction ptrans,y. The resulting un-

certainty due to the difference in time of flight ∆τ is of the same magnitude as the

uncertainty due to the detector’s spatial resolution and thus cannot be neglected.

Following expression for the uncertainty of the recoil ion momentum is obtained as

a function of the extraction field E:

∆p{x,y}(E) =

[(
M∆{x, y}

τ(E)

)2

+

(
M2{x, y}s
(τ(E))3 rE

)2

+ (0.01 a.u.)2

]1/2

. (4.3)

With eq. 2.12 the uncertainty of the Q-value reads as follows:

∆Q(E) = ∆px(E)vp. (4.4)

The uncertainty of the momentum and the Q-value as a function of the extraction

field E are shown in fig. 4.9. Depending on the desired recoil momentum range the

extraction field can be adjusted to achieve the best resolution.

The transverse momentum in z direction ptrans,z is directly extracted from the

time of flight or rather from the difference of the time of flight τ to the mean time

of flight τ0: ∆τ = τ − τ0. When measuring the time of flight the uncertainty is

given by the resolution of the TDC. In the case of the acam GPX model the time

resolution is 82 ps.
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Figure 4.9: (a) Uncertainty of the recoil momentum and (b) uncertainty of the
Q-value as a function of the extraction field E for Rbr+ recoil ions for r = 1 (solid
line), r = 2 (dashed line), r = 3 (dashed-dotted line) and r = 4 (dotted line).

4.3.4 Recoil Ion Momentum Spectrometer Simulations

In order to check the calculations in the previous subsection and to estimate the

expected resolution and the focusing capabilities of the electric lens, trajectories

of recoil ions in the recoil ion momentum spectrometer have been simulated using

SIMION 8.0 [42].

Fig. 4.10 (a) shows a simulation of the spectrometer with no lensing effect, i.e.

all resistors at the extraction head are 10 kΩ and no additional focusing voltage is

applied. The equipotential lines indicate every step of 2 V. The extraction field is

homogeneous over the entire extraction region. Increasing the focusing voltage Uf

leads to a formation of an electric lens as shown in fig. 4.10 (b).

Figure 4.10: Trajectories of recoil ions and equipotential lines simulated with
SIMION [42]. (a) With no focusing the extraction field is almost perfectly homo-
geneous. (b) By applying a focus potential an electric lens is formed which focuses
the recoil ions.
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Figure 4.11: Trajectories of three Rb+ recoil ions with zero momentum starting at
different positions in the MOT along the projectile beam axis (c), simulated with a
voltage ratio Uf/Up = 0.59. The spatial distribution of recoil ions on the detector δx

is much smalled than the detector’s spatial resolution (b). Simulated using Simion
[42].

Due to the finite size of the MOT of about 600 µm it is necessary to focus recoil

ions with the same momentum but starting from different positions in the MOT.

Fig. 4.11 (c) shows the starting positions for three Rb+ recoils: one is positioned at

the very center of the MOT, while the other two start 300 µm further away along the

projectile beam axis. The Rb+ recoils resulting from single electron transfer impinge

on the detector within a spatial distance of δx, as shown in 4.11 (b). Recoils with

the same momentum but different starting positions along the extraction field will

impinge within a time of flight difference of δτ .

In order estimate the focusing effect of the electric lens the focus voltage Uf

has been varied at a push voltage Up of 80 V to achieve the best the spatial and

temporal focusing. Fig. 4.12 shows the spatial and temporal broadening of recoils

with a momentum of 0 a.u. at the position of the MCP detector with the same

momenta but starting from different positions in the MOT as a function of the

ratio of the focusing voltage and the push voltage Uf/Up. A value of Uf/Up = 1/3

indicates the complete absence of an electric lens. The spatial distribution δx is

given in units of mm, while the temporal distribution δτ is shown in units of µs.

Negative values of the spatial and temporal spread indicate that the focal plane of

the recoils’ trajectories lies behind the detector. With increasing ratio Uf/Up the

spatial broadening decreases and reaches almost zero at a voltage ratio Uf/Up = 0.59.

With further increasing ratio the distribution becomes negative, i.e. the spatial focal

plane moves behind the detector. The behavior of the temporal distribution is just
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Figure 4.12: Simulated spatial and temporal distribution of recoils with the same
momentum but different starting positions as a function of the quotient of focus
voltage and push voltage Uf/Up.

the opposite as for the spatial distribution. The best temporal resolution is achieved

at a Uf/Up ratio of 0.54. The temporal focal plane moves behind the detector for a

decreasing voltage ratio.

The calculations on the resolution presented in subsection 4.3.3 are tested by

simulating the trajectories of Rb2+ recoil ions in the spectrometer resulting from

double electron capture in collisions of Ar12+ with Rb(5s). Calculations within the

OtB model predict a maximum transverse momentum of 20 a.u., cf. section 3.4. This

leads to a required extraction potential of at least 4 V/cm. The simulation have

been performed with with a push voltage of 80 V which results in a extraction field

of about 5 V/cm. With this extraction field the momentum resolution for doubly

charged recoils has been calculated to be 0.15 a.u.. In terms of the recoils’ impinging

position on the detector this means that recoils with a momentum difference of 0.15

a.u. should impinge at a distance of 0.1 mm from one another. This is equal

to the spatial resolution of the MCP delay-line detector which is given with 0.1

mm. The result of the simulations is shown in fig. 4.13. Fig. 4.13 (a) shows the

complete trajectories in the recoil ion momentum spectrometer. The two trajectories

pictured in Fig. 4.13 (c) result from recoils with a momentum difference of 0.15

a.u.. Both recoils trajectories have been simulated with three recoils to account for

the difference in starting position. The distance between the impinging positions

of recoils with different momenta is 0.1 mm. Thus the simulation confirms the
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calculation on the momentum resolution.

Figure 4.13: (a) Trajectories for Rb2+ ions with a momentum of 20 a.u.. (c)
Trajectories of two ion bunches with a momentum difference of 0.15 a.u. impinge
at a distance of ∆x = 0.1 mm on the detector.





Chapter 5

Double Electron Transfer in

O6++Na(3s) Collisions

This chapter presents the first experimental results on energy dependence of dou-

ble electron capture in collisions of highly charged ions with alkali atoms. The

experiments have been performed at the existing setup at the KVI by means of

magneto-optically trapping of the target Na atoms and measuring the recoil momen-

tum distribution of the Na2+ recoil ions (MOTRIMS) [28] as described in chapter 2.

Recoil momentum spectra have been taken at collision energies between 6.750 and

8.625 keV/amu.

Section 5.1 gives a short introduction to previous results obtained in double

electron capture experiments. The MOTRIMS setup at the KVI is explained in

section 5.2. The obtained data is presented in detail in section 5.3. The results are

discussed with a focus on the dynamics of the double electron transfer.

5.1 Double Electron Transfer

Double electron capture in ion atom collisions provides an example system to study

the dynamics of a quantum-mechanical many-body system. When more than one

electron is captured by the projectile the question arises whether the electrons were

transferred sequentially one at a time or whether the capture happened simultane-

ously.

Transfer of two electrons in collisions of highly charged ions and atoms results in

the creation of doubly excited nln′l′ projectile states:

Ar+ + B(n0l0n
′
0l
′
0) → A(r−2)+(nln′l′) + B2+ (5.1)

55
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Most studies on double electron capture have been performed with noble gas

targets, in particular He [43, 44], and molecular hydrogen targets H2 [25, 45]. This

implies the transfer of two equivalent electrons, i.e. electrons with the same binding

energy in the target. As a general result population of two distinct electron config-

urations in the projectile has been observed: symmetric or near symmetric (n′ = n)

and asymmetric (n′ � n) configurations. It has been found that the two configura-

tions are populated by different mechanisms. Symmetric final states (n′ = n) result

from sequential double capture (SDC). Starting with a symmetric configuration in

the target (n′0 = n0) population of asymmetric final states (n′ � n) can only occur

when there is an exchange of energy between the two transferred electrons. This

cannot be explained when assuming that the electrons are transferred independent

from one another, e.g. as it is assumed in the classical OtB model. Thus this capture

mechanism is called correlated double capture (CDC) [19].

In contrast to transfer of two equivalent electrons there is only very few data

on two-electron capture of nonequivalent electrons. Alkali atoms are ideal target

systems to study capture of two nonequivalent electrons. The first experiment on

transfer of two nonequivalent electrons has been performed by S. Knoop [46] with

the system O6+ + Na(3s) at a collision energy of 7.5 keV/amu:

O6+ + Na(3s) → O4+(nln′l′) + Na2+ (5.2)

In order to gain more insight into the dynamics of the transfer of two nonequiva-

lent electrons, double electron capture in collisions of O6+ ions with ultracold Na(3s)

has been investigated by measuring the recoil ion momentum spectra of the resulting

Na2+ ions at several different collision energies.

5.2 Sodium Target MOTRIMS Setup

This section presents the MOTRIMS setup at the KVI in Groningen where the

experiments have been performed. Subsection 5.2.1 described the laser system and

the magneto-optical trap setup to cool and trap the Na target atoms. The Electron

Cyclotron Resonance Ion Source (ECRIS) is introduced in subsection 5.2.2. The

next subsection, 5.2.3, presents the recoil ion momentum spectrometer. The data

acquisition scheme used during this experiment is outlined in subsection 5.2.4. The

experiments have been performed in pulsed mode. The switching scheme is described

in subsection 5.2.5.
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5.2.1 Laser System and Magneto-Optical Trap for Sodium

Atoms

Figure 5.1: 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.

Since the nuclear spin of 23Na 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

substates F ′ = 0, 1, 2 and 3. The energy level scheme is shown in fig. 5.1. The

cooling beam is 20 MHz red-detuned to the F = 2 → F ′ = 3 transition. Since

the energy level splitting of the excited state is of the same order of magnitude the

atoms can also be excited nonresonantly to the F ′ = 2 state. From this state the

atoms decay to the F = 1 ground state and thus would be lost to the cooling cycle.

In order 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 substates of (2F + 1) statistically 3/8 of the atoms

are initially in the F = 1 state and the repumper also brings these atoms into the

cooling cycle.

In the setup at the KVI all necessary beams are provided by a single single-

frequency ring dye laser (Model 380D, Spectra-Physics, Rhodamine 6G dye) [47]

which is pumped by a solid state cw laser (Millennia Vs, Spectra-Physics). A beam

splitter is used to split off 1% of the beam intensity which is fed into the Stabilok

locking system (Spectra Physics model 388 and controller) and the saturated spec-
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troscopy to lock and monitor the frequency. The Stabilok uses interference fringes

from a Fabry-Perot etalon for the frequency stabilization. An external frequency sta-

bilization using saturated absorption spectroscopy is used to lock the laser frequency

more steadily about 80 MHz red-detuned to the F = 2 → F ′ = 3 transition.

The pump laser is operated at an intensity of 4.0 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 Na.

The main part of the beam passes an 1720 MHz electro-optical modulator (EOM).

An EOM is essentially a crystal whose refractive index depends on the strength of

the local electric field. Applying a radio frequency electric field on the crystal leads

to phase modulation of light passing through the crystal. Since phase modulation

results in the creation of frequency sidebands, EOMs are very commonly used for

frequency sideband generation. In this case the plus first order, shifted 1720 MHz

to the blue, is used as the repump beam, while the zeroth 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.

The laser system is located in a separate room, air-conditioned at 28◦C, in order

to protect it from temperature changes and air drafts, which lead to instabilities in

frequency and power. After passing the EOM the beam is coupled into 10 m long

glass fiber cables with 50% transmission. The beam is coupled out on the optical

table surrounding the vacuum system and passes two AOMs, cf. fig. 5.2. The plus

first order of the first AOM (AOM1), which is shifted by 60 MHz to the blue, is

used for the MOT beams. The beam passes an expander and then is split into

three beams of equal intensity using beam splitters. Quarter wave plates provide for

the circular polarization of the beam before entering the chamber. After crossing

the chamber the beams 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 Na atoms are provided by an oven usually operated at 150◦C. The MOT

cloud typically consists of 106 atoms in a volume of 1-5 mm3 [31]. However, no

measurements of the atom number or density have been performed during this ex-

periment. In order to slow down the atoms from the oven another frequency is

necessary due to the large Doppler shift. Therefore the zeroth order of AOM1 is

fed into the second AOM (AOM2). The zeroth order of AOM2 which is 80 MHz

red-detuned to the F = 2 → F ′ = 3 transition is used to cool the fast atoms from

the oven. Previous measurements by S. Knoop show that using the oven beam in-

creases the number of atoms in the cloud by a factor of five [31]. The plus first

order of AOM2 shifts the laser frequency 80 MHz to the blue so that it is resonant
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Figure 5.2: AOM scheme: The plus first order of AOM1 (60MHz) shifts the laser
frequency so that the cooling frequency is 20 MHz red-detuned to the F = 2 →
F ′ = 3 transition. The zeroth order of AOM2 is used to cool the atoms from the
oven. The plus first order of AOM2 shifts the frequency by 80 MHz to the blue so
that it is resonant to the F = 2 → F ′ = 3 transition. Taken from [31].

to the F = 2 → F ′ = 3 transition. The two AOMs, AOM1 and AOM2, are used to

switch the beams when a Na(3s) ground state target is required. Switching AOM1

off prevents the cooling beam from entering the chamber. When both AOMs are

off all the intensity goes to the oven beam. Though the oven beam frequency is far

red-detuned and the beam only partially overlaps with the MOT cloud, excitation

of the trapped atoms is possible. Therefore AOM2 is switched on when AOM1 is

switched off so that most of the intensity goes into the first order and thus not into

the chamber. The switching scheme is described in detail in subsection 5.2.5

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 (30 windings, 2 A)

to move the MOT cloud 2 mm in y (horizontal, perpendicular to the ion beam axis)

and z (vertical) direction to optimize the overlap with the projectile beam.

The temperature of the trapped atom sample has been measured using the release

and recapture technique [48] by S. Knoop [31]. The obtained value of 176±68 µK

corresponds to an initial momentum spread of the trapped atoms of 0.01 a.u.. This

is very low considering that the Doppler limit for Na is 240 µK. The pressure in the

vacuum chamber is of the order of magnitude of 10−9 mbar at an oven temperature

of 150◦C.
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5.2.2 Electron Cyclotron Resonance Ion Source

Figure 5.3: 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. Taken from [31].

The projectile ion beam is provided by a homebuilt 14 GHz CAPRICE-type

Electron Cyclotron Resonance Ion Source (ECRIS) [49]. Fig. 5.3 shows a schematic

of the ion source. In principle an ECRIS is a magnetic bottle which confines a

plasma of hot electrons and cold ions. Electrons spin around the magnetic field with

the cyclotron frequency ωc = eB
me

. When applying a radio frequency (RF) electrons

gain energy at magnetic fields where the cyclotron frequency equals the RF. At a

magnetic field of 0.5 T the cyclotron frequency ωc is 14 GHz, which is the frequency

used in this source. Multiply charged ions are created by sequential electron impact

ionization.

The source can be floated up to 26 kV. This voltage defines the velocity of the

projectile ions. However, during the run of this experiment the source produced

sparks already at a voltage of 23 kV, and therefore 8.625 keV/amu is the highest

collision energy obtained. The ions are extracted by a movable puller lens. After the

extraction a 110◦ magnet is used for mass-over-charge-ratio extraction. Afterwards

the ions are focused by three magnetic quadrupoles and 45◦ bending magnets lead

the ion beam to the several experiments positioned along the beam line. Before the

MOTRIMS experiment the beam is again focused by two magetic quadrupoles and

passes four diaphragms. The first diaphragm is placed 81 cm before the collision

center. Between first and second diaphragm, which has a diameter of 1mm, a beam

chopper in the form of a plate capacitor is placed. A block pulse can be applied to one

of the capacitor plates of the chopper, which sweeps the beam over second diaphragm

creating a pulsed beam. The two additional diaphragms both have diameters of 1
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mm and the last one is positioned 20 cm from collision center. The diameter of

the projectile beam at the position of the MOT cloud is estimated to be about 1.8

mm [50]. After crossing the chamber the projectile ions are collected in faraday cup

where the current is measured. During this experiment ion beam currents of 16 to

110 nA have been measured. With a chopped beam the current dropped by three

orders of magnitude to 11 to 85 pA.

5.2.3 Recoil Ion Momentum Spectrometer

Figure 5.4: Schematic of the Na MOTRIMS setup at the KVI in Groningen. The
MOT cloud is positioned inside the spectrometer. Recoil ions are extracted perpen-
dicular to the incident projectile ion beam and projected onto a two-dimensional
position sensitive detector. Taken from [31].

After the collision the recoil ions are detected by a recoil ion momentum spec-

trometer shown in fig. 5.4. For this purpose the recoils are extracted perpendicular

to the incident projectile ion beam. The extraction head is 11 cm long, where the

MOT is positioned so that the recoils pass a distance of about La = 7 cm in the
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extraction field. After the extraction region the recoils pass a Ld = 41 cm long field

free drift tube. In order to create the extraction field the push electrode plate is set

to a positive voltage V+, while the drift tube is on a negative voltage V−, as shown

in fig. 5.4. In order to focus recoils starting from different positions in the MOT but

having the same momentum onto the same spot on the MCP an additional three

ring electric lens is build into the extraction region. The three rings can be set on

different voltages V1, V2 and V3. For the detection of Na2+ recoils following voltages

have been applied: V+ = +8.1V , V− = −19.6V , V1 = −13.6V , V2 = −14.8V and

V3 = +2.0V . At the end of the drift tube the ions pass a mesh and hit an MCP. The

mesh prevents the high voltage of the MCP from penetrating the drift tube. The

spatial distribution of the recoils on the MCP is detected by an two-dimensional

delay-line (DLD40), which is the same model as used in the Freiburg setup, cf.

subsection 4.3.2. The conversion into units of space and time has been given in

subsection 4.3.2. 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].

5.2.4 Data Acquisition

The delay-line detector which provides four signals is read out by a TDC. The delay-

line signals are labeled X1, X2, Y1 and Y2. A scheme of the data acquisition is shown

in fig. 5.5. The start of the TDC is provided by one of the delay-line signals, X2.

Thus it is avoided to start the MCP without an actual ion signal. The other three

delay-line signals X1, Y1 and Y2 act as stops. A fourth stop is given by the projectile

ion chopper signal. 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. The external trigger signal is provided by the ion chopper. In 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 time of flight is given by the ion chopper signal

T = −x2.
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Figure 5.5: Scheme of the data acquisition of the delay-line 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, in this case provided by the ion chopper,
serves as the forth stop signal. Taken from [31].

5.2.5 Switching Schemes

The goal of this experiment is to precisely measure the recoil momentum distribution

of Na2+ recoils resulting from double electron transfer from Na(3s). In order to do

so with the best resolution possible several things have to be taken care of.

Since the MOT’s magnetic field distorts the recoils’ trajectories it has to be

switched off during the data taking. Also, since ground state Na is required the

laser beam has to be switched off before the collision. Fig. 5.6 shows the results

from two release and recapture measurements obtained by S. Knoop [31]. The figure

shows the fraction of atom number at a certain time with either the magnetic field

or the laser beams switched off compared to the atom number with both magnetic

field and laser beams present. During one measurement (black points) the magnetic

field has been turned off while the laser beams have been kept on, while during

the other measurement (gray points) the laser light has been turned off. When the

laser beams are turned off the number of atoms starts decreasing after less than one

ms. On the other hand, with only the laser beams present the number of atoms is

constant for almost 10 ms. Therefore it is safe to switch the magnetic field off for

5 ms. During this time the projectile beam is swept across the second diaphragm

every 60 µs. After switching the magnetic field off, the start of the sweeps is delayed

by 0.5 ms in order to account for the finite switching time. This leaves time for 38

sweeps. After 5 ms the magnetic field is turned on for 10 ms in order to allow the

MOT to restore itself. Fig. 5.7 (a) shows the switching scheme for the magnetic

field and the projectile beam chopper.
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Figure 5.6: Decay of the MOT cloud with either the magnetic field or with the
MOT lasers turned off obtained using the release and recapture technique by S.
Knoop [31] 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. Taken from
[31].

The switching scheme of the laser beams is shown in fig. 5.7 (b). The Na2+

recoil ions hit the detector after a time of flight of about 29.0 µs after the collision.

The TDC has a recording time window of only 2.2 µs and is triggered after a delay

of ∆tTDC of about 27.5 µs by the falling slope of the ion chopper signal. Thus only

Na2+ recoils are recorded. In order to avoid electron transfer from excited Na, the

MOT beams are switched off simultaneously about 40 µs before the falling slope

of the ion chopper by switching off AOM1. Simultaneously, AOM2 is switched on

so that the oven laser beam does not enter the chamber. Doing so ensures that all

excited Na decays into the ground state before the projectiles arrive at the MOT.

A Na MOT constantly produces Na+
2 molecule ions by associative ionization by

the MOT beams. The molecules have a time of flight of 55 µs which is twice as large

as the time of flight of the Na2+ ions. The Na+
2 molecule ion momentum distribution

would overlap with the momentum distribution of the Na2+ recoils. The lasers are

switched off 40 µs before the chopper’s falling slope, i.e. when the electron transfer

takes place. Since the TDC is triggered approximately 20 µs after the chopper signal,

the last molecule ions produced by the lasers arrive approximately 5 µs before the

TDC starts recording.
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Figure 5.7: (a) Switching scheme of the magnetic quadrupole field and the projec-
tile ion chopper signal and (b) switching scheme of the cooling lasers and the TDC
trigger signal. The Na2+ recoils arrive after a time of flight of about 29 µs after the
falling slope of the chopper signal. Note the different time scales for magnetic field
and laser beam switching.

5.3 Experimental Results

In this section the recoil ion momentum spectra of Na2+ recoils taken during one

week of beam time at the KVI, Groningen, are presented and discussed using the

example of the data taken at a collision energy of 8.625 keV/amu. Subsection 5.3.1

briefly describes how the momentum origin of the distribution has been defined.

The next subsection, 5.3.2, presents the recoil momentum spectra in detail. The as-

signment of the final state distribution is described in subsection 5.3.3. Subsection

5.3.4 discusses the transverse momentum distributions and resulting projectile scat-

tering angle distribution and the obtained information on the impact parameters.

The results are analyzed in terms of Coulomb potential curves in subsection 5.3.5.

Finally, in subsection 5.3.6 the partial cross section ratio of the different channels is

obtained and discussed.
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Figure 5.8: (a) Projection of the three-dimensional Na2+ recoil distribution ob-
tained at a collision energy of 8.625 keV/amu onto the y axis of the MCP delay-line
detector and (b) onto the z axis which is proportional to the time of flight. The
Gaussian fits are used to determine the momentum origin.

5.3.1 Definition of the Origin

The Na+
2 molecules produced by the MOT lasers have almost no momentum since

they are made from previously trapped atoms. Therefore the Na+
2 peak is usu-

ally used to define the momentum origin of the two momentum components ob-

tained from the recoils’ spatial distribution on the MCP delay-line detector, plong

and ptrans,y, whereas plong is proportional to the Q-value. However, during these ex-

periments no Na+
2 data has been recorded, cf. subsection 5.2.5. Thus the momentum

origin has to be defined differently.

The Q-values have been assigned using the Q-value spectrum obtained by S.

Knoop in a previous measurement at a collision energy of 7.5 keV/amu [46]. In this

experiment no measures have been taken to avoid recording the Na+
2 molecules when

taking the Na2+ spectra. Comparing the spectra presented in this thesis with the

spectrum obtained by S. Knoop yields a linear conversion of the spatial distribution

into the Q-value distribution in units of eV. The momentum spectra have been

obtained at different collision energies which has to be taken into account, since

Q-value also dependends on the projectiles’ velocity.

The origin coordinates of the transverse momenta, ptrans,y and ptrans,z, have been

defined using fits of the projections of the three-dimensional recoil distribution onto

the respective axes. The data and fits are shown in fig. 5.8. The ptrans,y momentum

component is obtained from the spatial distribution along the y axis on the MCP

delay-line detector, while the ptrans,z is obtained from the recoils time of flight, here

denoted with z. In fig. 5.8 both data sets are given in terms of channels as they were

provided by the TDC. Both distributions show a symmetric behavior. The projection
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onto the z (∝ ptrans,z) coordinate has been fitted with a single Gaussian. The

momentum origin is given directly by the mean value of the Gaussian fit function.

The projection onto the y (∝ ptrans,y) coordinate has been fitted with a double

Gaussian and the momentum origin is the average of the mean values of the two

Gaussian fits.

5.3.2 Data Discussion

Figure 5.9: Projection of the three-dimensional recoil distribution of Na2+ recoil
ions taken at a collision energy of 8.625 keV/amu onto the Q-ptrans,y plane. The
Q-value and the transverse momentum component ptrans,y are obtained from the
spatial coordinates x and the y on the detector, respectively.

Fig. 5.9 shows the projection of the three-dimensional recoil momentum distri-

bution onto the MCP delay-line detector in terms of the Q-value and ptrans,y. The

distribution is also shown in terms of position on the detector. The Q-value is ob-

tained from the x coordinate and the transverse momentum component ptrans,y is

obtained from the y coordinate. The position origin does not correspond to the cen-

ter of the MCP but has been redefined so that the momentum and position origins

coincide, cf. subsection 5.3.1. The ranges of the Q and ptrans,y coordinates have
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Figure 5.10: Projection of the three-dimensional Na2+ recoil momentum distribu-
tion taken at a collision energy of 8.625 keV/amu onto the ptrans,y-ptrans,z plane.
The white box indicates the momentum range of Na2+ recoil ions. ptrans,y is ob-
tained from one spatial coordinate of the detector, while ptrans,z is obtained from
the recoils’ time of flight distribution ∆τ .

been restricted to the values shown in fig. 5.9 so that artifacts from the edges of

the MCP detector are cut out. Also, a small band at ptrans,y = 4.5 a.u. has been

cut out, since artifacts appear there as well. These are probably resulting from not

perfectly set thresholds of the constant fraction discriminator values after the signal

pre-amplifier. The total number of counts depicted is about 19000. The data is

shown with a slightly increased bin size in order to improve distinguishability. The

projectile beam comes in from the left. A line with a high number of counts is

located at Q-values between about 0 eV and -20 eV and weaker line is visible at

Q-values between -40 eV and -60 eV. Also, there is an accumulation of counts in the

direction of the Na oven atoms resulting from electron transfer from the hot oven

atoms.

Figure 5.10 shows the projection onto the ptrans,y-ptrans,z plane which is orthogo-

nal to the incident projectile beam. This provides the complete transverse momen-

tum distribution. The recoils’ momentum in the direction of the extraction field,
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Figure 5.11: Projection of the three-dimensional Na2+ recoil momentum distribu-
tion taken at a collision energy of 8.625 keV/amu onto the Q-ptrans,z plane. The
Q-value is obtained from the spatial x coordinate on the MCP delay-line detector,
while ptrans,z is obtained from the recoils’ time of flight difference ∆τ .

ptrans,z, is also given in terms of ∆τ = τ0 − τ , where τ0 is the recoils’ mean time of

flight and τ is their actual time of flight. The doughnut or torus like shape around

the momentum origin is due to the transverse momentum of the recoil ions. The

projectile beam ′hits′ the ptrans,y-ptrans,z plane at the momentum origin. Since no

differentiation has been performed in terms of Q-value only the more prominent

channel is visible and the counts of the weaker channel are masked by the counts of

the stronger channel. By choosing only recoils with Q-values of weaker channel the

respective transverse momentum distribution becomes visible in the ptrans,y-ptrans,z

projection as well, cf. subsection 5.3.4.

Fig. 5.11 shows the projection onto the Q-ptrans,z plane. Figs. 5.10 and 5.11

show that the recoil distribution is not as simple as fig. 5.9 suggests. At a time

of flight difference of approximately ∆τ = −0.8 µs an additional peak with a large

number of counts appears. As seen in figs. 5.10 and 5.11 the momentum distribution

of these ions is very narrow in every direction. The width of this peak is around 3

a.u. in the both the ptrans,y and ptrans,z direction.
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Figure 5.12: Q-value spectrum of Na2+ recoils obtained at a collision energy of
8.625 keV/amu with restrictions as shown in fig. 5.10.

There is also an accumulation of recoils at a time of flight difference of ∆τ =

0.6 µs, cf. figures 5.10 and 5.11. But due to the delay timings set during the

experiment there is no data which would show the rest of this accumulation. Thus

it is impossible to tell with certainty whether these two new peaks are symmetric

around the momentum origin ptrans,z = 0. As seen in fig. 5.11 the Q-values of these

additional peaks overlap with the Q-value of the stronger double electron capture

peak. The question is whether these additional counts also originate from Na2+

recoil ions. A possible explanation could be that these ions might have a larger

momentum towards or against the detector, respectively, and thus arrive earlier

or later, respectively. However, the origin of these new peaks is unknown, which

makes it necessary to omit these counts. The box shown in fig. 5.10 indicates the

momentum range that is used for further analysis. Apart from cutting the counts

above and below the torus, the ptrans,y range has been restricted as well, so that the

remaining area is symmetric with respect to the center of the torus. This leads to a

decrease of the noise level in the Q-value spectra.

After the ranges of the ptrans,y and ptrans,z momentum components have been

restricted as shown in figure 5.10 the remaining recoil momentum distribution is

projected onto the Q-value axis. Fig. 5.12 shows the measured Q-value distribution

at a collision energy of 8.625 keV/amu. In the one-dimensional projection of the

data the second peak at larger Q-values is more clearly visible than in the two-

dimensional projections. The two peaks are the first indication that only certain

final states in the downcharged O4+(nln′l′) projectile are populated.
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5.3.3 Assignment of Final States

O4+(1s2nln′l′) Q-value (eV)

2s2 -200

2ln′l′ n’=2 -189 → -164

n’≥3 -132 → -86

3s2 -54

3l3l′ l,l’≥1 -48 → -40

3ln′l′ n’=4 -31 → -22

3ln′l′ n’=5 -21 → -15

3ln′l′ n’=6 -17 → -11

3ln′l′ n’=7 -14 → -9

3ln′l′ n’≥8 -12 → -2

3s n’=∞ -6

4ln′l′ -6 → 22

Table 5.1: Relevant Q-values for doubly excited O4+(1s2nln′l′) resulting from
double electron transfer in collisions of O6+ with Na(3s). The binding energies for
O4+(1s2nln′l′) are taken from [51].

When the binding energies of the electrons in the projectile are known, either

from experimental data or theoretical calculations, the experimentally obtained Q-

value distribution can be assigned to the respective final states. Table 5.1 shows the

relevant Q-values for doubly excited O4+(1s2nln′l′) resulting from double electron

transfer in collisions of O6+ with Na(3s). The width of the Q-value range of a certain

nln′l′ states is rather wide due to the non-degeneracy of the l-states. Fig. 5.13 shows

the relevant range of the Q-value spectrum with the Q-values assigned as shown in

table 5.1.

The main peak with a relatively high number of counts is mostly due to double

electron transfer into the asymmetric 3ln′l′ states with n′ = 6 and n′ = 7. The

right flank of this peak around a Q-value of 0 eV also contains counts resulting from

simultaneous capture of one electron and direct ionization of another. Strikingly,

the final states 3l4l′ are not populated at all. The second peak at larger Q-values

between -40 and -60 eV is due to population of the symmetric final states 3l3l′.

The OtB model predicts a Gaussian double capture Q-value distribution with

a width of 23.68 eV (FWHM) around a mean Q-value of -21.07 eV. Of course, the
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Figure 5.13: Q-value spectrum of Na2+ recoils obtained at a collision energy of
8.625 keV/amu. Arrows indicate the electrons’ final states in the downcharged
projectile O4+(nln′l′).

classical OtB model does not distinguish between capture into different quantum

states and only provides an estimate of the Q-value range. However the experimen-

tally obtained Q-values are in the range of 0 to -60 eV which very close to the range

predicted by the OtB model.

5.3.4 Transverse Momentum Distributions

As described in subsection 5.3.2 the three-dimensional recoil momentum distribution

also provides the recoil momenta transverse to the incident ion beam. From the

transverse momentum distributions of the recoils the projectiles’ scattering angle

distribution and the impact parameter of the collision can be obtained.

Fig. 5.14 (a) shows the transverse momentum distribution of the Na2+ recoils

resulting from electron transfer into the asymmetric final states 3ln′l′ with n′ ≥ 5

at a collision energy of 8.625 keV/amu. The transverse momentum distribution of

the recoils resulting from transfer into the symmetric final states 3l3l′ is depicted in

fig. 5.14 (b). Population of the asymmetric final states leads to transverse momenta

mainly between 2 a.u. and 3.5 a.u.. The transverse momentum distribution resulting

from population of the symmetric final states shows only a very low number of
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Figure 5.14: (a) Transverse momentum distribution of Na2+ recoils resulting from
double electron capture into asymmetric states 3ln′l′ with n′ ≥ 5 and (b) transverse
momentum distribution of Na2+ recoils resulting from double electron capture into
symmetric states 3l3l′ states at a collision energy of 8.625 keV/amu.

counts. However, there is a slightly increased number of counts for momenta ≥ 4

a.u..

Within the frame of the OtB model a relation between the absolute value of

the total transverse momentum of the recoils ptrans =
√

p2
trans,y + p2

trans,z and the

impact parameter of the collision can be obtained, cf. section. 3.3. Fig. 5.15 shows

the theoretical relation of the transverse momentum and the impact parameter b

obtained from eq. 3.41. The smaller the impact parameter the larger the recoils’

transverse momentum.

The total transverse momentum ptrans has been theoretically calculated using

the OtB model for the case of double electron capture in O6++Na collisions. The

calculated intensity distribution is shown in fig. 5.16. The model gives a momentum

distribution with a maximum around 6.5 a.u. and rather high intensities for even

higher momenta. However, this is not reproduced by the data. The reason for the

overestimation of the transverse momentum by the OtB model is that the model

assumes that double electron capture is possible only within a maximal internuclear

distance, the capture radius, of 5.1 Bohr radii. The corresponding minimal trans-

verse momentum is 5 a.u., i.e. the model clearly does not reproduce the smaller

transverse momenta shown in fig. 5.14 (a). Therefore the theoretical relation be-

tween the transverse momentum and the impact parameter can be taken only as a

rough estimate.
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Figure 5.15: Theoretical relation of the impact parameter and the total transverse
momentum of Na2+ recoil ions resulting from double electron capture in collisions
of O6+ with Na(3s) at a collision energy of 8.625 keV/amu calculated using the OtB
model.

Figure 5.16: Total theoretical transverse momentum distribution of Na2+ recoil
ions resulting from double electron capture in collisions of O6+ with Na(3s) at a
collision energy of 8.625 keV/amu calculated using the OtB model.
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The torus shape of the transverse momentum distributions means that the elec-

tron transfer takes places within a certain impact parameter range. Since electron

capture into asymmetric final states 3ln′l′ with n′ ≥ 5 leads to smaller transverse

momenta, it means that this reaction takes place at larger impact parameters. Ac-

cordingly, population of the symmetric final states 3l3l′ leads to larger transverse

momenta and thus implies a smaller impact parameter.

When the recoils’ momentum distribution is plotted using a larger bin size as

shown in fig. 5.17 it becomes apparent that the momentum distribution is not

exactly cylindrical symmetric around the momentum origin, i.e. around the axis

defined by the incident projectile ion beam, as it has been expected. There is an

increased number of counts at large ptrans,y and small ptrans,z momenta. To make

the asymmetry more apparent the transverse momentum distribution has been fitted

with the following function:

F (py, pz) =
(
b(py − py,0)

2 + c(pz − pz,0)
2
)
exp

[
−d(py − py,0)

2 − e(pz − pz,0)
2
]
+ a.(5.3)

The constant parameter a accounts for the noise level. The fit function is a

product of a quadratic function and an exponential function where separate param-

eters b, c, d, and e can be varied so that potential asymmetries for the ptrans,y = py

and ptrans,z = pz momentum components are allowed for. The fit shown in fig.

5.17 (b, clearly reproduces the asymmetry of the transverse momentum distribu-

tion. However, the cause of this asymmetry is unclear. The transverse momentum

components ptrans,y and ptrans,z are acquired in different ways. The momentum com-

ponent in ptrans,y direction is obtained from the spatial distribution of the recoils on

the detector whereas the momentum component ptrans,z is acquired from the time

of flight difference of the recoils. A rather speculative suggestion links the asymme-

try directly to the additional peaks at ∆τ = −0.8 µs and ∆τ = 0.6 µs shown in

fig. 5.10. Since the additional peaks and the transverse momentum minima of the

torus lie almost is line in ptrans,z-direction, which is proportional to time, but also

parallel to the extraction field, the minima and the additional peaks could be due to

secondary scattering events of Na2+ recoils with Na atoms. No fit could be applied

to the transverse momentum distribution resulting from capture into the symmetric

final states due to a way to low number of counts.
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Figure 5.17: (a) Transverse momentum distribution of Na2+ recoils resulting from
double electron transfer into asymmetric final states 3ln′l′ with n′ ≥ 5 obtained at
a collision energy of 8.625 keV/amu using a larger bin size (5x250 bins) and (b) the
fit function of the aforementioned transverse momentum distribution.

Figure 5.18: Scattering angle distribution of the downcharged O4+(nln′l′) projec-
tiles after double electron transfer (a) into asymmetric final states 3ln′l′ with n′ ≥ 5
and (b) into symmetric final states 3l3l′.
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Using eq. 2.17 also the scattering angle distributions of the projectile ions can

be deduced from the recoils’ momentum distribution:

ptrans ≡ |ptrans| = mpvpθ. (2.17)

Fig. 5.18 (a) shows the projectiles’ scattering angle distribution for capture into

the asymmetric final states 3ln′l′ with n′ ≥ 5. The distribution of the total scattering

angle θ ranges between 0.1 mrad and 0.25 mrad. The projectiles’ scattering angle

for capture into the symmetric final states 3l3l′ is depicted in fig. 5.18 (b). Like

the transverse momentum distribution, the scattering angle distribution for capture

into the symmetric final states shows a slightly increased number of counts at larger

values, θ ≥ 0.3 mrad.

5.3.5 Coulomb Potential Curves

Figure 5.19: Coulomb potential curves for single and double electron capture in
O6++Na(3s) collisions. The incident channel O6++Na(3s) is represented by straight
dotted lines. The outgoing channels are indicated by the respective final states n for
single capture and nln′l′ for double capture. Electron transfer occurs at crossings
of the potential curves. Taken from [46].

Now that two capture channels are identified by their respective Q-values and

impact parameter ranges, Coulomb potential curves of the system O6+ + Na(3s)

before and after the electron transfer help to interpret the data and also give an

intuitive picture of the process. Fig. 5.19 shows the relevant potential curves for

single and double electron capture in collisions of O6+ with Na(3s) as a function of

the internuclear distance. These curve take into account only the Coulomb repulsion,

thus the incoming channel is a straight line set at 0 eV. The Coulomb repulsion curves
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of the projectile and the recoil ion after the collision in the case of single electron

transfer (O5+(nl) + Na+) are denoted with the respective final state of the electron

in the projectile, e.g. n = 7. These lines are quite narrow since the non-degeneracy of

the different l-states is small. Likewise the repulsion curves of the projectile and the

recoil ion after transfer of two electrons (O4+(nln′l′) + Na2+) are marked with the

respective final states, e.g. 3l7l′. Here the non-degeneracy of the different l-states is

much stronger pronounced than for single electron capture and the curves turn into

broad bands which also occasionally overlap. At infinite internuclear distance the

outgoing curves asymptotically approach the respective Q-values. Electron transfer

occurs at crossings of the various potential curves.

The potential curve of the symmetric final state 3l3l′ crosses the incoming line

at internuclear distances between 4 and 5.5 a.u., cf. fig. 5.19 (a). This means that

this state is most likely populated by two electrons in a one-step process. This is

also in agreement with the transverse momentum spectra described in the previous

subsection which shows that the 3l3l′ states are populated at smaller impact param-

eters. The state 3l4l′, whose potential curve crosses the incoming channel at quite

large internuclear distances between 7 and 10 a.u, is not populated at all, cf. fig.

5.19 (b). This implies that double electron capture at larger internuclear distances

takes place otherwise. Theoretical calculations using the Basis Generator Method

[52] show that cross sections for single electron capture into the final states n = 6

and n = 7 are large at impact parameters of 12-18 a.u. and 14-22 a.u., respectively

[31]. This is also confirmed by experiment [53]. Again this result matches the data:

As described in the previous subsection the final states 3ln′l′ with n′ = 6 and n′ = 7

are populated at larger impact parameters. As shown in fig. 5.19 (c) the potentials

of the outgoing single capture channels 6l and 7l overlap with with the outgoing

double electron capture channels 3l6l′ and 3l7l′. Therefore the states 3l6l′ and 3l7l′

can be populated sequentially via these single capture channels. Fig. 5.19 (b) shows

that the states 3l4l′ and 3l5l′ cannot be populated in this manner since there is no

overlap with the n = 6 and n = 7 single capture curves. Therefore one can conclude

that the symmetric final state 3l3l′ is populated in a one-step process at small inter-

nuclear distances, whereas the asymmetric final states 3l6l′ and 3l7l′ are populated

sequentially at a much larger internuclear distances.

Assuming that the electrons are transferred independently from one another

double electron transfer of two electrons with a asymmetric initial state distribution

like in Na(3s) will lead to the formation of asymmetric final state distributions in the

projectile. This is confirmed by the finding that the final states 3ln′l′ with n′ ≥ 6

are populated sequentially. Thus the population mechanism of these states is called
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sequential double capture (SDC). Population of symmetric final states like 3l3l′ can

only be explained if the transfer of the two electrons is correlated. This is also in

agreement with the result that the symmetric final states 3l3l′ are populated in a

one step process. This process is therefore called correlated double capture (CDC).

5.3.6 Partial Cross Section Ratio as a Function of Collision

Energy

The relative cross sections of the population of the asymmetric and symmetric final

states can be extracted from the Q-value spectra. Since no measurement has been

made with the MOT present but without the projectile beam, a real background

subtraction is not possible. The background has been estimated using a polynomial

of the order four, which reproduces the background distribution in the Q-value

spectra quite nicely, cf. fig. 5.20:

Pbg(x) = b0 + b1x + b2x
2 + b3x

3 + b4x
4 (5.4)

The two peaks resulting from population of the asymmetric final states via se-

quential double capture (SDC) and population of the symmetric states via correlated

double capture (CDC) have been both fitted assuming Gaussian distributions. The

total fit function reads as follows:

G(x) = aa exp

[
−1

2

(
x− x0,a

σa

)2
]

+ as exp

[
−1

2

(
x− x0,s

σs

)2
]

+ Pbg(x) (5.5)

The subscripts a and s denote capture into asymmetric and symmetric final

states, respectively. The fits have been performed with Mathematica [54] using the

nonlinear regression algorithm based on minimizing the χ2 merit function. This

provides the fit parameters as well as their errors. The number of counts of the two

channels is obtained by integrating over the respective Gaussian fit functions:

Ii =

∫ ∞

−∞
ai exp

[
−1

2

(
x− x0,i

σi

)]
=
√

2πaiσi ; i = a, s (5.6)

Fig. 5.20 shows the Q-value spectrum taken at a collision energy of 8.625

keV/amu and the total fit function G(x), the polynomial Pbg(x) and the single

Gaussian fits of the two peaks. The ratio of the number of recoil ions resulting from

capture into symmetric final states is given by:

rs =
Is

Is + Ia

. (5.7)
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The error of ratio rs is derived using Gaussian error propagation:

∆rs =

[
(∆Is)

2

(
Ia

(Is + Ia)2

)2

+ (∆Ia)
2

(
Is

(Is + Ia)2

)2
]1/2

(5.8)

The ratio rs is equal to the partial cross section ratio of the correlated double

capture:

rs =
σCDC

σCDC + σSDC

. (5.9)

Figure 5.20: Q-value spectrum of Na2+ recoil ions taken at 8.625 keV/amu and all
fit functions used to determine the partial cross section ratio of the two channels.

In spite of the large difference in binding energies between the valence electron

the inner electrons, about 15% of double electron capture of the O6++Na system

takes place via correlated capture. This is a remarkable finding, since it implies that

correlation effects play an important role even for electrons with large difference in

binding energy of 42 eV.

As described in subsection 5.3.5 the symmetric 3l3l′ final states are populated at

small internuclear distances via CDC while the asymmetric final states 3ln′l′ with

n′ ≥ 6 are populated at larger internuclear distances via SDC. This also implies that

the interaction time of projectile and target is different for the two capture processes.

The question is whether there is a dependence of the ratio between CDC and SDC

on the interaction time. The interaction time of the projectile and the target can

be tuned by changing the collision energy. Hence measuring the Q-value spectrum



5.3. Experimental Results 81

at different kinetic energies gives the population distribution as a function of the

interaction time. These experiments have been performed to investigate a possible

change of the partial cross section ratio of the two capture channels at different

collision energies.

The Na2+ spectra have been taken at four collision energies: 6.750 keV/amu,

7.125 keV/amu, 7.875 keV/amu and 8.625 keV/amu. However during the measure-

ment at 6.750 keV/amu the delays were not set correctly, so that not the complete

Na2+ distribution has been recorded within the 2.2 µs time window of the TDC.

However, more than half of the spectrum has been recorded so that the complete

half of the spectrum could be used to determine the partial cross section ratio, cf.

fig. B.1.

The partial cross section ratio σCDC/(σCDC +σSDC) obtained as a function of the

collision energy is shown in figure 5.21. The ratio shows no significant dependence on

the collision energy within the investigated collision energy range. There is a slight

minimum at a collision energy of about 8 keV/amu. However the dependence is so

weak that within the error bars also a constant fit is possible. In further experiments

the energy range will be extended to lower and higher collision energies to investigate

whether there is no energy dependence or whether it becomes apparent when a larger

energy range is probed.

Figure 5.21: Partial cross section ratio of the population of the symmetric 3l3l′

final states via CDC σCDC/(σCDC + σSDC) in the energy range between 6.5 and 9
keV/amu.





Chapter 6

Conclusion & Outlook

We presented first energy dependent experiments of double electron transfer in col-

lisions of highly charged ions with an ultracold alkali target. The state- and scatter-

ing angle-selective experiments were been performed with the system O6+ + Na(3s)

within a collaboration with the KVI, the Netherlands. Double electron capture led

to the formation of downcharged projectiles O4+(nln′l′). Using recoil ion momen-

tum spectroscopy two capture channels could be identified. One capture channel

led to the formation of asymmetric final sates 3ln′l′ (n′ ≥ 5), while via a second

channel symmetric final states 3l3l′ were populated. The asymmetric final states

3ln′l′ (n′ ≥ 5) were populated in via sequential double electron capture, while the

symmetric final states 3l3l′ were populated by correlated double capture. The ratio

of capture via correlated double capture amounted to about 15 % of the total double

capture cross section. This is a remarkable result since the binding energy difference

of the two electrons before the transfer is over 42 eV.

From the recoil momentum spectra it could be also deduced that the two channels

were populated at different impact parameters. This implied that the interaction

times of projectile and target were different. The interaction time could be tuned

by varying the collision energy. In order to gain new insight into the dynamics of

the electron capture processes we investigated this system at collision energies be-

tween 6.750 and 8.625 keV/amu. The partial cross section ratio of the two processes,

correlated double capture and sequential double capture, showed no significant de-

pendence on the collision energy within the investigated energy range. Further

measurements at an extended collision energy range are necessary to investigate if a

possible energy dependence of the ratio of the two capture channels exists or make

sure of a non-existence thereof. Furthermore, it will be ascertained whether the

asymmetry of the transverse momentum distributions can be reproduced and if so
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the cause of it will be to search for.

Also, we have equipped our mobile Rb MOT setup in Freiburg with a recoil ion

momentum spectrometer. The detector will be characterized using femtosecond two-

photon ionization of Rb2P3/2 in the trapped atom sample. Within a collaboration

with the GSI, Darmstadt, the setup will be used as a target for highly charged

ion beams. The goal of these experiments will be to experimentally investigate the

dynamics of multiple electron transfer in collisions of highly charged ions with atoms.

First tests will be performed with an EBIT source which will provide projectiles such

as Ar12+ at low keV/amu energies. The HITRAP facility will be capable of producing

extremely highly charged projectiles up to U92+ at low keV/amu energies.

Calculations and simulations were performed to determine the momentum resolu-

tion of the recoil ion momentum spectrometer and its applicability for the upcoming

experiments. Classical Over-the-Barrier Model (OtB) calculations were carried out

to estimate the recoil momenta, Q-values and total cross sections for multiple elec-

tron transfer. For collisions with highly charged projectiles such as Ar12+ the OtB

model predicts cross sections for multiple electron capture of the order magnitude

of 10−16 cm2. Using heavy highly charged projectiles, e.g. U90+, the model predicts

cross sections of the order of magnitude of 10−15 cm2.

Also, the Rb MOTRIMS setup will be used as a target for high intensity ultra-

short pulse lasers at the Max-Planck-Institut für Kernphysik in Heidelberg (MPIK)

for studies of ionization in strong laser fields.

A further possibility is to excite the trapped Rb atoms to high Rydberg states

to provide an electron target in order to investigate electron-ion recombination pro-

cesses.



Appendix A

Atomic Units

In atomic physics most formulae look much simpler when written in atomics units.

The atomic units system is based on the values of the electron bound in the lowest

state of the hydrogen atom. The Bohr radius a0 = 4πε0~2/mee
2, the classical radial

speed ve = αc, the corresponding momentum pe = meve = meαc, the corresponding

period te = a0/ve = a0/αc and the potential energy of the electron E = − e2

4πε0a0
=

me(αc)2 are set equal to 1 where α is the fine-structure constant α = e2/4πε0~c.

This is equivalent to 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 511keV/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: The most important values in atomic units.

The kinetic energy of the projectile ion beam is given in keV per atomic mass

unit amu where 1 amu equals 1.6605 ·10−27 kg. The conversion of the kinetic energy

in keV/amu into speed in atomic units is given by:

vp = 0.2008
√

E[keV/amu] (A.2)
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Appendix B

Recoil Ion Momentum Spectra

Figs. B.1, B.2 and B.3 show two-dimensional projections of the three-dimensional

Na2+ recoil ion momentum distributions onto the Q-ptrans,y and the ptrans,y-ptrans,z

planes, respectively. The distributions have been obtained at 6.750 keV/amu, 7.125

keV/amu and 7.875 keV/amu, respectively. The distributions obtained at 8.625

keV/amu can be found in section 5.3.2.

Figure B.1: Projection of the three-dimensional recoil distribution of Na2+ recoil
ions obtained at a collision energy of 6.750 keV/amu the Q-ptrans,y and the ptrans,y-
ptrans,z plane.
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Figure B.2: Projection of the three-dimensional recoil distribution of Na2+ recoil
ions obtained at a collision energy of 7.125 keV/amu onto the Q-ptrans,y and the
ptrans,y-ptrans,z plane.

Figure B.3: Projection of the three-dimensional recoil distribution of Na2+ recoil
ions obtained at a collision energy of 7.875 keV/amu onto the Q-ptrans,y and the
ptrans,y-ptrans,z plane.
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[53] S. Knoop, M. Keim, H. J. Lüdde, T. Kirchner, R. Morgenstern, and R. Hoek-

stra, “State selective single-electron capture in O6+-Na collisions,” J. Phys. B,

vol. 38, pp. 3163–3172, 2005.

[54] “Wolfram Mathematica 6.” http://www.wolfram.com/products/mathematica/

index.html.



Erklärung:

Ich versichere, dass ich diese Arbeit selbstständig verfasst und keine anderen als die
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