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Chapter 1

Introduction

1.1 General Introduction

The field of atomic physics investigates phenomena connected with atoms and their con-
stituents, but also ions, electrons, photons and their mutual interaction. It is strongly inter-
twined with the fields of optical and molecular physics. For the electronic structure of atomic
particles very precise theoretical knowledge and high-resolution experimental data are avail-
able. The understanding of dynamic processes in atomic collisions is seriously lagging behind
due to very large theoretical problems in describing time-dependent many-particle reactions
and due to experimental difficulties hampering “complete” scattering experiments, in which
all quantities are accessible. From a theoretical point of view this might sound surprising be-
cause in atomic systems the interaction potential is exactly known. The lack of understanding
of the dynamics of many-body atomic systems is in troubling contrast to their importance for
our everyday world, being at the basis of chemical reactions and all biological systems.

An example of a dynamical many-body problem is electron removal from an atomic or
molecular target in a collision with an ion. At least three particles participate, namely one
or more target electrons, the target core and the projectile. The underlying processes are
electron capture and ionization. Electron capture, also named charge exchange or charge
transfer, means that a projectile ion captures an electron from a neutral target into a bound
state. In an ionization event the projectile ion removes electrons from the target without
capturing them, resulting in free electrons.

Electron capture processes in ion-atom collisions play a significant role in all (plasma)
environments consisting of neutral and (highly) charged particles. Knowledge obtained from
fundamental theoretical and experimental research can be applied to study and understand
these environments. An important feature of electron capture is its population of excited states
which decay radiatively. The resulting photon emission spectra can be seen as “fingerprints”
of the primary capture process and can be used to probe the properties of plasmas.

An example of environments where electron capture processes play a key role are man-
made (tokamak) plasmas under current development to achieve controlled thermonuclear fu-
sion as an energy source. High temperatures (108-109 K) are used to obtain fusion of deu-
terium (2H) and tritium (3H). The high temperatures imply the presence of highly charged
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2 Introduction

ions of impurity species in the plasma. Because photon emission after electron capture gives
information on the constituents of the plasma it can be used as a diagnostics tool, either in a
passive way or actively by injection of fast neutral beams [1–4], to obtain for instance edge
plasma density profiles, impurity concentrations and temperature profiles. An important issue
is the monitoring of the fusion bornα particles and measuring their slowing-down, transport
and charge state distribution. This requires accurate knowledge of electron capture processes
involving α particles [5,6].

Electron capture processes are also prominently present in astrophysical plasmas. Re-
cently a lot of effort has been put in understanding the interaction between the highly charged
solar wind minor ions and the atomic and molecular constituents of cometary atmospheres
which produces X-ray emission. Soon after the first observation of this X-ray emission from
comets [7] it was realized that the emission results from electron transfer between highly
charged solar wind ions and neutrals in the out-flowing cometary gas [8]. The X-ray line
emission can be linked to properties of both the solar wind and the comet, for example the
solar wind velocity [9,10].

Another manifestation of electron capture and ionization processes is found in (heavy-
particle) radiation damage in human tissue. Within the track of the primary radiation, sec-
ondary particles such as electrons and ions are formed. It is the interaction of these secon-
daries with biologically relevant structures such as DNA which may cause major biological
damage [11,12]. In close connection multiply charged heavy ions as primary particles are of
importance in radiotherapy and radiation exposure of astronauts.

Restricting ourself to one-electron processes in ion-atom collisions, the possible pathways
which lead to electron removal from the target can be summarized as,

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

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

where(n0, l0,m0) and(n, l ,m) are the sets of relevant quantum numbers, namely the principal,
angular momentum and magnetic substate quantum number, of the active electron before and
after the collision, respectively. The relative importance of these processes depends besides
on the projectile and target properties also strongly on the collision energy. The projectile
velocity vp is often compared to the (classical) orbital velocity of the target electron ve. For
atomic hydrogen ve = αc, whereα = 1/137is the fine structure constant andc is the speed
of light. Generally speaking, for low velocities (vp ¿ ve) electron capture dominates and
the associated cross sections can easily exceed 10−14 cm2. At high velocities (vp À ve)
ionization is the most probable process. These two processes and their interplay in particular
around vp ∼ ve, are the research topic of this thesis.

At this point a third process in ion-atom collisions should be mentioned, namely

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

where the target electron is excited to another bound target state by the interaction with the
projectile ion. Around vp ∼ ve and at higher velocities, excitation can be as important as
electron capture and ionization. Main difference with electron capture and ionization is that
the target stays neutral after the collision, i.e. the charge balance is not changed. The theo-
retical challenge in describing ion-atom collisions at intermediate velocities is that all three
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Figure 1.1: Energy dependence of cross sections for one-electron processes in He2++Na(3s) collisions.
CAPTURE: recommended experimental data as defined in chapter 6 (¥), Dubois [13] (•) and theory
by Shingalet al [14] (—). EXCITATION : Schlatmannet al [15] ( ¤), Dehonget al [16] ( ◦) (both
Na(3p→ 3s) emission cross sections) and theory by Jain and Winter [17] (– –).IONIZATION: present
experimental data (H), Dubois [13] (N) and present theoretical data (· · · ). The classical orbital
velocity (ve) of the3s electron corresponds to an collision energy of 9.5 keV/amu.

processes can contribute equally and many channels, involving both bound and continuum
states, have to be treated for an accurate calculation of the cross sections. As an illustration
the energy dependencies of the one-electron capture, excitation and ionization cross sections
for He2++Na(3s) are shown in figure 1.1.

Electron capture processes can be studied on different levels of sophistication, from total
to partial cross sections, separating the final projectile state according to theirn, l or evenm
quantum numbers. For pure ionization processes, besides the total cross section the velocity
distribution of the emitted electron provides valuable information. Differential cross sections
with respect to the projectile scattering angle are studied to obtain insight at an even deeper
level, i.e., impact parameter dependencies.

For transitions involving more than one electron a multitude of combinations of capture,
ionization and excitation processes can occur. The general expression of an ion-atom colli-
sion, in which the charge states of all particles are specified, is

Aq+ +B→ Ai+ +Br+ +(r + i−q)e−, (1.4)

meaning thatq− i electrons are transferred from the target to the projectile andr + i − q
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Figure 1.2: A CCD image of a cloud of a few million ultracold sodium atoms, trapped and cooled in
our magneto-optical trap. The size of the cloud is a few millimeter in diameter and the temperature is
about 200µK, which means that the sodium atoms move with a velocity smaller than 1 m/s.

electrons are emitted, leaving the target as ar-fold charged recoil ion1. The corresponding
cross section is often labelled asσqi

r , in which the superscript represents the charge state of the
projectile before and after the collision, respectively, and the subscript the final charge state
of the target. Thus in the above given example of He2++Na(3s) collisions, the one-electron
capture cross section is abbreviated asσ21

1 and single ionization asσ22
1 .

Ever since the advent of highly charged ion sources in the 1980s, interactions between
slow (keV) multiply charged ions and atoms have been studied extensively, thereby stim-
ulating advances in theory. In general one can state that the understanding and theoretical
modelling of one-electron capture from (quasi) one-electron targets (alkalis and atomic hy-
drogen) is rather well established [18]. The theoretical methods are still developing, for
example to deal with multi-electron targets, multi-electron capture processes and capture into
high n-states. Here we address such cases experimentally to test and guide the theoretical
progress. Direct ionization in fast ion-atom collisions is rather well understood, whereas for
velocities near and below ve the mechanisms which promote the electrons into the continuum
are still under discussion and a general picture is lacking [19].

An other motivation of this work is to further develop a novel experimental technique.
The experiments described in this thesis are based on combining two major experimental
developments in the 1980’s and 1990’s. The first one is laser cooling and trapping2, which
may be regarded as the most important development in atomic physics since the invention of
the laser. By applying near-resonant laser-light atoms can be cooled and an ultracold gas of
atoms can be stored in a so-called magneto-optical trap (MOT) [20]. Here we apply the MOT
to provide a sample of ultracold target atoms, approximating the situation of a target at rest
(figure 1.2). Note that laser cooling and trapping was an important step for the experimental

1Projectile ionization is not considered here.
2Nobelprize C. Cohen-Tanoudji, S. Chu and W. D. Phillips in 1997
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Figure 1.3: The experimental technique of recoil-ion momentum spectroscopy relies on the precise
measurement of the recoil momentum of the target atom. Here the situation is depicted thatr electrons
are transferred from the target atom to the projectile ion. From the momentum component along the
projectile axis (plong) one can determine in which projectile states those electrons are captured while the
momentum component perpendicular to the projectile axis (ptrans) is directly related to the scattering
angle of the projectile (θ ).

realization of Bose-Einstein condensation3 [21,22].
The second technique, cold-target recoil-ion momentum spectroscopy or COLTRIMS,

initiated a break-through in atomic collision physics in the first half of the 1990s. It provided a
novel method to investigate atomic collisions by combining high-resolution and 4π detection
efficiency thereby providing the ‘bubble chambers of atomic and molecular physics’ [23].
The technique relies on a precise measurement of the recoil momentum of the target after
the collision to obtain kinematically complete information (see figure 1.3). As a result both
scattering angle information and final state distributions are determined simultaneously.

By using a MOT to supply the ultracold target for COLTRIMS experiments, the tech-
nique of MOTRIMS was born. Results of the first generation MOTRIMS experiments were
reported in 2001 [24–26]. One of the main issues of the present work was the further de-
velopment of our MOTRIMS experiment. By achieving high resolution momentum spec-
tra MOTRIMS has become competitive and complementary to the successful COLTRIMS
method. Furthermore, it has provided new experimental possibilities for the study of cold
atoms [27].

1.2 Outline

In this thesis an extensive MOTRIMS study of electron capture and ionization processes in
collisions of H+, He2+, C6+ and O6+ projectile ions on ground state Na(3s) and laser excited
Na∗(3p) is presented. The investigated energy range of1−25keV/amu covers the transition
from pure electron capture to ionization dominated interactions. The experimental data are
presented in conjunction with state-of-the-art theoretical calculations. Classical trajectory
Monte Carlo calculations have been carried out by Ron Olson (Rolla, USA). Close-coupling
two-center basis generator method calculations were performed by Matthias Keim and Hans

3Nobelprize E. A. Cornell, C. E. Wieman and W. Ketterle in 2001
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Jürgen L̈udde (Frankfurt, Germany) and Myroslav Zapukhlyak and Tom Kirchner (Clausthal,
Germany).

This thesis is organized in the following way. In chapter 2 a survey of various theoretical
models is given, including Demkov, Landau-Zener, Bohr-Lindhard and the classical over-
barrier model. After that a description of the basis generator method and classical trajectory
Monte Carlo calculations is given. The principles of recoil-ion momentum spectroscopy and
an introduction to COLTRIMS and MOTRIMS are given in chapter 3. Chapter 4 contains a
detailed description of our MOTRIMS setup.

In the next chapters the results are presented for the following collision systems: H++Na(3s)
(chapter 5), He2++Na(3s) (chapter 6), O6++Na(3s) (chapter 7). In chapter 8 collisions of
He2+ and O6+ on laser excited Na∗(3p) are discussed.

In chapter 9 all our findings on (multi-)electron capture are compiled and compared to
identify general trends. For single ionization a similar approach is presented in chapter 10.
Finally a summary and outlook are given in chapter 11.



Chapter 2

Theoretical Models

2.1 Introduction

A full quantum-mechanical non-relativistic treatment of collisions between ionic and atomic
particles, leading to charge transfer and ionization processes, relies on solving of the time-
dependent Schrödinger equation for a given initial state1:

i
∂Ψ(t)

∂ t
= HΨ(t), Ψ(t0) = Ψ0, (2.1)

where the HamiltonianH = T +V takes into account the kinetic and potential energies of all
particles. The probability of finding the system after the collision in statef , represented by
the wave functionψ f (t), can be determined from the projection of the total wave function
Ψ(t) on this state, i.e.

cf = lim
t→∞

〈ψ f (t)|Ψ(t)〉, (2.2)

at timet long after the collision at which the particles do not interact anymore. The probability
is given by|cf |2. However, such anab initio approach is in practice impossible, even for the
most simple one-electron systems, and approximate methods have to be used.

As a first step one can separate the nuclear and electronic dynamics, the so-called ‘semi-
classical approximation’ in which the electronic motion is treated quantum mechanically and
the nuclear motion classically. The validity of this approximation can be shown by con-
sidering the wavelength associated with the motion of the heavy projectile. The de Broglie
wavelengthλ of a particle of massM and velocity v is given by:

λ =
1

Mv
, (2.3)

For protons having a kinetic energy of 1 eV, which corresponds to a velocity of104 m/s, this
leads toλ ≈ 0.1 a.u., which is small compared with the distance over which the interaction
takes place, namely 1-100 a.u. Therefore the motion of the projectile ion can be considered

1Atomic units are used throughout this thesis, i.e.h̄ = me = e= 4πε0 = 1, see appendix A.

7



8 Theoretical Models

as a classical trajectory for energies larger than 1 eV/amu. Furthermore, curved trajectories
with non constant projectile velocities have to be considered only at impact energies well
below 1 keV/amu. For higher energies the nuclear motionR(t) can be taken as a straight-line
classical trajectory, i.e.R(t) = R(b,0,vpt), whereb is the impact parameter and vp is the
projectile velocity.

The first application of quantum mechanics to charge exchange in ion-atom collisions
was theperturbation treatment by Oppenheimer [28] and by Brinkman and Kramer [29].
They derived that the first order perturbation approximation of the transition amplitude has
the form,

cOBK
f =−i

∫ +∞

−∞
〈ψ f (t)|V(t)|Ψ0〉. (2.4)

which is now known as the Oppenheimer-Brinkman-Kramer (OBK) approximation. How-
ever, at impact energies<50 keV/amu electron capture cross sections are large and perturba-
tion methods are not appropriate. At these energies the relative velocity of the heavy particles
is comparable to or smaller than the orbital velocities of the target electrons, resulting in
long interaction times on the electronic time-scale. During the collision the electrons can
be shared between the projectile and the target, forming a quasi-molecule during part of the
interaction. As the two heavy-particles separate, the probabilities of capture by the projectile
or of remaining at the target are comparable.

The firstnon-perturbativetheory has been presented by Massey and Smith [30] and was
based on the expansion of the electronic wave function in a series of molecular orbitals. Due
to the required computing power the application of the method was only possible much later.
By now these so-called ‘close-coupling’ or ‘coupled channel’ calculations, based on a finite
basis set expansion of atomic or molecular orbitals, provide the most extensively applied
quantum-mechanical description of charge transfer and ionization processes in low energy
ion-atom collisions. A detailed and extensive overview of several theoretical methods can be
found in [31].

Despite the feasibility of quantum-mechanical descriptions also classical models are con-
sidered to gain general insight into the transition mechanisms and dependencies on the col-
lision parameters. A theoretical model based on classical mechanics was constructed by
Thomas [32]. The capture of a bound electron by a fast projectile was described as a double
scattering event whereby the electron is first scattered off the projectile and then scattered
elastically off the target nucleus. An electron which finally moves with the same velocity and
in the same direction as the projectile is considered to be captured. This model predicts a
velocity dependence of v−11

p of the cross section. The Thomas scattering mechanism was ob-
served experimentally by Horsdal-Pedersenet al [33] and Vogtet al [34] but generally plays
only a minor role.

A simple classical model valid for one-electron capture in a broad energy range (keV
to MeV) was introduced by Bohr and Lindhard [35] and later elaborated by Knudsenet
al [36]. Here an electron can only be transferred if the Coulomb force exerted by the projectile
exceeds the initial binding force and if the electron’s kinetic energy in the projectile frame is
smaller than its potential energy. The model predicts an energy independent cross section at
low impact energies. At high energies the cross section decreases as v−7

p , in good agreement
with experimental data [36].

Interest in multiple electron capture processes lead to the classical over-barrier model,
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mainly developed by Ryufukuet al [37], Mannet al [38], Báŕanyet al [39] and Niehaus [40].
This model is based on the idea that electrons can transit from the target to the projectile at
internuclear distances at which the height of the potential barrier between the two nuclei is
lower than the Stark shifted binding energy of the electrons. Multi-electron capture cross
sections as well as final state distributions are predicted.

A completely classical description is provided by the classical trajectory Monte Carlo
method. Here the Hamilton’s equations of motion are solved numerically for all particles
while the Coulomb interactions between all of them are included. These calculations have
proven to be very useful for the study of (multi-) electron capture and (multiple-) ionization
processes in keV ion-atom collisions.

In this chapter theoretical models applicable to keV ion-atom collisions are discussed.
First of all two analytical solutions of the quantum-mechanical two-state model are discussed,
namely the Demkov model and Landau-Zener model. Then the classical approaches accord-
ing to the Bohr-Lindhard model and the classical over-barrier model are treated. Finally, the
close-coupling basis generator method and the classical trajectory Monte Carlo method will
be described.

2.2 Two-state quantum-mechanical models

Transitions between two electronic states representing the initial bound state at the target and
the final state at the projectile can be well treated by starting from the Schrödinger equation
(equation 2.1). One speaks of adiabatic conditions if the collision is slow enough such that the
electronic system follows the variations of the atomic field. It means that there is a set of wave
functionsψi for each internuclear distanceR, which are eigenfunctions of the Schrödinger
equation:

Hψi(r ,R) = εi(R)ψi(r ,R). (2.5)

wherer represents the electronic coordinates. The wave functionsψi represent the adiabatic
basis and can be seen as quasi-molecular states. The total electronic wave function of the
system has the form

Ψ(r ,R, t) = ∑
i

ci(t)ψi(r ,R)exp

(
−i

∫ t

0
εi(t ′)dt ′

)
. (2.6)

The probability of a transition from the initial stateψ0 = Ψ(t →−∞) to a final stateψ j is
then given byPj = |c j(+∞)|2, and an expression can be obtained by inserting the total wave
function into the Schrodinger equation.

To asses whether a transition between two non-degenerate states is likely to occur one
can use the so-called the Massey adiabatic criterion

∆εa
vp

' 1, (2.7)

wherea is the typical interaction range,∆ε = |ε0−ε j | is the energy spacing between the two
levels, and vp is the projectile velocity [41]. The Massey criterion is a manifestation of the
Heisenberg uncertainty principle. The electronic energy in the collision is defined only to
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within ∆ε ∼ 1/∆t, where∆t = a/vp is the time of interaction. Transitions to states within
this energy are probable but transitions to other states are unlikely to happen. Because the
energies of the electronic states can change with internuclear distance,∆ε is not necessarily
equal to the energy difference at infinite separation (R→∞). From the velocity dependence of
the Massey criterion an estimate can be made of the impact energies at which non-resonant
charge transfer processes become important. For energy differences on the order of a few
eV and a typical interaction range of∼ 10 a.u., collision energies of about 10 keV/amu
are sufficient to induce transitions. This explains why non-resonant transitions in ion-atom
collisions become important in the keV energy range.

To investigate non-resonant transitions a basis of stationary wave functions will be used
(diabatic basis). This means that the wave functionsψ1 andψ2 are orthonormal eigenstates
of the unperturbed HamiltonianH0. The total wave function can be represented in the form

Ψ(t) = (c1(t)ψ1 +c2(t)ψ2)exp

[
− i

2

∫ t
(H11+H22)dt ′)

]
, (2.8)

whereHi j = 〈ψi |H|ψ j〉. By substituting the diabatic expansion into the Schrödinger equation
(equation 2.1) one can obtain the following set of equations for the probability amplitudes,

i
dc1

dt
= (1/2)∆Vc1 +H12c2, i

dc2

dt
= H12c1− (1/2)∆Vc2, (2.9)

where∆V(R) = H11−H22 represents the energy difference between the potential energy
curves of state 1 and 2.H12 is the coupling-matrix element, describing the coupling between
the two states. As initial condition att →−∞ we takec1 = 1 andc2 = 0, and the transition
probability for a transfer from state 1 to 2 is given asP = |c2(+∞)|2.

The solution of equations 2.9 is determined by the time dependence of the parameters
∆V andH12 (via their dependence on the internuclear distanceR). The equations cannot be
solved analytically for any arbitrary form of∆V andH12. In the following we will discuss two
cases which have an analytic solution, namely one in which the energy difference between
the states is constant while the coupling term depends exponentially on the internuclear dis-
tance (Demkov model), and one in which the energy difference depends linearly on time
and crosses zero while the coupling term remains constant (Landau-Zener model). The first
case corresponds to strongly interacting close lying parallel potential energy curves, while
the second case is related to well localized transitions at (avoided) curve crossings.

2.2.1 Demkov Model

The Demkov model has been developed particularly to describe the systems with a near-
degeneracy atR→∞ and no strong curve crossing at a finite value ofR [42]. For alkali targets
it has been successfully applied to one-electron capture in asymmetric alkali-ion–alkali-atom
collision systems atE < 5 keV/amu [43].

To solve the set of equations 2.9 the following Ansatz is used for the potential curve
difference and coupling-matrix element:

∆V = constant, H12 = e−λR. (2.10)
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Figure 2.1: Demkov calculations of potential curve difference|∆V| (– –) and the coupling-matrix
element2H12 (—) for the H+ + Na(3s)→H(n=2) + Na+ (left panel) and He2+ + Na(3s)→ He+(n=3) +
Na+ transition (right panel).

The transition probability as a function of impact parameterb is calculated to be:

P(b) = sech2
(

π|∆V|
2λvrad

)
sin2

(∫ ∞

−∞
H12dt

)
, (2.11)

which is the Demkov formula, where vrad = vp

√
1− (b/R)2 is the radial velocity, i.e. the

component of the projectile velocity vp along the internuclear axis. Averaging over the phase,
i.e. sin2

(∫ ∞
−∞ H12dt

)
= 1/2, leads to:

P(b) =
1
2

sech2
(

π|∆V|
2λvrad

)
, (2.12)

which is the Rosen-Zener formula. The transition probability maximizes at an internuclear
distanceRc where the difference between the potential curves equals twice the coupling-
matrix element, i.e.,

H12(Rc) =
1
2
|H11(Rc)−H22(Rc)|= 1

2
|∆V|. (2.13)

The simple exponential form of the coupling-matrix element and the constancy of∆V need
only to be valid in the region aroundRc. Olson proposed the following generic expression for
the coupling-matrix element [44]:

H12(R) =
√

I1I2R∗e−0.86R∗ , (2.14)

whereIi is the ionization potential of statei (i = 1,2) andR∗ = 1
2

(√
2I1 +

√
2I2

)
R, which

corresponds toλ = 0.43
(√

2I1 +
√

2I2
)
. The difference between the potential curves can be

approximated by (neglecting polarization effects):

∆V(R) = I1− I2 +
q−1

R
, (2.15)
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Figure 2.2: Demkov cross secion calculations for one-electron capture compared with experiment and
other theoretical work. Panel a) H+ + Na(3s) → H(n=2) + Na+: Demkov (—), recent close-coupling
TC-BGM (– –), present MOTRIMS data (¥). Panel b) Li+ + Na(3s) → Li(2s) + Na+: Demkov (—),
atomic orbital close-coupling (– –) [45].

whereq is the projectile charge state. For singly charged ion–atom collisions the last term
vanishes. Using equations 2.14 and 2.15 one can determineRc after whichP(b) can be cal-
culated. The cross section is obtained by integratingP(b) over the relevant impact parameter
range, i.e.,

σ = 2π
∫ bmax

0
bP(b)db. (2.16)

In order to examine the applicability of this model to the collision systems studied here
|∆V| and2H12 for the main charge transfer channels in H+ and He2+ collisions on Na(3s)
are plotted in figure 2.1.Rc is determined by|∆V| = 2H12. For H+ a crossing at 5.7 a.u.
is calculated. For He2+ the Demkov model is not applicable because there is no effective
crossing. We observe the same behavior for projectiles with higher charge states.

The Demkov cross section for the H++Na(3s) → H(n=2)+Na+ reaction is shown in fig-
ure 2.2a, together with the present data and recent calculations (see chapter 5). It shows that
for E < 10 keV/amu the model underestimates the cross section considerably. The overes-
timation at high impact energy might be due to the omission of capture to other channels
(mainly n≥ 3) and ionization, which contributes significantly to electron removal at the cost
of capture inton=2.

The same calculations have also been performed on a system which is considered to be
well described by the Demkov model, namely Li++Na(3s) → Li(2s)+Na+, and the result
is shown in figure 2.2b, together with close-coupling calculations [45] (see section 2.5). For
E < 5 keV/amu reasonable agreement is found. It is of note that the binding energy difference
between Na(3s) and Li(2s) is only 0.25 eV, much smaller than the typical transition energies
in the collision systems studied in this thesis.
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2.2.2 Landau-Zener Model

The Landau-Zener (LZ) model [46, 47] has been developed specifically to deal with curve
crossings at finiteR. Such crossings occur in collision systems involving highly charged ions
because of the very different nature of initial and final potential curves, e.g., an attractive
polarization potential between ions and neutral atoms in the initial channel and a strong re-
pulsive Coulomb potential between the two ions in the final electron capture channel. The LZ
model has therefore been extensively applied to charge transfer in collisions between highly
charged ions and atomic hydrogen or helium (see e.g. [48–50]).

The LZ model relies on the following Ansatz to solve the set of equations 2.9:

∆V(t) = ∆Fvrad(t− tc), H12 = constant, (2.17)

such that∆V describes a crossing of the potential energy curves att = tc, i.e. it is connected
to a crossing at internuclear distanceRc: ∆V ∝ R−Rc. ∆F is the difference in slopes of the
potential energy curves atRc, i.e. ∆F = [dH11/dR−dH22/dR]R=Rc

. The transition probability
for a single diabatic passage of the crossing region is given by:

p = exp

(
− 2πH2

12

|∆F |vrad

)
, (2.18)

which is called the Landau-Zener formula. Because the crossing region is passed twice (on
the incoming and outgoing trajectory) the overall transition probability is given by:

P(b) = 2p(1− p). (2.19)

Estimating the crossing radiusRc by assuming a pure Coulomb curve for the outgoing
channel and a constant curve for the incoming channel, yields:

∆V(R) = I1− I2 +
q−1

R
= 0, (2.20)

from whichRc is obtained as,

Rc =
q−1
−Q

, (2.21)

whereQ = I1− I2 is the so-called Q-value of the reaction. Crossings can only occur with
states which are stronger bound than the initial state, i.e.I2 > I1, such thatQ < 0. In that
sense the LZ model is only applicable to exothermic reactions.∆F is given by:

∆F =
q−1
R2

c
. (2.22)

By calculating the potential curves for a large number of ion-atomic hydrogen systems Olson
and Salop obtained a general expression for the coupling matrix elements [48]:

H12 =
9.13√

q
exp

(
−1.324αRc√

q

)
, (2.23)
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Figure 2.3: Landau-Zener reaction windows for one-electron capture in He2+ and O6+ collisions on
Na(3s) and Na∗(3p), where the Q-values of the relevant capture channels are indicated.

whereα =
√

2I takes into account the extension to other targets than H. Note that for atomic
hydrogenI = 0.5 a.u., thusα = 1. The cross section is finally obtained by integratingP(b)
(equation 2.19) over the impact parameter range[0,Rc] (cf. equation 2.16).

In order to investigate the applicability of the LZ model to our collision systems, one can
plot the cross section as function of the Q-value, leading to so-called reaction windows [51].
They are shown in figure 2.3 for one-electron capture in collisions between He2+ and O6+ and
Na(3s)/Na∗(3p). The Q-values for specific projectile states are indicated, too. For increasing
impact energy the reaction windows broaden and shift towards more negative Q-values. For
He2+ the reaction window falls in between available final levels, which would imply small
cross sections. However, experimentally large capture cross section are observed. Therefore
the Landau-Zener model does not provide a realistic description as was already pointed out
by Schweinzer and Winter [52].

For O6+ the reaction windows encompass final states of the system. However, the LZ pre-
dicts the dominance of capture into a lowern-shell (n = 6 for Na(3s) andn = 7 for Na∗(3p))
than found experimentally and calculated by close-coupling calculations (n = 7 andn = 9,
respectively) (see chapter 7 and 8). Extension of the LZ model to many states [50] and the
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Figure 2.4: One-electron capture cross sections for collisions on Na according to the Bohr-Lindhard
model (a) for different projectile charge states and (b) target binding energies.

inclusion of Taulbjerg factors for capture into non-degeneratel -states [51] did not improve
the comparison. Therefore the same negative conclusion as for the He2+ case must be drawn.

2.3 Bohr-Lindhard Model

A first classical description of one-electron capture in collisions between highly charged ions
and atomic targets was provided by Bohr and Lindhard [35]. It has proven to give good
estimations of the absolute cross sections and their dependencies on the impact energy, target
electron binding energy and projectile charge state [36].

Two distinctive ion–atom interaction distances are introduced. Firstly the electron can
be released from the target nucleus when the projectile is close enough that its attractive
Coulomb force is equal to the binding force of the electron in the atom, i.e.,

q
R2 =

v2
e

a
, (2.24)

where ve anda are the velocity of the electron and the radius of its orbital, respectively, as
defined in the Bohr model. The release distanceRr is then given by:

Rr =
√

qa

ve
. (2.25)

Secondly, the electron can be captured if in the projectile frame its potential energy is larger
than its kinetic energy. The distance at which this condition becomes valid is determined by

q
R

=
1
2

v2
p, (2.26)
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and capture is possible for distances smaller than

Rc =
2q
v2

p
, (2.27)

which is called the capture distance.
ForRr < Rc the condition for capture is fulfilled and the cross section is given by

σcap= πR2
r = π

qa
v2

e
. (2.28)

This means that for projectile velocities vp < vcr =
√

2ve(
q
a)1/4, with vcr the critical velocity

defined byRr = Rc, the capture cross section is independent of the impact energy.
On the other hand forRr > Rc release can take place before capture is possible. If the

release process would happen instantaneously, capture would not be possible and the cross
section would become zero. However, the release takes a finite amount of time while the
projectile is passing the target, and takes place only with a probability per unit time of the
order of ve/a. Therefore there is a chance that the electron is still at the target when the
internuclear distance has decreased below the capture distance. The probability of electron
release within a distanceRc is on the order of(Rc/vp)(ve/a). Thus forRr > Rc the cross
section is

σcap= πR2
c

(
ve

a
Rc

vp

)
= 8πq3 ve

a
v−7

p , (2.29)

meaning that for projectile velocities vp > vcr the capture cross section decreases very strongly
with increasing projectile velocity as v−7

p . The two cross section regions do not match at
vp = vcr if the factor(Rc/vp)(ve/a) is not equal to one.

In figure 2.4 Bohr-Lindhard cross sections are shown for one-electron capture from Na(3s)
by H+, He2+ and O6+ projectiles. Also a comparison between capture from Na(3s) and
Na∗(3p) by O6+ is made. The velocity of the target electron ve is calculated from the relation
with the ionization potentialI , namely ve =

√
2I . For the orbital radiusa the 〈1/r〉−1 =

n2/Zeff expectation values of the radial probability densities are taken, using hydrogenic
wavefunctions with an effective nuclear charge. This yields for Na(3s) a = 4.9 a.u. (Zeff =
1.84) and for Na∗(3p) a = 6.3 a.u. (Zeff = 1.42).

Considering single ionization we can already make the observation that according to the
Bohr-Lindhard model ionization has a threshold at vp=vcr, under the assumption that ion-
ization can only occur forR < Rr . For lower velocities capture is 100% efficient because
the second condition,Rr < Rc, is always fulfilled. However for higher velocities ionization
becomes possible, if we interpret the situation that an electron is released but not captured as
an ionization event.

Bohr obtained an analytical expression for the ionization cross section, based on the
Rutherford cross section for energy transfer to a free, stationary electron [53,54]. Ionization
occurs when the energy transferred exceeds the ionization potential. Therefore the ionization
cross section is obtained by the integration of the Rutherford cross section from the ionization
potentialI to the maximum transferable energy 2v2

p and found to be:

σion = 4πq2v−2
p [(2I)−1− (2vp)−2]. (2.30)
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Figure 2.5: Cross sections for ionization of Na(3s) and Na∗(3p) as deduced by Bohr (equation 2.30)
for projectiles in different charge states.

Results for Na are plotted in figure 2.5. The energy dependence clearly differs from that of
one-electron capture. Here the cross section is zero for low impact velocities, vp < (I/2)1/2,
steeply increases to a maximum at vp = I1/2 and finally decreases as v−2

p at higher velocities.
Because the capture cross section drops much more rapidly, ionization dominates electron
removal at high impact energies.

2.4 Classical over-barrier model

The classical over-barrier model (CBM) is applicable to multiply charged ion - atom colli-
sions in the low keV impact energy range. It has been used extensively to calculate cross
sections for (multi-) electron capture processes and to identify the main capture channels.
We will mainly follow the CBM version proposed by Niehaus [40]. The model describes
collisions of the type

Aq+ +B→ A(q−r)+ +Br+, (2.31)

i.e. a collision between aq-fold charged ion and target atom, in whichr electrons are trans-
ferred from the target to the projectile. Ionization processes are not considered here. CBM
is based on the idea that electrons can transit from the target to the projectile at internuclear
distances at which the height of the potential barrier between the target and the projectile is
lower than the binding energy of the electrons.

Due to the Coulomb field of the ion the energy levels of the target electrons Stark shift
and they become stronger bound:

Ei(R) = Eb,i − q
R

, (2.32)
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whereR is the internuclear distance andEb,i the binding energy of thei’th target electron2.
The potential experienced by thei’th electron is the potential of the approaching ion added to
that of its own nucleus:

V in
i (r) =− q

|R− r | −
i
|r | , (2.33)

for 0 < |r | < |R|, wherer is the coordinate of thei’th electron with respect to the parent
nucleus. The height of the potential barrier between the ion and the atom depends on the
internuclear distance. At the distance at which this height is equal to the Stark shifted binding
energy the electron can escape the target potential. For thei’th electron this distance, the
capture radius, is given by:

Rin
i =

i +2
√

iq
−Eb,i

. (2.34)

At this distance thei’th electron is not longer localized on the target and moves in the joint
potential well of the target and the projectile. CBM assumes that further on the way-in the
shifted binding energy remains fixed, i.e.Ei(R) = Ei(Rin

i ) for R≤ Rin
i .

On the way-in electrons become sequentially quasi-molecular until the distance of closest
approach is reached. After this point the potential barrier increases again. When the poten-
tial barrier between the projectile and the target equals the binding energies of the quasi-
molecular electrons the quasi-molecular electrons have to ‘choose’ between being captured
by the ion or recaptured by the target. The (re)capture processes are assumed to occur se-
quentially. Each capture or recapture process has an influence on the charges seen by the next
electron to be captured or recaptured. This process is repeated until the least bound electron
loses its quasi-molecular character. The internuclear distances at which (re)capture occur are
given by:

Rout
i = Rin

i

(√
q−ci +

√
i +ci√

q+
√

i

)2

, (2.35)

in whichci is the number of already captured electrons at the moment that thei’th electron is
either captured or recaptured. In case thei’th electron is captured by the projectile its binding
energy at infinite internuclear distance is given by:

Efinal
b,i = Eb,i − q

Rin
i

+
i +ci

Rout
i

= Eb,i [1+δ (q, i,ci)] , (2.36)

where the functionδ (q, i,ci) is defined as:

δ (q, i,ci)≡ 1
i +2

√
iq


q−



√

q+
√

i

1+
√

q−ci
i+ci




2

 . (2.37)

Thus if an electron is transferred to the projectile, it is predicted to be captured in a more
strongly bound state than initially at the target (becauseδ > 0). An example of the different
stages of the CBM description are shown in figure 2.6 for one-electron capture in A6++Na(3s)

2Here we switch from ionization potentialI to binding energyEb, defined to be negative, i.e.Eb =−I .
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Figure 2.6: Pictorial representation of the classical over-barrier model applied to one-electron capture
in A6++Na(3s) collisions. On the way-in the approaching projectile ion lowers the potential barrier
between the target and projectile (a). At a certain internuclear distance (hereRin

1 = 31a.u.) the potential
barrier is lower than the binding energy of the outermost target electron (b), after which (c) it moves in
the combined potential of the transient molecule. On the way-out after the point of closest approach the
barrier increases after which at a certain internuclear distance (hereRout

1 = 31a.u.) the quasi-molecular
electron is either captured by the projectile – as depicted in (d) – or recaptured by the target.

collisions. CBM can also be used to obtain the Q-value, defined as the difference in electronic
energy after and before the collision, by realizing that:

QCBM = ∑
i

(
Efinal

b,i −Eb,i

)
= ∑

i
Eb,iδ (q, i,ci). (2.38)

The cross section for the capture ofr electrons is linked to the geometrical cross section
defined byRin

r andR< Rin
r+1:

σr = frπ
[
(Rin

r )2− (Rin
r+1)

2
]

(2.39)

in which fr is a probability factor between 0 and 1, related to the chance of capture or recap-
ture. However, also processes in which more thanr electrons are active (R< Rin

r+1) should be
considered and a more general form of equation 2.39 can be found in [40]. Here we assume
that these processes do no contribute significantly. It has been suggested thatf is related
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Figure 2.7: CBM projectile charge state dependencies of a) the Q-value, b) the capture radius of the
outermost electron, c) the capture probability (equation 2.40) and d) the one-electron capture cross
section. The quantities have been calculated for Na(3s) (—) and Na∗(3p) (– –).

to the respective density of states in the projectile and in the target. Thenfr is given as
∏r

i Wi , where the probability of captureWi of the i’th electron is given by, using a hydrogenic
approximation:

Wi =
n2

f

n2
f +n2

i

, (2.40)

whereni andnf are the principal quantum numbers of the electronic states on the target and
the projectile, respectively. The cross sections are independent of the impact energy, just as
in the Bohr-Lindhard model at low energies.

In figure 2.7 some of the discussed quantities are plotted as a function of the projectile
charge state for one-electron capture from Na(3s) and Na∗(3p). Several observations can be
made. First of all, CBM predicts always negative Q-values, i.e. capture into stronger bound
states, and they become more negative for increasing projectile charge state. The difference
in Q-value between capture from Na(3s) and Na∗(3p) increases. The capture radius increases
with increasing projectile charge and decreasing binding energy, which is directly reflected
in the total cross section. Note that one-electron capture from Na occurs at large internuclear
distances,Rin

1 > 15a.u., leading to cross sections well above1×10−14 cm2.
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Figure 2.8: CBM reaction windows for one-electron capture of the least bound electron in collisions of
He2+ and O6+ projectile ions on Na(3s) and Na∗(3p) target atoms, where the Q-values of the relevant
capture channels are indicated.

So far it is assumed that an electron is resonantly transferred to a projectile state with
a binding energyEfinal

b,i . However, due to the quantized nature of the electronic states, this

assumption is in general not fulfilled. Therefore it is assumed that several states nearEfinal
b,i get

populated [40]. The width of this so-called reaction window is determined by the Heisenberg
uncertainty relation∆E∆t ' 1.

The Heisenberg uncertainty principle introduces an uncertainty in the energy definition,
because the transition is made in a limited time interval (similar to the Massey criterion in
section 2.2). The change in the barrier height can be written as:

∆V =
dV
dt

∆t =
dV
dR

vrad∆t. (2.41)

Assuming that the classical uncertainty∆V is equal to the minimum quantum-mechanical
uncertainty∆E, one obtains:

∆V =

√∣∣∣∣
dV
dR

∣∣∣∣vrad. (2.42)
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Of all transferred electrons the uncertainties or energy widths connected to the over-barrier
transitions on the way-in and way-out are added quadratically, leading to a total energy width
∆Q. The reaction window of a particular process is now defined by a Gaussian distribution
around the predictedQCBM with ∆Q the width of the distribution, i.e.,

W(Q) =
1√

π∆Q
exp

(
−

(
Q−QCBM

∆Q

)2
)

. (2.43)

∆Q is proportional to
√

vp. Thus with increasing impact energy the reaction window broad-
ens, allowing a larger range of accessible Q-values.

In figure 2.8 the reaction windows for one-electron capture (of the least bound electron)
in collisions of He2+ and O6+ on Na(3s) and Na∗(3p) are shown. A detailed discussion of
the comparison between the model and experimental data is given in chapter 9. Here we
can already state that the assignment of the main capture channels is in agreement with the
experiments and with more sophisticated theoretical calculations.

CBM also allows for estimates of scattering angles or transverse momenta. As the charge
states of the two nuclei are known at each part of the projectile trajectory, one can calculate
the Coulomb repulsion along the trajectory. The Coulomb force between two point charges
q1 andq2 at a distanceR from each other is given by:

F =
q1q2

R2 eR. (2.44)

To calculate the integral force between the projectile and target straight-line trajectories of
the projectile characterized by the projectile velocity vp and impact parameterb are used (see
figure 2.9). The component of the force perpendicular to the projectile ion’s trajectory is then
given by (taking the origin at the target):

Fy =
q1q2b

(x2 +b2)3/2
, (2.45)

which has to be integrated over time to obtain the transverse momentum:

ptrans =
∫

Fydt =
1
vp

∫
Fydx. (2.46)

where the target is assumed to be fixed during the interaction, which is justified because the
momentum transfer is small enough such thatduring the time of the interaction the target
does not change its position significantly.

From CBM the values ofq1 andq2 along the projectile trajectory are deduced. As an
example, the situation for two-electron capture is depicted in figure 2.9. Only for distances
smaller thanRin

1 , at which a target electron starts to move in a quasi-molecular orbital, the
particles start to repel each other. For every next electron the repulsion increases. On the
way-out, the projectile charge is reduced by capturing electrons. If after the last electron
transfer the projectile is still charged, i.e. afterR passedRout

1 , a Coulomb force between the
projectile and the target remains present, giving rise to a so-called ‘post-collision interaction’
(PCI). However,Rout

1 is usually so large that the effect of PCI on the transverse momentum
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Figure 2.9: Schematics of the (projectile, target) charge state distributions along the projectile path for

two-electron capture by aq-fold charged ion.Rin/out
i are the CBM capture radii (equations 2.34 and

2.35).

is small. Most of the transverse momentum is obtained near the distance of closest approach,
i.e., whenR' b.

Applying equation 2.46 to every distinct segment of the trajectory and adding the results,
leads to the following expression:

ptrans(b) =
1

vpb

(
∑
i

[
q
√

1− (
b/Rin

i

)2 + ti

√
1− (b/Rout

i )2
]

+(q− r)r

)
, (2.47)

whereti = (q− ci)(i + ci)− (q− ci−1)(i− 1+ ci−1), andr is the total number of captured
electrons. The summation is over the number of active electrons. The transverse momentum
is inversely proportional to the projectile velocity, and in first order to the impact parameter,
too. The last term is associated with PCI. For one-electron capture of the least bound target
electron,t1 = 1 andRin

1 = Rout
1 ≡ R1, equation 2.47 reduces to:

ptrans(b) =
1

vpb

[
(q+1)

√
1− (b/R1)

2 +(q−1)
]
. (2.48)

To obtain the transverse momentum distribution one has to consider the differential cross
section in transverse momentum:

dσ
dptrans

=
dσ
db

∣∣∣∣
db

dptrans

∣∣∣∣ = 2πb

∣∣∣∣
db

dptrans

∣∣∣∣ , (2.49)

where the relationσ = πb2 is used. From equation 2.47 the derivative dptrans/db can be
calculated. Thus, in order to obtain the transverse momentum distribution one calculates for
the relevant impact parametersb the transverse momentumptrans via equation 2.47 and its
strength via equation 2.49.

The differential cross section, i.e., the projectile scattering angle dependent cross section,
can be obtained via the relationptrans = mpvpθ , whereθ is the projectile scattering angle
and mp is the projectile mass. In figure 2.10 transverse momentum and scattering angle
distributions are plotted for one-electron capture in He2+ and O6+ collisions on Na(3s) at
vp = 0.5 a.u.. Two effects have to be taken into account in comparing the dependence of the
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Figure 2.10: Transverse momentum and scattering angle distributions according to CBM, for one-
electron capture in He2+ (—) and O6+ (– –) collisions on Na(3s) at vp = 0.5 a.u..

transverse momentum on the projectile charge state. Of course with higher charge state the
repulsion is increased, however, also the distances at which charge transfer can take place
increase, thereby reducing the repulsion. From figure 2.10 it is seen clearly that the first
effect dominates, leading to higher transverse momenta for higher projectile charge states.
For the scattering angle distribution an apparent opposite effect is observed. This is due
to the different projectile masses (note thatptrans is independent ofmp). The heavier the
projectile, the smaller its deflection for a given transverse momentum.

2.5 Close-coupling methods

The close-coupling or coupled channel method is a standard theoretical approach to treat
charge transfer and excitation processes in a fully non-perturbative quantum-mechanical frame-
work. It has extensively been described in the literature and general reviews can be found
in [18, 19, 55]. The key assumption of the close-coupling description is that the electrons
move between only a restricted number of configurations during the atomic collision.

The electronic wavefunctionΨ(r , t) is expanded on a finite basis set of statesψk(r , t)
according to,

Ψ(r , t) =
M

∑
k=1

ak(t)ψk(r , t), (2.50)

with the initial conditionai(−∞)= 1, i.e. Ψ(r ,−∞)= ψi(r , t). The time-dependent Schrödinger
equation,

i
∂Ψ(r , t)

∂ t
= H(t)Ψ(r , t), (2.51)

is solved for the basis expansion of the wave function, resulting in a set ofM coupled equa-
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tions:

i
M

∑
k=1

〈ψ j |ψk〉dak(t)
dt

=
M

∑
k=1

ak(t)〈ψ j |H(t)− i
∂
∂ t
|ψk〉, j = 1, . . . ,M, (2.52)

which for an orthonormal basis set results in:

i
daj(t)

dt
=

M

∑
k=1

ak(t)〈ψ j |H(t)− i
∂
∂ t
|ψk〉, j = 1, . . . ,M. (2.53)

The right-hand side of equations 2.52 and 2.53 describes the couplings between the different
states which induce the transitions.

In general, the Hamiltonian for aN-electron system can be written as,

H(t) = T +V(t) =
N

∑
i=1

(
−1

2
∇2

i

)
+

N

∑
i=1

(
−ZT

r i
− ZP

|r i −R(t)|
)

+
N

∑
i< j

1
|r i − r j | , (2.54)

which contains the kinetic energy of the electrons, the attractive Coulomb interaction with the
target nucleus and projectile, and the Coulomb interaction between the electrons themselves.
ZP andZT are the charge states of the projectile and target nucleus, respectively,r i is the
position of thei’th electron with respect to the target center andR(t) is the internuclear
distance between the projectile and the target. The latter introduces a time dependence. Most
often straight-line classical trajectories are used.

Traditionally the basis set expansion consists of molecular orbitals (MO) or atomic or-
bitals (AO), but also other types can be applied, for example Sturmian pseudo-states or an-
alytical spline functions. For not too slow collisions one usually has to include so-called
electron translation factors, taking into account the motion of the projectile with respect to
the electron in the target frame. These factors restore the Galilean invariance of the system
of coupled equations.

There exist one-center expansions which are restricted to orbitals centered around the
projectile or target, two-center expansions with both projectile and target centered orbitals,
or even three-center expansion, which usually also include orbitals centered at some point
between the projectile and target (to take ionization explicitly into account). For the hypo-
thetical case of complete basis sets two- or three-center expansions are in principle redundant
and a one-center expansion is sufficient. However, due to the fact that in practice one is
always limited to finite basis sets, such two- and three-center expansions are necessary to
reach convergence for a reasonable number of basis functions and moreover to facilitate the
projection of the final wavefunction onto the final states of interest.

The probability to find the system in final statef after the collision is given by,

Pf (b) = |af (+∞)|2, (2.55)

in which af is the (complex) transition amplitude. The coupled equations have to be solved
for a range of impact parameters. The cross sections are obtained by integrating the proba-
bilities over the impact parameter range (equation 2.16).

It is possible to calculate angular-differential cross sections within the straight-line tra-
jectory approximation by means of a Bessel transformation of the transition amplitudesaf .
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This may sound contradictory but it has been shown from quantum scattering theory that the
differential cross section (DCS) is given by [56]:

σ f (θ) = µ2v2
p

∣∣∣∣
∫ ∞

0
baf J|∆m| (µvpbθ)db

∣∣∣∣
2

(2.56)

in which∆m is the difference inm-quantum numbers of the initial state and final statef , J|∆m|
is the Bessel function of order∆m, andµ is the reduced mass. The derivation of equation 2.56
lies outside the straight-line approximation. However, the crucial point is that the transition
amplitudesaf can be taken from the straight-line approximation. The calculation of the
DCS’s requires the computation of transition amplitudesaf for many more impact parameters
b than required for total cross sections, and is therefore a very demanding task (see e.g.
[57,58]).

In close-coupling calculations it is of key importance to include as many as possible states
in the basis set. For charge transfer usually many final states are populated and therefore a
very large basis set is needed. Especially for collision velocities close to the orbital velocity
of the active electron, charge transfer populates a broad distribution of final states. Note that
calculating the probability for capture into a certain final state with principal quantum number
n, requires the computation of all|m| substates within all possiblel -states. The basis set size
is generally limited by computational power.

Close-coupling methods have mainly been applied to one-electron transitions, i.e., one-
electron capture, excitation or ionization. Although applied extensively, calculations on keV
ion-alkali collision systems are basically limited to low charge state projectiles, i.e. H+, He2+

and Li+. Studies with higher charge state projectiles are rather scarce [59]. Especially the
combination of multiply charged ions and alkali-target atoms is a demanding task, because
charge transfer takes place into highn-states of the projectile. However, with present-day
computational power it becomes more and more feasible to handle the large basis sets neces-
sary to describe transfer into highn-shells.

2.5.1 Basis generator method

Based on the concepts of time-dependent density functional theory the basis generator method
(BGM), developed by L̈udde and Kirchner, is a close-coupling scheme designed to treat
charge transfer and ionization processes in many-electron systems [60, 61]. The difference
to other close-coupling methods rests on the idea how convergence can be achieved without
resorting to very large basis sets: if the finite model space spanned by the basis functions is
dynamically adapted to the problem at hand, couplings to that part of Hilbert space which
is not covered are minimized. BGM has already proven its capabilities in a number of stud-
ies on ion collisions with atoms, ions, and molecules [62–64]. It has also been applied to
laser-assisted ion-atom collisions [65,66].

A (nonrelativistic) collision problem within the semiclassical approximation and the in-
dependent particle model involves the solution of time-dependent single-particle equations
for all active electrons

i
∂ψi(r , t)

∂ t
= H(t)ψi(r , t) i = 1, . . . ,N. (2.57)
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where the subscripti labels the electrons. A single-particle Hamiltonian is used that contains
the kinetic energy, the Coulomb interaction with target and projectile nuclei, and a mean-field
potential that accounts for the electron-electron interaction:

H(t) =−1
2

∇2− ZT

|rT | −
ZP

|rP| +vee(r , t). (2.58)

In equations 2.57 and 2.58r , rT , andrP denote position vectors with respect to the center
of mass, the target, and the projectile frames, respectively, andZT andZP are the nuclear
charges. The mean-field potentialvee is discussed further below.

Essentially, the BGM is a coupled-channel method, i.e. the single-particle equations
(2.57) are projected onto a finite set of basis states. Model spaces constructed by repeated ap-
plication of a (regularized) Coulombic projectile potential onto atomic target eigenfunctions
provide an appropriate dynamical representation ofψi(r , t) [61]. Although this one-center
version of BGM has been applied successfully to several one- and many-electron problems,
its applicability to electron transfer processes is somewhat limited by the fact that bound
projectile states are not included in the basis explicitly.

Therefore the BGM has been extended to a two-center version to investigate electron
capture processes. The basis is generated from a finite set ofVt targetandV−Vt projectile
states taking into account Galilean invariance by the appropriate choice of electron translation
factors:

ϕ0
v (r) =

{
φv(r t)exp(ivtr) if v≤Vt

φv(rp)exp(ivpr) else.
(2.59)

wherevt andvp are the corresponding constant velocities of the atomic frames. Theϕ0
v states

define a standard two-center atomic orbital expansion. They are augmented by BGM pseudo-
states, which are constructed in the same way as in the one-center BGM method, namely by
repeated application of a regularized projectile potential onto the target states,

χµ
v (r , t) = [Wp(t)]µ ϕ0

v (r) µ = 1, . . . ,M, v = 1, . . . ,Vt (2.60)

Wp(t) =
1

|r −R(t)| {1−exp[−|r −R(t)|]}, (2.61)

in which R(t) = (b,0,vpt) denotes the classical trajectory of the projectile with impact pa-
rameterb. This set of pseudo states is eventually orthogonalized to the generating two-center
atomic orbital basis (equation 2.59). The set of pseudo-statesχµ

v accounts for ionization
channels and for quasimolecular effects at low collision velocity, which cannot be described
by standard two-center atomic orbital expansions.

The single-particle wavefunction for thek-th active electron is represented in terms of the
basis 2.60, i.e.

ψi(r , t) =
M(v)

∑
µ=0

V

∑
v=1

ai
µv(t)χµ

v (r , t), M(v) =

{
M if v≤Vt

0 else,
(2.62)

and the resulting set of ordinary differential equations for the coefficientsai
µv(t) takes the

form of equation 2.53. Bound-state probabilities for finding thei-th electron at the target (ptar
i )
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or at the projectile (pcap
i ) are calculated from the transition amplitudes within the generating

basis (2.59), and single-particle probabilities for total ionization (pion
i ) are obtained from the

unitary requirement

pion
i = 1− ptar

i − pcap
i . (2.63)

When integrated over the impact parameter total cross sections are obtained for capture and
ionization of thei-th electron, that ignore the behavior of the other electrons.

Population probabilities of many-electron states are modelled by combining single-particle
probabilities statistically. The most direct way to do this is the standard multinomial ap-
proach [67]. A deficiency of this model is the population of unphysical reaction channels,
such as multiple capture into singly charged ions. To overcome this problem a modified com-
binatorial analysis, in which these unphysical channels are eliminated explicitly was sug-
gested [68]. This so-called products-of-binomials model has been used with some success
for collisions on oxygen and noble gas targets [68–71], but turned out to be unsuitable for
Na targets. The model assumes that the product of a probability for capture ofk electrons
and an independent probability for ionization ofl electrons equals the probability for simul-
taneousk-fold capture andl -fold ionization. While this is reasonable for a system with many
near-identical electrons it leads to unphysical transfer ionization events in a system, whose
dynamics is strongly dominated by a single valence electron. This becomes obvious in the
limiting case that all inner-shell electrons are passive. Even in this one-active electron situa-
tion the product of one-electron capture and one-electron ionization probabilities is nonzero,
implying the occurrence of transfer ionization. These difficulties cannot be remedied eas-
ily [72].

Finally, some remarks concerning the mean-field potential in the single-particle Hamilto-
nian of equation (2.58) are in order. For bare-ion impact on an atom it can be decomposed in
a stationary atomic ground-state potential that accounts for the electron-electron interaction
before the collision, and a contribution that models so-called response effects, i.e., time-
dependent changes of the effective interaction due to changes of the electron density in the
presence of the projectile

vee(r , t) = vee(rt)+δvee(r , t). (2.64)

The role of response effects has been investigated for noble gas atoms [69, 70, 73–75]. It
was found that they can be significant at impact energies in the low to medium keV regime.
For Na those response models yielded only marginal differences with respect to the so-called
no-response approximation, in which only the ground-state potential is taken into account.
This is again a consequence of the fact that the electron dynamics in Aq++Na collisions
is strongly dominated by transitions of the single valence electron. Inner-shell and multi-
electron processes are possible but they are rather weak. The present study relies on the
no-response approximation, i.e. the assumptionδvee(r , t) = 0. The Na ground-state poten-
tial is obtained from the so-called exchange-only limit of the optimized-potential method of
density-functional theory [76, 77]. This means that static screening and exchange effects are
fully included, but correlations are ignored.
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2.6 Classical trajectory Monte Carlo

The classical trajectory Monte Carlo (CTMC) method relies on the classical calculation of
the trajectories of all particles, i.e., projectile ion, target nucleus and electrons, taking into
account the (screened) Coulomb interactions between them. Key ingredient is the sampling of
the initial wavefunctions of the active target electrons, both in real and momentum space. The
initial ensemble or ‘microcanonical distribution’ of target-centered electrons is constructed
in such a way that it mimics the spatial and momentum properties of the initial state, i.e.
|Ψi(r)|2 and|Ψi(p)|2. From the initial ensemble a member is randomly picked by the Monte
Carlo technique. The Hamilton’s equations are solved numerically for a large number of
trajectories which includes a random selection of relevant impact parameters.

Advantage of CTMC is that it yields both the ionization and electron capture cross sec-
tions consistently in the same calculations. CTMC has the equivalent of an infinite basis
set which spans the ionization continuum too. The method is especially useful in the re-
gion of collision velocities comparable to the orbital electron velocities of the target atom
where quantum theories are particularly difficult to apply. Furthermore, CTMC provides the
complete momentum picture of the collision products. For each trajectory the momenta and
impact parameter are saved, which makes the method quite suitable to act in conjunction with
recoil-ion momentum spectroscopy.

First three dimensional three-body CTMC calculations of charge transfer and ionization
were performed by Abrines and Percival for the H++H system [78]. The use of CTMC was
extended to multiply charged ion collisions on hydrogen by Olson and Salop [79, 80] to in-
vestigate the dependence of the charge transfer and ionization cross sections on the projectile
charge state. Then, l distributions of one-electron capture in Aq++H collisions were first
extracted from the CTMC calculations by Salop [81] and Olson [82]. The electronic level of
the ion after electron capture is determined by calculating the binding energyEb =−E of the
electron from its kinetic energy in the projectile frame. A classical principal quantum number
is assigned according to

nc =
q√−2Eb

. (2.65)

The classical values are then “quantized” to a specificn level via [83],

[n(n−0.5)(n−1)]1/3 ≤ nc ≤ [n(n+0.5)(n+1)]1/3. (2.66)

The classical orbital angular momentum is defined by

lc = [(xẏ−yẋ)2 +(xż−zẋ)2 +(yż−zẏ)2]1/2 (2.67)

wherex,y,z are the Cartesian coordinates of the electron relative to the nucleus. Sincel2
c is

uniformly distributed for a givenn level, the quantal statistical weights are reproduced by
choosing bin sizes such that [82]

l ≤ (n/nc) lc ≤ l +1, (2.68)

wherel is the orbital-angular-momentum quantum number. Thelc values are renormalized
by multiplying them byn/nc to reflect the fact thatlc is linked to a non-integernc value.
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For three-body CTMC calculations involving multi-electron targets the interaction of the
active electron with the core-electrons is represented by a model potential [84]. Such a rep-
resentation seems ideally suited to quasi-one electron systems, such as the alkali-atoms. And
indeed CTMC calculations have been quite successfully applied to one-electron capture and
ionization in keV collisions on ground state and excited Na [85–92].

In order to address multi-electron capture and multiple-ionization processes Olson de-
veloped the so-called n-body classical trajectory Monte Carlo (nCTMC) method, in which
all (active) electrons are explicitly incorporated. Besides the forces between the projectile
ion and the target nucleus, those between the target nucleus and all its (active) electrons are
included [93, 94]. Excluded are the electron-electron interactions, which are approximated
by using effective charges for the parent nucleus to represent the average field experienced
by each electron. For the Na-target 11-body CTMC calculations, which take into account
the nine electrons of the Na L and M shells, have been performed for O6++Na(3s) [26] and
He2++Na(3s) [95] collisions.



Chapter 3

MOTRIMS

3.1 Introduction

The aim of this thesis is to obtain detailed information on electron capture and ionization
processes in ion-atom collisions, by measuring state-to-state transition probabilities and their
dependencies on impact parameter. To do so one needs to measure the final state distribution
with sufficient resolution to distinguish the different channels of interest. By determining
the projectile scattering angle as precisely as possible information about the effective impact
parameter ranges can be obtained.

For this purpose we have applied the technique of recoil-ion momentum spectroscopy
(RIMS), in which one measures the momentum components of the recoiling target ions after
(multi-)electron removal. Because typically the recoil momenta are very small one has to use
targets with an even smaller initial momentum spread, i.e. cold targets. Traditionally super-
sonic gas-jets are used to fulfill this condition and in conjunction with RIMS this experimental
approach is called cold target recoil-ion momentum spectroscopy (COLTRIMS). An alterna-
tive is the use of laser-cooled atoms trapped in a magneto-optical trap (MOT), which provides
much lower target temperatures. The technique combining a MOT target with RIMS, coined
MOTRIMS, is applied in this thesis.

As RIMS is suitable to study electron capture it has to compete with long-standing well-
established techniques such as translational energy spectroscopy and photon emission spec-
troscopy. Throughout this thesis our experimental results are compared with measurements
using these techniques. Of all methods the key objective is the final state information. This
is achieved by measuring the so-called Q-value, which is defined as:

Q≡ E f
b −Ei

b, (3.1)

whereEt
b is the total (negative) energy of all bound electrons before (t = i) or after (t = f ) the

collision. E f
b is defined as the final binding energy of all electron ‘directly’ after the collision,

i.e. before any radiative or Auger decay of excited projectile and target states.
In translational energy spectroscopy (TES) this Q-value is obtained by measuring the

kinetic energy gain or loss of the projectile,∆Ep. In particular the projectiles scattered into

31
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the forward direction are analyzed. For small scattering angles and small energy transfer
(Q/Ep ¿ 1) the change in projectile kinetic energy is equal to the change in the electronic
energy [96],

∆Ep =−Q, (3.2)

which gives direct access to the final state distribution. The resolution depends on the initial
kinetic energy spread of the projectiles. Also a finite angular resolution may contribute to
the energy resolution. The final kinetic energy of the charge-changed projectiles is measured
either by time-of-flight techniques or by means of electrostatic analyzers, such as hemispher-
ical energy analyzers. Scattering angle dependent cross sections can be obtained, too. TES
can be applied to atomic [97–100] and molecular gas targets [101–103]. An overview of this
technique can be found in several review papers, see e.g. [50,104].

In photon emission spectroscopy (PES) one measures the photon emission spectra fol-
lowing charge exchange [105, 106]. By measuring the wavelength of these photons one can
in principle reconstruct the electronic final state directly after the collision, i.e. before its
decay. Because wavelengths can be measured very precisely PES has an excellent energy
resolution and is in this respect superior to other techniques. The resolution is independent
of the kinetic energy spread of the projectiles. Disadvantages of PES are the small solid
angles of the spectrometers, sometimes low detector efficiencies and cumbersome absolute
calibration procedures. Furthermore, PES is inherently insensitive for capture into the ground
state or long-lived excited states, and also final state configurations which decay via electron
emission (Auger decay, autoionization) are not detected in a PES measurement. Finally, the
scattering angle is not accessible to PES, thus no impact parameter sensitive information is
obtained.

3.2 Recoil-ion Momentum Spectroscopy

RIMS relies on determining the change in momentum of the target. The technique was moti-
vated by the wish to measure scattering angles with high resolution. Traditionally the projec-
tile scattering angle was measured directly from the projectile deflection. This is limited by
the collimation of the projectile beam and a scattering angle resolution better than 0.1 mrad
is not feasible [107]. It was realized in 1987 by Ullrich and Schmidt-Böcking in Frankfurt
that from the velocity of the recoiling target ion perpendicular to the beam direction one can
also deduce the scattering angle. Higher resolution can be achieved because one is much less
sensitive to the quality of the projectile beam [107–109].

In the following we will only consider nonrelativistic ion-atom collisions to find a relation
between the momenta of the incident ion and those of the collision fragments, i.e. recoil-ion,
emitted electrons and scattered projectile. The momentum conservation law can be written
as:

Pi
P +Pi

R = Pf
P +Pf

R+
N

∑
j=1

Pf
ej

, (3.3)

in which Pt
P andPt

R are the respective momentum vectors of the projectile and target before
(t = i) and after (t = f ) the collision andPf

ej represents the momenta ofN electrons which
are emitted into the continuum during the collision. In the laboratory frame the target is
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Figure 3.1: Illustration of the different momentum vectors for the example of a pure electron capture
process, i.e., no free electrons in the final state. The projectile with initial momentumPi

P in the longitu-

dinal direction has a momentumPf
P after the collision with the target atom.Pf

P can be decomposed in

pf
trans,P andpf

long,P. The target atom has a final momentumPf
R, decomposed intoptrans andplong. Also

the projectile scattering angleθ is indicated.

initially at rest, i.e.Pi
R = 0. Therefore the initial momentum is given by that of the projectile,

Pi
P = mpvp, in which mp is the projectile mass and vp is the projectile velocity. The energy

conservation mandates that:

Ei
P +Ei

R = E f
P +E f

R +Q+
N

∑
j=1

E f
ej

, (3.4)

in which Et
P andEt

R are the kinetic energies of the projectile and target before (t = i) and
after (t = f ) the collision, respectively, andE f

ej are the kinetic energies of the electrons in the
continuum. The Q-value is the energy difference between final and initial bound electronic
states of the colliding particles and often referred to as theinelasticityof the process. One
can distinguish two types of reactions. ForQ > 0 the total final binding energy is lower (less
negative) than prior to the collision, this at the cost of kinetic energy. These reactions are
calledendothermic. If the total final binding energy is higher (more negative) than in the
initial state,Q < 0, the system gains kinetic energy. These processes are calledexothermic.
The special case thatQ = 0 corresponds to a resonant process.

One can decompose the momentum vectors into alongitudinal momentum component,
directed along the projectile axis, and atransversemomentum component, perpendicular to
the projectile axis. The transverse momentum is a two dimensional vector. However, due to
cylindrical symmetry only its length is of importance. In figure 3.1 the situation is depicted
for pure electron capture. Equation 3.3 can be separated into longitudinal and transverse
components:

0 = p f
trans,P +p f

trans,R+
N

∑
j=1

p f
trans,ej

, (3.5)

pi
long,P = pf

long,P + pf
long,R+

N

∑
j=1

pf
long,ej

, (3.6)

wherebypi
trans,P = 0 andPi

R = 0 in the laboratory frame. One immediately recognizes that
for electron capture without the occurrence of ionization processes the projectile and target
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have equal but opposite transverse momenta after the collision, i.e.p f
trans,P = −p f

trans,R.
The transverse momentum of the projectile is directly linked to the scattering angle,θ , in the
approximation of small momentum transfer, via:

pf
trans,P ≡ |p f

trans,P|= mpvpsinθ . (3.7)

Therefore measuring the transverse momentum of the recoil-ion is equivalent to measuring
the projectile scattering angle. Because in ion-atom collisions the scattering angle is small,
typically θ < 1 mrad, one can applysinθ ≈ θ , thereby obtaining:

ptrans≡ |p f
trans,R|= mpvpθ , (3.8)

For processes involving ionization this relation is not valid. However, for keV collisions the
emitted electrons carry away very little momentum and to first approximation equation 3.8
can still be applied.

To derive the expression for the longitudinal momentum is more involved and can be
found elsewhere [110, 111]. Its derivation, starting from equations 3.3 and 3.4, is based on
the approximation that the change in projectile momentum is much smaller than the total
projectile momentum and on the fact that the electron mass is much smaller than that of the
projectile. The final expression for the longitudinal momentum of the recoil-ion is:

plong≡ pf
long,R =

Q
vp
− 1

2
rvp +

s

∑
i=1

(
Eei

vp
− plong,ei ), (3.9)

with r the number of electrons transferred to the projectile,s the number of electrons emitted
to the continuum. The second term in equation 3.9, themass-transferterm, reflects the equal
sharing of the momentum changervp due to the transfer of electrons from the target to the
projectile. Without direct ionization (s= 0) the equation reduces to:

plong =
Q
vp
− 1

2
rvp, (3.10)

which means that the Q-value of the process can be directly obtained from the longitudinal
momentum of the recoil-ion. This on its turn reveals into which states electron capture takes
place. An important observation is that because the Q-value is discrete due to the quantized
nature of electronic binding energies, alsoplong is discrete. Backward scattering of the recoil-
ion is always due to exothermic reactions and for not too small Q-values (Q > 1

2rv2
p) forward

scattering to endothermic reactions.
Taking a priori the approximation of small momentum transfer into account, equation 3.10

can be derived easily by recognizing that the change in internal energy (Q-value) has to be
compensated by the change in projectile’s kinetic energy, i.e.∆Ep, in whichEp = 1

2mpv2
p is

the projectile’s kinetic energy. The change of projectile energy due to the capture process can
be written as:

∆Ep =
1
2
(∆mp)v2

p +mpvp∆vp =−Q, (3.11)

from which one can derive the following equation:

mp∆vp =− Q
vp
− 1

2
rvp, (3.12)
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Figure 3.2: Schematics of recoil-ion momentum spectrometers, showing both (a) transverse and (b)
longitudinal extraction. The projectile beam, which defines the longitudinal direction, the recoil-ion
momentum and recoil-ion trajectory towards the detector are indicated. The recoil ions are extracted
from the collision center by a weak electrostatic field, after which they pass a field-free drift region
before they are detected.

which includes the fact that the change in projectile mass is due to the transferred electrons,
i.e. in atomic units∆mp = r. Realizing that the longitudinal momentum of the recoil-ion is
opposite to the change of the longitudinal momentum of the projectile one finally arrives at:

plong =−∆(mpvp) =−(∆mp)vp−mp∆vp =
Q
vp
− 1

2
rvp, (3.13)

by using equation 3.12.
Note that for small momentum transfer the transverse and longitudinal momentum com-

ponents are decoupled and reveal different aspects of the collision. The Q-value gives the
final electronic bound states, therefore the longitudinal recoil-ion momentum reveals spectro-
scopic information. The scattering angle obtained from the transverse recoil-ion momentum
is connected to the impact parameter.

RIMS aims at measuring the recoil-ion momentum componentsplong and ptrans as pre-
cisely as possible. A standard RIMS spectrometer consists of two regions. By means of a
weak electrostatic field the recoil ions are extracted from the collision center (extraction re-
gion), after which they enter a field-free drift region and are detected on a position-sensitive
ion detector. The transverse and longitudinal momenta of the recoils can be calculated from
the measured (two-dimensional) position and the time-of-flight, i.e. the time it took the recoil
to travel from the collision center to the detector. One can distinguish two classes of extrac-
tion geometries, namely transverse and longitudinal extraction (see figure 3.2). In the first
case one applies an electric field perpendicular to the projectile axis. Here the longitudinal
momentum is determined by the amount of backward or forward scattering with respect to
the collision center. In the second case, the recoil ions are extracted along the projectile axis
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(or under a small angle) and the longitudinal momentum is deduced from the time-of-flight.
A general description of recoil-ion momentum spectrometers is given in [112] and details of
our experiment will be discussed in chapter 4.

The resolution of a RIMS crucially depends on the initial velocity spread of the target, i.e.
its temperature. Usually the typical recoil-ion momenta of interest are much smaller than the
thermal momentum spread of atoms at room temperature. Therefore pre-cooled targets are
needed. A breakthrough development was the implementation of supersonic gas jet devices,
producing well localized and internally cold targets (Dörneret al [113], Mergelet al [114]).
In such devices a gas at high pressure is forced through a small nozzle into vacuum and
thereby accelerated to supersonic speed at the expense of internal motion. This results in an
effective cooling of the gas. Via this method a room temperature gas can be cooled down to
temperatures of a few Kelvin or below. The cold and narrow gas-jet is then crossed with a
projectile beam. The combination of RIMS with supersonic gas-jets forms the basis of the
COLTRIMS experiments. One has to distinguish two internal momentum spreads in the jet,
namely the one along the jet direction which depends on the intrinsic jet temperature and a
perpendicular one determined by the jet velocity and divergence. For helium the first one is
typically 0.1 a.u., while the second one is smaller and a value of 0.06 a.u. can be achieved,
corresponding to a temperature of 0.1 K [112]. The method allows the use of both cold
atomic and molecular gas targets. However, the internal momentum spread increases with
the mass of the particle, thus most high resolution work is done with helium. For the current
generation gas jets it is very difficult to achieve an initial momentum spread smaller than 0.5
a.u. for gases heavier than argon.

By now the experimental method is applied to many different kinds of atomic interac-
tions, involving ion-atom collisions from keV to GeV impact energies, single photon, intense
laser fields and electron-impact induced ionization. In principle all ionizing collision pro-
cesses can be studied by COLTRIMS. All particles in the final state can be measured in
coincidence, including the projectile, recoiling target ion and free electrons. This justifies
the name ‘Reaction Microscope’, which is used for the combination of recoil-ion and elec-
tron spectroscopy. With COLTRIMS kinematically complete experiments became possible,
combining high resolution momentum spectroscopy with a solid angle of almost4π. The
technique is not restricted to atoms and has also been extensively applied to molecular tar-
gets, for example to study photoionization of spatially oriented molecules. The historical
development of RIMS, COLTRIMS and reaction microscopes as well as the results obtained
can be found in recent review papers [23,115].

The study of electron capture processes in keV ion-atom collisions has been performed
by many COLTRIMS experiments, mainly using He targets (see e.g. [116–121]). Most of
these experiments are based on transverse extraction of the recoil-ion and have reported a
momentum resolution around 0.2 a.u. for one-electron capture. Using longitudinal extraction
Fischeret al [122] obtained an impressive momentum resolution of 0.07 a.u., only limited by
the target temperature. Also single ionization in keV ion-atom collisions has been studied by
COLTRIMS (see e.g. [123–126]).

Finally we want to point out the close connection between RIMS-like experiments and the
technique of velocity map imaging [127–129] commonly used in the field of molecular re-
action dynamics. Both its principle, namely ion imaging to obtain the full three-dimensional
momentum or velocity distribution of the particles after the interaction as well as the imple-
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mentation are very similar or even the same. The distinction between the two techniques is
mainly historical and based on the physics topics that are addressed.

3.3 MOTRIMS

Despite its great success, cooling of gas target by supersonic jets has some limitations. First
of all the target temperatures are in the order of 0.1 K of higher, which limit the resolution
in many present day experiments. Secondly for high resolution experiments the palette of
target species is limited to light noble gas atoms (He, Ne and Ar). Therefore an extension
of the COLTRIMS method has been developed in which one uses magneto-optical trapping1

to cool the target even further and this combination was named MOTRIMS. The resulting
target temperatures are well below 1 mK, thus two to three orders of magnitude lower than in
COLTRIMS. The momentum spread due to the target temperature is around 0.01 a.u. and is
equal in all directions. MOTRIMS extends the range of target species to all atoms which can
be trapped in a MOT. In addition, because laser excitation is required in a MOT, one has the
option of studying ion interactions with excited targets.

The use of a MOT as a target for collision experiments started about a decade after the
first demonstration of magneto-optical trapping. From the trap loss due to ionizing colli-
sions with electrons total ionization cross sections were deduced [130–134]. First pioneering
recoil-ion experiments were performed by Helm and Wolf [135, 136], measuring the recoil-
ion energies of photoionized Rb atoms. This kind of photoionization experiments has recently
been performed on a Cs MOT using synchrotron radiation [137]. Recoil measurements in-
volving a MOT are also key to current developments to trap radioactive atoms to study their
β -decay [138–141].

The first MOTRIMS experiments were performed by three groups: in Copenhagen Van
der Poelet al used a Na MOT to study Fraunhofer-diffraction in one-electron capture by
Li+ [24], at Kansas State University Fléchardet al used a Rb MOT to measure Q-value
spectra of one-electron capture in Cs++Rb collisions [25] and in Groningen Turkstraet al,
using a Na MOT, studied multi-electron capture in O6++Na collisions [26].

A record resolution of 0.03 a.u. in the longitudinal momentum component was achieved
by the Kansas State MOTRIMS experiment [25, 27] using longitudinal extraction. This
demonstrated the improvement in resolution compared to COLTRIMS. They also showed
that MOTRIMS offers an alternative non-destructive method of studying population dynam-
ics by using charge transfer as a probe. It could be applied to study for instance stimu-
lated Raman adiabatic passage (STIRAP) and laser induced population dynamics [27,142]2.
Also differential cross sections with a transverse momentum resolution of 0.13 a.u. were
reported [144, 145]. The Copenhagen and Groningen MOTRIMS experiments are based on
transverse extraction. Van der Poelet alachieved a momentum resolution of 0.12 a.u. in one
of the transverse components and a longitudinal momentum resolution of 0.28 a.u. [24,146].
Turkstraet al reported a momentum resolution of 0.25-0.3 a.u. [26].

1Magneto-optical trapping will be treated in section 4.2
2This principle was already applied earlier in a TES measurement by Gieleret al [143], in which charge transfer

was used as a probe to study coherent population trapping.
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Over the last years we have improved the Groningen MOTRIMS experiment significantly
and these improvements will be discussed in chapter 4. Most of the recoil spectra presented in
this thesis are measured with a momentum resolution of 0.1 a.u. in the longitudinal and one of
the transverse components. This is a clear improvement with respect to the previous version
of the experiment and concerning the longitudinal momentum much better than the Copen-
hagen experiment. The resolution obtained is comparable with or better than COLTRIMS
experiments which also use transverse extraction. Recently we have improved the resolution
even further to a value of 0.07 a.u. in the same components as described above. This is com-
petitive with the best COLTRIMS experiments. With an initial target momentum spread of
about 0.01 a.u., our resolution is clearly not yet limited by target temperature. The Gronin-
gen setup is up to now still the only MOTRIMS experiment studying collision withmultiply
charged projectile ions.



Chapter 4

Experimental setup

4.1 Introduction

In order to measure the tiny recoil momenta of the target particles two conditions have to be
fulfilled. Firstly one has to build a spectrometer that precisely images the recoil momentum
vector on a detector. Secondly, one needs an extremely cold target, such that the velocity
spread of the target atoms is much smaller than the velocity resolution one has to achieve to
resolve different channels.

In this chapter an overview of the experimental setup will be given. The cold target is
discussed, starting with a brief and general explanation of the principles of laser cooling and
trapping, followed by a discussion of the laser, its frequency stabilization and the magneto-
optical trap. There after the implementation of the recoil-ion momentum spectroscopy is
treated. That discussion includes also the ion source, the design and properties of the recoil-
ion momentum spectrometer and the data analysis. Finally, the method to obtain spectra from
excited target atoms is dealt with.

The design and construction of the first version of the setup started in 1998. It became
operational in the second half of 2000. Many parts of the setup were described earlier in the
thesis of Turkstra [147]. Here, a complete overview of the setup will be given, with emphasis
on the changes and progress made during this thesis research period.

4.2 Laser cooling and trapping of Na target atoms

Starting off from the principles of laser cooling and trapping and magneto-optical trapping, a
detailed description of the experimental implementation of our magneto-optical trap for Na
is given, together with some specific properties relevant to the MOTRIMS technique.

4.2.1 Principles of Magneto-Optical Trapping

Laser cooling and trapping makes use of the fact that light carries momentum and that atoms
can be deflected by resonant light. Consider a two level atom interacting with a laser beam:

39
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Figure 4.1: Light forces on a Na atom as a function of its velocity, calculated for two counterpropa-
gating laser beams (solid line) and the individual laser beams (dashed line). The laser frequency is one
linewidth red-detuned from the resonance frequency. The laser power in each beam is 20 mW/cm2.
Note that the acceleration is∼ 50,000 times the gravitational one (≈ 10 m/s2).

the atom can be excited from the ground to the excited state by absorption of laser light.
Each absorbed photon transfers a small amount of momentum to the atom in the laser beam
direction. Because of the finite lifetime of the excited state the atom will decay to the ground
state by emitting a photon. Also the emitted photon delivers a momentum kick to the atom.
Because the direction in which the photons are emitted is random, the net momentum of the
emitted photons cancels after many cycles of absorption and emission. Thus the net force
exerted on the atom is in the direction of the laser beam. The Doppler shift associated with
the atom’s motion makes this force dependent on the velocity of the atoms. An atom moving
against the direction of the laser beam is on resonance if the laser is tuned at a frequency
below the atom’s resonance frequency (red-detuned).

In figure 4.1 a typical acceleration curve of an atom between two counterpropagating
red-detuned laser beams is depicted. The acceleration (solid curve) is opposite to the atom’s
motion (i.e. the atoms are decelerated) but decreases in magnitude as the atom’s velocity
becomes too high. The deceleration can exceed 5×105 m/s2. The force of two red-detuned
counterpropagating laser beams results in a one dimensional damping of an atom’s motion
and is known as optical molasses, i.e., “an atom moving through syrup” [148].

Using three pairs of orthogonal laser beams one can cool the motion of an atom in all
directions but one cannot trap this atom, yet. The reason is that the effective laser force
approaches zero when the atom’s velocity goes to zero and the atom can effectively creep
out of the laser beam. To create a real trap, the light forces must also depend on the atom’s
position within the trap. This can be achieved by adding a magnetic field in anti-Helmholz
configuration. The magnetic field of such an arrangement is zero in the center but increases
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Figure 4.2: The scheme for a magneto-optical trap as introduced by Raab et al. [20] and used in this
work. Six red-detuned circular polarized laser beams are arranged along all six spatial directions. Two
coils carrying equal currents in opposite direction create an anti-Helmholtz magnetic field.

in all directions. Atoms outside the center will find themselves in a magnetic field and the
Zeeman effect will then change the resonance frequency of the atomic transition because the
ground and excited states are affected differently by the magnetic field. The Zeeman effect
in conjunction with proper circular polarization of the laser beams (see figure 4.2) causes
the atoms to be in resonance only with those laser beams which are directed in opposite
direction to the motion of the atoms, using . Thus atoms are pushed back to the center again.
The inhomogeneous magnetic field together with the six red-detuned laser beams form the
magneto-optical trap (MOT).

Na atoms serve as target in the ion-atom collisions studied in this thesis. Na is one of
the most common atomic species in laser cooling and trapping. Because23Na has a nuclear
spin of I = 3/2 the electronic levels are hyperfine split. The energy differences between the
hyperfine levels of the Na 3s2S1/2 ground state and the 3p2P3/2 excited state are shown
in figure 4.3. Our MOT operates at theFg = 2→ Fe = 3 transition frequency, but due to
the line width of the transition and the small Doppler and Zeeman shifts present in the MOT,
some atoms can be excited accidently to theFe = 2 state and this excited state can also radiate
to theFg = 1 ground state, a state not coupled to the laser light. To get these “lost” atoms
back into the cooling cycle, a second frequency is used, resonant with theFg = 1→ Fe = 2
transition, and is called the “repumping” laser beam. Note that initially the two ground states
are populated statistically, i.e., 3/8 inFg = 1. The repumping laser beam also brings these
atoms into the cooling cycle.

The first operational MOT dates from 1987 by Raab et al. [20]. In 1990 Monroe et
al. [149] demonstrated for the first time a background loaded MOT. The latter type of MOT
is the most common nowadays. Laser cooling and trapping has been described extensively
in literature and will not be discussed further here. An overview of the development of laser
cooling and trapping, the theoretical description, and several experimental methods can be
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Figure 4.3: Hyperfine splitting of the 3s2S1/2 ground state and 3p2P3/2 excited state of Na. The
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found in [150, 151]. Details about the principles of laser cooling and trapping of Na within
the context of MOTRIMS can be found in [147,152].

4.2.2 Laser

All the laser beams used in the experiment are provided by a single-frequency dye laser
(Model 380D, Spectra-Physics) [153], pumped by a solid state CW laser (Millennia Vs,
Spectra-Physics) with an output wavelength of 532 nm and a maximum power of 5 W. In
a dye laser the gain medium is an organic dye in a solvent. Dyes are complex molecules with
diffuse energy bands, which ensure that the laser is continuously tunable over a broad range
(∼ 50 nm). The whole visible wavelength range can be spanned with different dyes, with the
restriction that the dyes can only emit photons of lower energy than the ones absorbed. A
detailed overview of the working principles of dye lasers can be found in [154].

A schematic of our ring dye laser is shown in figure 4.4. The laser beam in the ring dye
laser is folded in a loop by mirrors M1 to M4. The pump mirror (MPUMP) focuses the pump
laser beam into the dye jet. The four mirrors M1 to M4 reflect the beam around the cavity, in a
bowtie pattern. Mirror M2 is piezoelectrically driven for active stabilization, the cavity-length
is adjusted by a high-voltage piezoelectric translator (PZT) driver.

To scan the cavity mode a dual galvoplate assembly is added. The effective cavity length
is changed by counter-rotating two quartz-plates inserted in the cavity at Brewster’s angle. As
the plates are rotating the optical path length through the quartz-plates is changed. This means
the galvoplates allow smooth scanning of the frequencies without a spatial displacement of
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Figure 4.4: Beam path in the Model 380D cavity. The spherical folding mirrors M1, M2 and M3
and the flat output coupler M4 fold the beam in a figure-eight path, which is traversed in the direction
shown by arrows. The direction is dictated by a unidirectional device. The dye jet intersects the beam
perpendicular. 1. astigmatism compensator, 2. dual galvoplates, 3. unidirectional device, 4. scanning
etalon and 5. birefringent filter.

the beam.

The linewidth of a single-frequency dye laser is determined by the stability of the optical
path length of the cavity. Instabilities can be caused by microphonic vibrations, ambient
pressure fluctuations and bubbles in the dye jet. Strong pertubations may cause mode-hops,
i.e. jumps between cavity modes. In order to achieve the narrowest possible line width and
to make the laser virtually immune against mode-hops, the 380D uses a so-called Stabilok
System (figure 4.5). The frequency is stabilized by locking it to interference fringes from a
Fabry-Perot etalon. Frequency deviations are detected and corrected by error signals fed back
to the PZT-mounted M2 and the dual galvoplates.

The Stabilok System consists of two interferometers. The reference interferometer, the
master, has a free spectral range (FSR) of 0.5 GHz, which means that deviations within a
reference fringe can be detected by the master but a mode-hop of only two cavity modes
(cavity mode spacing is 200 MHz) would lock the laser frequency to another fringe of the
master interferometer. Therefore, a second interferometer, the slave, with a FSR of 10 GHz
monitors the laser frequency. When a mode-hop occurs, the slave circuitry takes control and
returns the laser frequency to the correct fringe of the master. Then the frequency control is
returned to the master circuitry for fine-frequency control.

Both interferometers convert frequency changes to amplitude changes, which are mea-
sured by photodiodes. Because the signals arriving at the master and slave depend on both
the frequency and the intensity, and only the frequency should be controlled, these signals are
normalized to the primary beam that enters the reference station.

Typically the pump laser is set to an output power of 3.5 W, which in the dye laser is
converted into 300 to 400 mW of laser light of 589 nm (D2-line of sodium). The bandwidth
of the laser is less than 1 MHz and the frequency drift can be less than 50 MHz/hour. A more
detailed description of our laser system can be found in [155].
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Figure 4.5: Schematic of the Stabilok System. By a beamsplitter (BS) a small amount of light is taken
from the laser beam and fed into the Stabilok System: the incoming beam intensity and the outputs of
the master and slave are measured by photodiodes (PD).

4.2.3 Repump frequency

An electro-optical modulator (EOM) is used to provide the repump frequency needed to
keep all atoms into the cooling cycle. The technique of generating RF sidebands on a laser
field is based on the equivalence of phase modulation and frequency modulation. A detailed
technical description of the EOM can be found in [156].

During this thesis research two different EOM’s were used, both having a LiTaO3 crystal
for sideband generation. The first EOM (home made) operated at 860 MHz. Its first order
sidebands are separated by 2×860 MHz (see figure 4.6). The lowest frequency (-1 sideband)
serves as the pump frequency while the highest frequency (+1 sideband) is used for repump-
ing. Two major disadvantages were faced using the 860 MHz EOM. First of all, most of the
laser power (30–50%) resides in the central frequency, which is not used in the experiment.
Secondly the pump and repump frequency have the same intensity, which is unnecessary,
because a repump intensity of 10–20% of the pump intensity suffices. Therefore, only effec-
tively 25–35% of the total laser power is used for cooling and trapping. Because the number
of atoms trapped in the MOT, i.e. available for the collision experiment strongly depends on
the laser power, a more efficient usage of laser power is highly desirable.

Therefore a new EOM operating at 1720 MHz has been installed (New Focus 4421). Be-
cause now the frequency spacing between successive orders is equal to the difference in pump
and repump frequency, one can use the main frequency for pumping and the +1 sideband for
repumping (see figure 4.6). This solves both problems outlined above. The repump intensity
can be tuned and can be set at 10–20%, leaving 60–80% in the main frequency for pump-
ing. This increase of effective laser power in the pump frequency resulted in a MOT density
increase by a factor of 4.
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Figure 4.6: Schematic representation of the laser light intensity outputs of the two types of EOM used,
normalized in the input intensity. In case of the 860 MHz EOM, the -1 sideband and the +1 sideband are
used as pump and repump, respectively, while for the 1720 MHz EOM, the main frequency (0 sideband)
and +1 sideband are used as pump and repump, respectively.

4.2.4 External frequency stabilization

Even though the frequency drift of the laser is less than 50 MHz/h, this should be compen-
sated for in order to be able to run measurements of several hours. The frequency range in
which the atoms can be trapped is namely only∼ 20 MHz wide. To lock the laser frequency
an absolute reference is needed. This signal is provided by means of saturated absorption
spectroscopy (figure 4.7). In saturated absorption spectroscopy a strong pump and a weak
probe laser beam with equal frequency traverse a Na vapor cell in opposite directions. The
absorption of the probe beam is altered by the presence of the pump beam.

If the laser frequency isν0, then for atoms moving with a velocity v this frequency is
Doppler shifted. For atoms moving antiparallel to the beam direction the frequency is shifted
to ν1 = ν0

(
1+ v

c

)
, while atoms moving parallel seeν2 = ν0

(
1− v

c

)
. For certain veloc-

ity classes of atoms the frequenciesν1 andν2 are equal to hyperfine transition frequencies.
These atoms can absorb photons from the probe beam as well as from the pump beam. Two
situations are of importance here:

1. Both beams operate on the same lower level. The pump beam will lower the population
of the lower level so there will be less atoms available to absorb photons of the probe
beam. This causes a minimum in the probe beam absorption and leads to a maximum
in the transmitted probe beam intensity.
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Figure 4.7: Schematic representation of our saturated absorption spectroscopy setup. The main laser
beam is split by beamsplitters (BS) into a pump beam and a probe beam. The intensity of the probe
beam is measured by a photodiode (PD), and after passing a lock-in amplifier sent to a PID control, used
to lock the laser frequency. Also shown are the EOM and the input of the fibre, as will be discussed in
section 4.2.5.

2. One of the beams excites atoms in the ground stateF = 1 and the other one atoms in
F = 2. The pump beam increases the population of the state on which the probe beam
operates, because the state excited by the pump beam can also decay via spontaneous
emission to the state on which the probe beam acts. Now there is a maximum in the
probe beam absorption, so a minimum in the probe beam intensity.

A chopper regularly interrupts the pump beam. The signal of the photodiode, which mea-
sures the intensity of the probe beam, is fed into a lock-in amplifier (FEMTO LIA-MV-150),
which subtracts the signals with and without the pump beam present. Saturated absorption
spectra of Na are shown in figure 4.8. The two maxima are resulting from situation 1, while
the so-called cross-over at 0.86 GHz is due to situation 2.

In case of the 860 MHz EOM one has to lock the laser to the left flank of the cross-over
around 860 MHz to assure that the -1 order can be used for cooling and trapping. Because
for the 1720 MHz EOM, one uses the main frequency for pumping locking on the left flank
of the first maximum leads automatically to the desired red-detuning.

The signal from the lock-in amplifier is sent to a PID (Proportional, Integral and Deriva-
tive) control (home made) the output of which is sent to the dye laser as feedback. By this,
stability over several hours has been achieved, i.e., the laser frequency staying within the
trapping frequency range of the MOT. At best a frequency stability of 2 MHz was reached.
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Figure 4.8: Saturation absorption spectroscopy spectra. Panel (a) shows the pure absorption signal of
the probe beam as measured by the photodiode without modulation. The two maxima and the cross-over
minimum are superimposed on broad absorption profiles centered around 0 (3s2S1/2(F=2) - 3p 2P3/2)

and 1770 MHz (3s2S1/2(F=1) - 3p 2P3/2). Panel (b) shows the absorption signal with a chopped pump
beam after the lock-in amplifier. To lock the laser on the desired cooling and trapping frequency either
the left flank of the cross-over minimum (1, 860 MHz EOM) or the left flank of the first maximum (2,
1720 MHz EOM) is used.

4.2.5 Magneto-Optical Trap

The beam from the dye laser passes the EOM and couples into a fibre (see figure 4.7). Before
the coupling into the fibre a small fraction of the laser beam is split off to an optical spectrum
analyzer to monitor the intensities of the side-bands created by the EOM (not shown). The
fibre (Point Source, 10 m long, 50%transmission) transports the laser beam to the MOT setup.
The laser setup is placed in a separate room to shield it for dust, temperature variations, air
draft and mechanical vibrations that could lead to laser instabilities.

On the optical table surrounding the vacuum chamber of the MOT the laser beam is cou-
pled out of the fibre and passes through two acousto-optical modulators (AOM, both Isomet
1205C-2). The basic principle of the AOM is Bragg scattering of light from an acoustic wave
propagating through an optically non-linear crystal. By rotating the AOM with respect to the
incident laser beam the angle of incidence is varied and 90% transmission into the first order
scattered beam can be obtained. The first AOM (AOM1) is used to switch off the laser beam
when the ion pulse passes the MOT cloud, thereby assuring that all the sodium atoms are in
the ground state, and only collisions with ground state atoms occur. If the light is off for a
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Figure 4.9: Schematics of the arrangement of the two AOM’s. Part (a) shows the splitting of the primary
laser beam into beams for cooling and trapping (MOT), longitudinal cooling (OVEN) and additional
excitation (not used in this thesis). In (b) the typical detunings of the different beams are shown. The
timing scheme of both AOM’s is depicted in (c), when AOM1 is switched off then AOM2 is turned on
to reduce the intensity in the oven beam.

short enough period (20-40µs), the MOT density is barely affected.
The +1 order of AOM1 is used as the MOT cooling and trapping beam. In a beam ex-

pander, the beam is expanded to a diameter of 2 cm. By two beamsplitters this beam is split
into three equally strong trapping beams. Each trapping beam is guided through a quarter
waveplate to produce the desired circular polarization. By retro-reflecting the three orthogo-
nal trapping beams into themselves the six beams needed for a MOT are created.

The anti-Helmholz magnetic field is obtained by two parallel watercooled coils in which
current flows in opposite directions. Each coil consists of 20 windings, and is provided with
a current of 80A, resulting in magnetic field gradients of∼ 30 Gauss/cm. Also installed are
steering coils (two pairs of Helmholtz coils,∼ 30 windings,∼ 2 A) which produce a small
additional homogeneous magnetic field. With these small fields the position of the zero point
in the anti-Helmholz magnetic field can be moved and along with it, the MOT cloud. The
steering coils can move the MOT’sy andzposition over a range of∼ 2 mm.

The Na is evaporated from an oven containing several grams of Na. Heating takes place at
rather low temperatures (T = 130−150◦C). The capillary of the oven exit has a diameter of 1
mm and a length of 10 mm. The oven is basically a copy of the one used in the ALCATRAZ
experiment (see figure 3.9 of ref. [157]). Typically the MOT-cloud consists of a few 106 cold
Na atoms in a volume of 1-5 mm3. In figure 4.10 a picture of the MOT could is shown.

A way to increase the number of atoms trapped in a MOT is to use an additional laser
beam directed to the oven to provide longitudinal cooling (see for example [132]). This laser
light is further red-detuned than that of the trapping beams. Therefore, the light decelerates
atoms at higher velocities. This “pre-cooling” increases the number of atoms that can be
trapped in the MOT by up to a factor of 5 [158].

The pre-cooling beam, coined “oven beam”, is provided by the second AOM (AOM2).
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Figure 4.10: A picture of the MOT showing that the MOT cloud of Na atoms is visible to the naked
eye. The cloud’s diameter is∼ 1 mm.

The zeroth order of AOM1 is sent to AOM2 to create this oven beam (in zeroth order). The
AOM arrangement is shown in figure 4.9. When AOM1 is switched off all intensity is in
the zeroth order (oven beam, cf. figure 4.9). Although the oven beam is far red-detuned and
only partially overlaps the MOT-cloud it might excite the atoms. Therefore also AOM2 is
switched during the off time of AOM1, such that most of the intensity after AOM2 goes into
the first order, not entering the MOT chamber.

4.2.6 Temperature

One reason to use laser cooling and trapping to provide a cold target for recoil-ion spec-
troscopy, is that the temperature is much lower than the one obtainable by the supersonic-
expansion method. To determine the temperature of the atoms in the MOT-cloud, so-called
“release-and-recapture” (R&R) measurements were performed [148]. In this method the tem-
perature of the cold atoms, or more precisely their velocity, is determined by measuring the
expansion of the MOT-cloud as a function of the time after switching off the trapping light.

Assuming an initial Maxwell-Boltzmann velocity distribution and a ballistic expansion
after the trapping light is switched off, the fraction of atoms that is recaptured immediately
after the trapping light is switched on again is given by:

f = erf

(√
m

2kBT
r

∆t

)
− 2√

π
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)
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[
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2kT

( r
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)2
]
, (4.1)

in which m is the mass of the atom,∆t is the off time,r is the so-called capture radius,kB is
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Figure 4.11: The depletion of the MOT-cloud after switching off the cooling and trapping light, as
measured with the release-and recapture method.

the Boltzmann constant, andT is the temperature (see e.g. [159]). The measured fluorescence
as function of the off-time is fitted with equation 4.1 to obtain the temperature.

To switch the trapping laser AOM1 is used. The on-off switching sequence is steered
by a Labview program. The off-period is changed while the on-period is kept constant and
long enough to recreate the initial MOT conditions. A CCD (charge coupled device) camera
triggered every time AOM1 is switched on monitors the fluorescence of the remaining atoms.
The exposure time of the camera is 100µs, which is short compared to the retrapping time,
but long enough to obtain a reasonable fluorescence signal. A typical dataset is shown in
figure 4.11. From this figure it is seen that the “half-life” of the MOT-cloud is approximately
1.5 ms.

During this thesis research period R&R measurements have been performed twice. First
a temperature of 380±122 µK was found [159], but recently a lower value of 176±68 µK
was measured [160]. At the time of the first R&R measurements the laser frequency was not
externally stabilized, which might have led to a less well-defined detuning. During the sec-
ond measurement series the laser frequency was actively locked, using saturation absorption
spectroscopy, and the frequency detuning was set such that the fluorescence was maximal.
Note that the Doppler limit for Na is240µK, which is a typical temperature in this kind of
MOT setups. The measured temperature corresponds to a momentum spread of less than 0.01
a.u., which is equivalent to 0.5 m/s.

4.2.7 Vacuum System

Ultrahigh vacuum conditions are reached by a 240 l/s ion getter pump and a titanium sub-
limation pump. Without heating the Na oven a background pressure of 1-2×10−10 mbar is
obtained. In operational mode when the oven is heated to 130-150◦C a Na vapor pressure in
the 0.5-1×10−9 mbar range is reached. These ultra-high vacuum conditions assure that the
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Figure 4.12: Schematic of our Electron Cyclotron Resonance Ion Source (see text).

MOT-cloud is not hindered by background collisions.

4.3 Recoil-ion Momentum Spectroscopy

The ultracold Na atoms in the MOT serve as target for recoil-ion momentum spectroscopy in-
vestigations on electron dynamics occurring in ion-atom interactions. In this section the other
parts of the experimental setup are described. After a brief introduction of the ion source, our
recoil-ion momentum spectrometer is discussed, including the measurement principles and
data analysis. Finally the experimental method used to measure charge transfer from excited
Na is presented.

4.3.1 Ion source and beam transport

The projectile ions are provided by a home-built 14 GHz CAPRICE-type Electron Cyclotron
Resonance Ion Source (ECRIS) [161]. An ECRIS is basically a magnetic bottle which con-
fines a dual temperature plasma, containing hot electrons and cold ions. Multiply charged
ions are produced by means of sequential electron impact ionization.

In an ECRIS plasma electrons gyrate around magnetic field lines according to their cy-
clotron frequencyωc = eB

me
. By applying radio frequency (RF) power the electrons gain en-

ergy at magnetic fields where their cyclotron frequencyωc equals the RF frequency. At a
magnetic field of 0.5 Tωc equals 14 GHz, the RF we use. A schematic of the ECRIS is
shown in figure 4.12. The combined magnetic field of the permanent hexapole magnet and
solenoid coils has a so-called minimum-B configuration, in which the plasma is confined. A
review and historical overview on ECRIS can be found in references [162,163].

The main parameters which have to be tuned to optimize the ion output, are the gas
pressure, RF power (0.1-0.5 kW) and the current of the solenoid on the extraction side of the
source (700-1000 A). The injection solenoid’s current is usually fixed at the maximum value
of the current supply (1000 A). For highly charged ions, the addition of a “support” gas can
strongly increase the output of higher charge states [164]. For example for the production of
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C6+ and O6+ ions, helium is used as support gas.
The ion source can be floated up to voltages of about 26 kV. This voltage defines the

energy of the outgoing ions. The extraction proceeds through a movable puller lens, which
can be put onto negative voltage (0 to a few kV) to improve the beam intensity, especially for
low charge states or low beam energy. Nevertheless the ion yield decreases with decreasing
energy. The lowest source voltage that could be used for the MOTRIMS experiments was∼
3 kV depending slightly on ionic charge states and species.

After the ions are extracted from the source they are selected by a 110◦ magnet accord-
ing to their mass-over-charge ratio. The selected ions are focussed by means of magnetic
quadrupole triplets and guided by 45◦ bending magnets into one of the experimental setups
of the Atomic Physics group. Typical beamline vacuum is≤10−7 mbar, which is low enough
to prevent significant losses due to charge changing collisions with background gas. After
the last bending magnet in front of the MOTRIMS experiment the ions are focussed by a
magnetic quadrupole doublet, after which they pass through a series of four diaphragms. The
first diaphragm with a diameter of 2 mm is located 81 cm from the center of the MOTRIMS
chamber. Between the first and the second (1 mm diameter) diaphragm a chopper system
is placed. By applying a block pulse to one of the two condenser plates of the chopper the
ion beam is swept over the second diaphragm, resulting in a pulsed beam. After that the ion
beam passes two more diaphragms of 1 mm diameter. The last diaphragm is positioned at 20
cm from the collision center. Taking into account the maximum opening angle of the set of
diaphragms one estimates that the ion beam has a diameter of 1.8 mm by the time it reaches
the MOT-cloud [159].

The pressure in the last beamline section before the MOTRIMS chamber is on the order
of 5×10−9 mbar. After passing the MOTRIMS chamber the ion beam is collected in a Fara-
day cup. Typically (continuous) ion beam currents range between 1 and 200 nA, strongly
depending on the energy and charge state of the ions. In general the highest currents are
obtained for high energy, low charge state ions (e.g. 25 keV/amu H+) and the lowest currents
used are encountered for low energy, high charge state ions (1.1 keV/amu O6+, extraction
voltage of 3 kV). For C6+ a few experimental runs have been performed with only∼0.25 nA.

4.3.2 Recoil-ion Momentum Spectrometer

A recoil-ion momentum spectrometer usually consists of two stages. In the first (extraction
region) stage a weak electrostatic field is created to extract the recoil ions from the collision
center. The second stage (drift region) consists of a field free region, in which the recoil
ions travel to the detector. For a homogeneous extraction, first order time focussing of ions
with different starting positions along the extraction field occurs at a drift distance twice
that of the distance travelled in the extraction field. This is the so-called Wiley-McLaren
geometry [165]. Besides time focussing also spatial focussing is of crucial importance for
any RIMS experiment. Spatial focussing means that the electrostatic field geometry corrects
for the target extension perpendicular to the extraction direction.

Besides on the focussing properties the resolution depends on the actual time-of-flight of
the recoil ions: the longer they travel, the larger their pattern, thus the better the resolution.
For a given recoil-ion this depends on the applied voltages and the length of the drift region.
By lowering the voltages defining the extraction field the acceleration is smaller. However
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Figure 4.13: A SIMION simulation of the recoil-ion momentum spectrometer. The spectrometer is
shown on scale and is cylindrically symmetric. The distance between V+ and the first lens ring V1 is
about 8 cm, the drift tube is about 41 cm. The ion beam passes through the center of the extraction
region.

the extraction field should be high enough such that contact potentials do not play a role.
In order to improve the resolution the setup has been modified with respect to the previous

version [26, 147]. The drift region has been lengthened from 8 to 41 cm. As a consequence
the Wiley-McLaren criterium is broken and additional lenses had to be placed in front of the
drift tube to recover or even improve the focussing properties. By means of SIMION ion tra-
jectory simulations [166] optimal field shapes for both spatial and time focussing have been
calculated. SIMION makes use of potential arrays that define the geometry and potentials of
electrodes on which the Laplace equation is solved. It turned out that for our setup one needs
three lens elements in between the extraction and drift region. In figure 4.13 the electrostatic
extraction geometry (cylindrically symmetric) is shown, including equipotential lines calcu-
lated by SIMION. Five voltages are applied. A positive voltage (V+) is applied to the bottom
plate, while the drift tube is at negative voltage (V−). Together they create an electric field
which accelerates the recoil ions from the extraction region to the drift region. The three lens
elements are also on negative voltages (V1,V2 and V3) which can be tuned independently.
Figure 4.14 shows a picture of the lens system. The rings are isolated from each other and
from the drift tube by ceramic spacers. The distance from the bottom plate to the collision
center is 4 cm. The total length of the extraction region including the lenses is 11 cm. The
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Figure 4.14: A close up of the three-ring lens system, which is attached to the drift tube using ceramic
spacers.

drift tube is 41 cm long. For detecting Na+ recoils the voltages used are V+ = +2.0 V,
V− =−4.9 V, V1 =−3.4 V, V2 =−3.7 V, and V3 =−0.5 V. The extraction field is thus less
than 1 V/cm. The whole spectrometer is enclosed in a grounded tube, which contains holes
for access by the laser beams, the ion beam and for observation of the MOT cloud.

After the drift region the recoil ions are detected. The detection system consists of a pair
of chevron-stacked multichannel plates (MCP) in conjunction with a 2D delay line detector
(DLD40). In short the MCPs amplify the recoil signal, while the delay line detector registers
both time and position with a resolution of 500 ps and 0.1 mm, respectively. The complete
detection system, discussed below, including the data analysis software has been developed
by Roentdek [167]. In order to avoid penetration of the MCP high voltage into the drift region,
a superfine electroformed Cu mesh with a 12.5µm wire diameter and 88% transparency is
put at the end of the drift tube in front of the MCP.

The delay line detector registers both the position and the arrival time of the recoil ions.
A delay line anode makes use of the fact that the electron cloud hitting the wire, needs a
measurable, finite time to reach the ends of that wire. The signals from both ends of the wire
are supplied to a time-to-digital convertor (TDC) to register and digitize the arrival times.
The sum of the times gives the duration to propagate along the entire wire (=constant). From
the difference of the two times one can determine the position where the electron cloud has
hit the wire. Two dimensional positioning is achieved by wrapping two wires perpendicular
to each other and by timing the four wire ends with a one-start fourfold stop TDC (HM1).

From the propagation speed of the signal along the delay line wires, 0.71 mm/ns for the
DLD40, the correspondence between position and time in the 2D position image is about
1.42 ns/mm. The TDC is used in its highest resolution mode, in which 1 channel corresponds
to 133 ps. This means that for the raw data the conversion from channels to mm is given by
11 ch/mm. The quoted resolution of 0.1 mm corresponds to 1 channel. The total time range
of the TDC in the high resolution mode is 2.18µs.

The timing scheme of the TDC used is slightly different from earlier measurements [147].
Instead of using a delayed signal from the ion beam chopper to start the TDC, one of the
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Figure 4.15: The timing scheme of the TDC, showing the inputs of the TDC from the delay-line anode
and DLATR6, and the resulting position and time encoding. Part (a) shows the conventional scheme,
also used in [147], while part (b) shows the scheme used in this thesis. The black blocks on the X1, Y1
and Y2 wires represent cable delays assuring that the signal of X2 always arrives earlier than the other
signals. The external trigger signal is derived from the signal that triggers the ion beam pulse.

detector signals (X2) is used as a common start (see figure 4.15). The delayed signal from
the ion beam chopper signal is used as a stop. By using cable delays the other detector stops
(X1,Y1,Y2) will always arrive later than theX2 start. In this arrangementX1 is directly linked
to theX position andX2 is the inverted time-of-flight: 2.18µs - time-of-flight. For theY
position,Y ≡Y1−Y2 still holds. With this scheme the position resolution is independent of
the time-of-flight and moreover the TDC is only started if an event is detected. The latter has
improved the event rate quite drastically since the TDC gets no longer blocked or occupied
by starts which are not followed by stops in all four channels.

The TDC is connected to a PCI I/O card and all detected information is stored event by
event in a listmode file. A C++ based program (CoboldPC: Computer Based On-line and Off-
line Listmode Dataanalyzer [167]) is used to handle and analyze the listmode data. One can
access this list either during data acquisition (on-line mode) or after the experiment (off-line
mode).

4.3.3 Switching the magnetic field

A disadvantage of using a MOT to provide a cold target for recoil-ion momentum spec-
troscopy is the presence of the inhomogeneous magnetic field of the MOT. The slow recoil
ions cross these field lines. This disturbs the recoil image on the detector. For longitudi-
nal extraction the longitudinal momentum component is not affected, because the extraction
is along the field lines, but both transverse momentum components are disturbed [25, 168].
For transverse extraction the longitudinal momentum and one of the transverse momenta are
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Figure 4.16: The decay of the MOT-cloud when either the laser light is turned off (release and recap-
ture) or when the magnetic field is switched off (optical molasses).

affected [146,152]. In part one can correct for these effects.
In order to circumvent this problem completely a current supply has been designed and

built which is able to switch the MOT coils on and off such that during the measurement
cycles the magnetic field is not present. By its design, it is possible to switch off a current
of 80 A within 6.7µs. The “Magnetic Field Switcher” is able to run at frequencies up to 8
kHz. This fast switching could not be used. Switching the high current in the MOT coils at
several kHz causes eddy currents in the stainless steel vacuum chamber, thereby heating the
vacuum chamber. The heating resulted in an increase of the vacuum pressure by two orders
of magnitude.

It was realized that a much lower frequency could be used because of optical molasses
cooling by the laser beams. Fig. 4.16 shows two R&R measurements, one in which the laser
beams are switched off and one in which the magnetic field is switched off but the laser beams
are kept on. The beneficial effect of the optical molasses is obvious. After 20 ms 80% of the
original MOT-cloud intensity is still left.

In order to measure recoils only if the magnetic field is switched off a start signal is
sent to the TDC only if the current of the “Magnetic Field Switcher” is turned off. When
the target density drops, the magnetic field is switched on again to recover the MOT. The
switching frequency is 100-150 Hz, the chopping frequency (i.e. the repetition rate of the
measurement) is 6.5-7 kHz (see figure 4.17). At frequencies well below 1 kHz, no heating
due to eddy currents was observed.

4.3.4 Data analysis

For clarity a schematic of the MOTRIMS setup is shown in figure 4.18, in which also the
momentum axes are indicated. The longitudinal momentum axis is defined by the ion beam,
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Figure 4.17: Schematic representation of our measurement cycle. The magnetic field is switched at a
much lower frequency than the repetition rate of the measurement.

the extraction towards the detector is along theZ-axis. Since the target is unpolarized, the
collision system possesses cylindrical symmetry around the beam axis. Therefore, only the
momenta in longitudinal (plong) and in transverse (ptrans) direction to the ion beam are rele-
vant.

A 2D detector image is depicted in figure 4.19, which shows Na+ recoils resulting from
O6++Na collisions. Perpendicular to theX-direction (the ion beam direction) lines are ob-
served. The lines arise from capture into differentn-shells of O5+. From the projection of the
2D spectrum on theX-axis one can obtain the relative intensities of these lines, as shown in
figure 4.20 (theX-position is converted into Q-value).

To translate the measuredXY-distribution into the physical quantities of interest the fol-
lowing transformations have to be made. The longitudinal direction, i.e.X-direction, is
perpendicular to the extraction field, which means that no external force is acting in this di-
rection. Therefore the relation between the longitudinal momentumplong and theX-position
of the recoil-ion on the detector is given by

plong = M
X
T

, (4.2)

in which X is theX-position of the recoil-ion on the detector,M is the mass of the recoil-
ion, T is the time-of-flight. The spread inT for a given recoil charge state is usually small
compared to the total time-of-flight. For instance, in the normal extraction settingT = 63
µs for Na+ recoils, while the FWHM of the Na+ time-of-flight peak is smaller than 0.5µs.
ThereforeT can be taken to be a constant. This implies that the longitudinal momentum is
simply proportional to theX-position on the detector [112], i.e.,

plong≈ αX, (4.3)

in which constantα links a positionX in channel numbers to a momentum in atomic units.
Constantα takes different values for different extraction potentials and recoil charge states,
because it scales with the time-of-flight. Finally, the Q-value spectra can be obtained from
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Figure 4.18: Schematic view of the experimental setup. The magneto-optical trap consists of three sets
of counterpropagating laser beams and two coils (not shown) producing the anti-Helmholtz magnetic
field configuration. The Nar+ recoils are extracted upward in a weak electric field (typically< 1 V/cm)
towards the 2D detector. The axis of the coils (not shown) producing the anti-Helmholtz magnetic field
configuration are perpendicular to the ion beam axis and the extraction field.

rewriting equation 3.10,

Q = vp(plong+
1
2

rvp). (4.4)

The transverse momentum,ptrans, is a 2 dimensional vector, with componentsptrans,y and
ptrans,z. Its magnitude is given by

ptrans =
√

p2
trans,y + p2

trans,z. (4.5)

Experimentally the transverse momentum components are obtained in quite different ways.
Because theY-direction is perpendicular to the extraction direction the same argumentation
can be made as for the longitudinal momentum,

ptrans,y ≈ αY. (4.6)

Note thatα is exactly the same as in case ofplong (equation 4.3).
The momentum componentptrans,z is less trivial to obtain, because the recoils are accel-

erated along theZ-axis. It is connected to the time-of-flight via the following equation,

T =
−vtrans,z+

√
v2

trans,z+2zea

a
+

zd√
v2

trans,z+2zea
, (4.7)
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Figure 4.19: XY-distribution of Na+ recoils resulting from 2.25 keV/amu O6++Na collisions. The
projectile direction is along theX-axis. The lines are due to one-electron capture into differentn-shells.

in which vtrans,z = ptrans,z/M, ze the distance from the collision center to the entrance of the
drift region,zd the length of the drift region. The accelerationa is given bya = rEz/M, in
whichEz is the electric field. The derivation of equation 4.7 assumes a homogeneous electric
field. For an inhomogeneous field it can still be applied by takingEz as the “effective” electric
field experienced by the recoil ions. The exact inversion of equation 4.7, needed to calculate
ptrans,z, is rather complicated [111]. One can circumvent this problem by again using the fact
that differences in time-of-flight between the recoil ions are small as compared to the average
time-of-flightT0 = T(vtrans,z = 0). Expanding equation 4.7 aroundT0 leads to the relation

∆t ≡ T−T0 ≈−vtrans,z

a
, (4.8)

in which ∆t can take positive and negative values depending on the sign of vtrans,z. A re-
coil momentum directed towards the detector has a positive vtrans,z and arrives earlier at the
detector than a recoil-ion with zero momentum in theZ-direction, thus∆t < 0.

Most importantly, only the deviation fromT0 is needed to obtain the transverse momen-
tum in theZ-direction, which can be represented as

ptrans,z≈−β∆t, (4.9)
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Figure 4.20: Q-value spectrum of Na+ recoils, resulting from 2.25 keV/amu O6++Na collisions, ob-
tained from projecting theXY-distribution shown in figure 4.19 onto theX-axis. The measuredX-
position is related to the Q-value via equations 4.2 and 4.4.

in which β is a constant depending on the extraction potential and geometry. This approxi-
mation is valid if the initial kinetic energy of the recoil-ion is much smaller than the energy
gained in the extraction field, i.e.p2

trans,z/2M¿ rEzze. This condition is fulfilled even for the
lowest extraction fields used. For example, a field strength of 0.5 V/cm over 7 cm leads to an
extraction energy of 3.5 eV. Typical transverse momenta are smaller than 1 a.u. which corre-
sponds to a kinetic energy of less than 1 meV, which is thus more than a factor 1000 smaller
than the energy gained in the extraction field. For recoil momenta much larger than 1 a.u.,
one also uses higher extraction fields to collect all or almost all recoil ions on the detector.

For the Na+ recoil spectra typically a resolution of 0.1 a.u. (corresponding to 5 m/s)
was achieved in the longitudinal,plong and in one of the transverse directions,ptrans,y. This
resolution is obtained with the voltage settings listed above, and allows to resolve the main
n-shell capture channels. The extraction is efficient enough to extract all recoil ions towards
the detector. A longitudinal momentum spectrum of Na+ recoils resulting from He2++Na
collisions is shown in figure 4.21. The resolution is defined by the width of the capture
peaks, which are assumed to be Gaussian shaped. From this spectrum it is also seen that the
signal-to-noise ratio is so high that even the weakn = 2 capture channel can be observed.

For higher charge state recoils the resolution is somewhat worse. For a given extraction
potential the time-of-flight is inversely proportional to the square root of the charge state,
which means that the momentum image on the detector is compressed for higher charged
recoils. Also higher extraction potentials are usually needed to collect all recoils, because
they have larger transverse momenta as compared to the Na+ recoils. This shortens the time-
of-flight somewhat and therefore the resolution is reduced.

Recently the resolution of the apparatus has been improved to 0.07 a.u. (3 m/s) by lower-
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Figure 4.21: A longitudinal momentum spectrum of 4 keV/amu He2++Na(3s). Capture inton = 3 and
n = 4 can be clearly separated. The inset shows the same spectrum on a log scale, from which capture
into n = 2 can be seen. The resolution obtained is 0.1 a.u.

ing the extraction voltages to half of their values. By further reducing the extraction voltages
the recoil patterns start to become distorted. This might be due to contact potentials and stray
fields. Figure 4.22 compares a 0.1 and 0.07 a.u. resolution spectrum of Na+ recoil from
6 keV/amu13C6++Na(3s) collisions. Practically a better resolution means that one can ex-
tract the probability of capture into highern-shells. Note that the momentum spread of the
target atoms is≤ 0.01 a.u. (section 4.2.6) which is still well below our resolution of 0.07 a.u..

Because of better resolution in the position than in the timing (a 30 ns ion pulse width
corresponds to a momentum spread of more than 0.2 a.u.) the transverse momentum distribu-
tion is deduced from the position distribution alone. Due to the cylindrical symmetry around
the beam axis the projection of the transverse momentum distribution onto the measured one
(ptrans,y) is described by an Abel transformation [146]. Directly applying the inverse Abel
transformation to obtain the transverse momentum distribution turns out to be quite sensi-
tive to statistical noise. Therefore we have used a different, iterative method (see [169] and
appendix B), originally developed by Vrakking [170] to extract velocity and angular distri-
butions from two-dimensional ion/photoelectron imaging experiments.

For low count rate and noisy data, unphysical features may still show up. To overcome
this an extra smoothing procedure was introduced. The raw ptrans,y distribution was fitted by
smooth functions. It has been found that spectra are well fitted by a few Gaussian distribu-
tions. The Gaussians are then used as input for the iterative method. Note that also the direct
application of the inverse Abel transformation is possible, but due to its ease, the iterative
method was preferred. Figure 4.23 illustrates the smoothing and transformation procedure
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Figure 4.22: Comparison of longitudinal momentum spectra of Na+ recoils resulting from 6 keV/amu
13C6++Na(3s). One spectrum is taken with the best resolution of 0.07 a.u. (—) and the other one with
a typical resolution of 0.1 a.u. (· · · ).

using the data of one-electron capture inton = 3 andn = 4 for 3 keV/amu He2++Na. The
ptrans,y raw data are smoothed using three Gaussian distribution. The iterative method is ap-
plied to both the raw data as well as the smoothed distribution. Comparing the results shows
almost identical distributions for then = 3 channel, while for then = 4 channel the noise in
the raw data seems to be amplified in the end result. The smoothing procedure is especially
of use for low statistics data. One has to realize that this smoothing procedure reduces the
resolution in ptrans. In general not much structure was observed in theY-distributions.

The transverse momentum is linked to the scattering angle,θ , by

ptrans = mpvpθ , (4.10)

wheremp and vp are the mass and the velocity of the projectile, respectively. Equation 4.10 is
valid for small angles. For one-electron capture this condition is nearly always fulfilled (θ <
1 mrad). From the transverse momentum distribution one can obtain the differential cross
section (DCS), which simply means that one plots the cross section as a function of scattering
angleθ . By selecting the transverse momenta within a specific longitudinal momentum bin
the DCS for specific capture channels can be obtained.

In conclusion, the only two recoil momentum components needed to obtain all the infor-
mation, i.e. Q-value and scattering angle, areplong and ptrans,y. As explained above these
components can be determined to a very good approximation independently of the time-of-
flight. From this, and from the fact that the amount of Na+ recoils is much larger than that
of the other Nar+ recoils (see below), it was realized that Na+ recoil spectra could also be
obtained with a continuous instead of a pulsed ion beam. The detector trigger is synchro-
nized with the switching scheme of the AOM’s. Main advantage is the much higher count
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Figure 4.23: TheY-distributions of one-electron capture inton = 3 (a) andn = 4 (c) for 3 keV/amu
He2++Na collision, showing raw data (¥) and fitted distribution (—), using three Gaussian functions
(· · · ). The results of applying the inverse Abel transformation using the iterative method to obtain the
transverse momentum distributions is shown in panel (b) and (d).

rate, which means that also good statistics can be obtained in the weak capture channels. The
possible Na2+,3+,... recoils do not disturb the spectra significantly, not only because of their
small cross section with respect to the Na+ recoils, but also because their momenta are is
much higher, which means that not all of them reach the detector. Comparing Na+ recoil
spectra obtained from a pulsed and a continuous beam confirmed that this method could be
applied.

For measuring the higher charge state recoils a pulsed ion beam is unavoidable. In this
case the detector was triggered such that the time-of-flight peak of the Nar+ recoils of interest
falls inside the 2µs time window of the TDC. A reasonable Na+ spectrum can be obtained
within a few minutes. Longer times up to one or two hours are needed to obtain good statistics
in the weak channels.

4.3.5 Calibration of the recoil spectra

For the Na+ recoils the zero-point calibration of the recoil spectra and the conversion from
XY-channels to momenta is relatively easy because of the discrete nature of the longitudi-
nal momenta. For one-electron capture the main capture channels are well known. From
the binding energies of these, the corresponding longitudinal momenta are calculated using
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equation 3.10. Identifying two capture lines is sufficient to find the conversion from channels
to momenta (i.e. constantα, cf. equation 4.3) and to determine the zero point. For the normal
extraction settings this conversion is typically 55 ch/a.u., i.e., 1 a.u. of momentum is covered
by 55 channels. A resolution of 0.1 a.u. means that the FWHM of the capture peaks covers 5
or 6 channels. For the recently applied lower extraction settings, the recoil image is enlarged
on the detector and a conversion around 80 ch/a.u. was found.

For the higher Nar+ recoil charge states, the spectra exhibit very often no sharp capture
features. Here one takes advantage of the so-called “MOT-ions”, which are Na+

2 molecules
produced via associative ionization of excited Na atoms [171,172],

Na∗(3p)+Na∗(3p)→ Na+
2 +e−. (4.11)

The production of these ions depends quadratically on both the MOT density and the excited
fraction [173]. Because these ions are produced with almost no kinetic energy, i.e. zero
momentum, they can serve to mark the zero position. Of course this could also lead to an
unwanted contribution in the recoil spectrum. For the Na+ recoil spectrum this contribution
is usually not significant. In case of higher charge state recoils the situation is quite different,
and this part of the spectrum has to be cut out off-line to insure that the MOT-ions do not
contribute to the momentum spectra.

Using the well-known Na+ recoil spectrum it was found that the position of MOT-ions
does slightly differ from the zero position. This can be explained by imperfections in the
extraction field or stray magnetic fields leading to a displacement perpendicular to the extrac-
tion direction. Such a displacement will depend on the mass-over-charge ratio. Assuming
that the dependence is similar to that of the time-of-flight, namely proportional to the square
root of the mass, the difference in zero-position of the Na+ (M = 23) recoils and the MOT-
ions (M = 46) can be used to determine the “real” zero-point of the other recoil charge states.
Any recoil measurement of higher charge state recoils has to be accompanied by a measure-
ment of the Na+ recoils in the same experimental settings. Also the conversion of channels
to momenta obtained from Na+ recoils can be used for the higher charge state recoil spectra,
realizing that this conversion depends linearly on the time-of-flight (see equation 4.2 and 4.3).
Thus the conversion factor scales with the square root of the recoil-ion’s charge state.

4.3.6 Extracting partial cross sections

From the Na+ Q-value spectra the relative cross sections of the different processes can be
extracted. The relative contributions of capture into the differentn-shells are obtained by
fitting the spectra, assuming Gaussian peak shapes. This fitting is usually only possible for
capture peaks that are sufficiently resolved. Therefore separate partial cross sections are only
determined up to a certainn-shell. For highern-shells one can obtain only summed cross
sections.

Na+ recoils can also be created by single ionization. This process leads to values ofQ
larger than the ionization potentialI = 5.14eV. It can be shown that ionization events cannot
appear at the capture side of the recoil spectrum and for those recoils

plong >
I

vp
− 1

2
vp. (4.12)
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ThereforeQ = I marks the Q-value boundary between capture and ionization contributions
[115, 174, 175]. Taking the experimental resolution into account and assuming a continuous
decrease for Q→I (n→∞) the relative contributions of capture into high-n shells and ioniza-
tion can be extracted. Furthermore, one can show that the Q-value of the ionization part of
the spectrum is directly connected to the energy of the emitted electron in the projectile frame
(see appendix C).

If nmax is the highestn-shell for which separate cross sections can be obtained by the
fitting procedure, then the sum contribution of capture inton > nmax, i.e.,

σ rel
n>nmax

≡
∞

∑
n=nmax+1

σ rel
n , (4.13)

is determined as follows:

σ rel
n>nmax

= σ rel
tot −

nmax

∑
n=1

σ rel
n −σ rel

ion, (4.14)

in whichσ rel
tot is the total recoil spectrum,∑nmax

n=1 σ rel
n the contribution of the capture peaks that

can be fitted individually andσ rel
ion is the ionization contribution.

The separation of capture and ionization processes is not only possible for Na+ recoil
spectra, but also for higher recoil charge states. For example, in Na2+ recoil spectra transfer
ionization can be separated from two electron capture. Appendix C presents more details on
extracting the ionization part of the recoil spectrum.

4.3.7 Absolute cross sections

The relative cross sections for electron capture and ionization are obtained from the Q-value
spectra. In order to compare directly with theory and other experiments, one would like to put
the results on an absolute scale. It has turned out that it is not readily feasible to achieve an
absolute calibration better than 50% because we have to control many if not all experimental
parameters quite precisely. These parameters are the number of incoming ions, the ion beam
profile, the target density and the overlap between the ion beam and the target cloud. The
number of ions is easily accessible by measuring the ion beam current in a Faraday cup.
The beam profile is difficult to determine. It can be estimated from the positions and sizes
of the diaphragms. For the target density both the number of trapped atoms and the target
profile is needed. The latter can be obtained from the CCD images which are taken during the
experiments, but the number of trapped atoms cannot be obtained very accurately. Secondly,
but most importantly, the exact knowledge of the overlap between the ion beam and the
target cloud is very difficult to obtain (see also discussion in [152]). Therefore, our data are
normalized to absolute cross sections available in the literature. Knowing an absolute one-
electron capture cross section (σcap) our relative partial capture cross sections (σ rel

n ) can be
made absolute by normalizing the sum of all capture channels toσcap, i.e.,

σn =
σ rel

n

∑n σ rel
n

σcap. (4.15)
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Figure 4.24: A time-of-flight spectrum of recoils resulting from 6 keV/amu He2++Na collisions.

The absolute cross section for ionization is obtained via

σion =
σ rel

ion

∑n σ rel
n

σcap. (4.16)

4.3.8 Time-of-flight measurements

Because the time-of-flight window of the TDC is 2.2µs whereas ions with different charge
state arrive typically more than 5µs apart, only the momenta of one recoil charge state can be
measured at a time. In order to compare the relative cross sections for different recoil charge
states time-of-flight measurements were performed. One of the detector’s delay line signals
is used to stop a TAC (Time-to-Amplitude Convertor), started by the chopper signal. The
TAC can handle times up to 300µs. To have full detection efficiency for all recoil charge
states extraction fields of 2 to 20 V/cm were used.

Besides the Nar+ peaks also contributions from the background appear in the time-of-
flight spectra, mostly from H2O+, H+

2 and H+. Figure 4.24 shows a typical time-of-flight
spectrum resulting from 6 keV/amu He2++Na collisions. Note that the presence of back-
ground recoils is enhanced because they are formed along the whole ion beam path “seen”
by the detector (∼ 5 cm), while the Na target has a diameter≤1 mm only.

By integrating the Nar+ peaks one obtains relative cross sections for one- or more-
electron removal. Typically the amount of Na2+ is only a few percent of Na+. Knowing the
Na+ production cross section also for multi-electron removal processes the absolute cross
section can be obtained.
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4.3.9 Collisions with excited Na

As already pointed out the MOTRIMS experiments are very suitable to study charge transfer
from excited atoms (see section 3.3). Here the experimental method used to study collisions
with Na atoms in the excited3p state is described.

For the experiments with ground state Na the AOM’s are periodically switched, such that
during the collisions no laser light is present and all Na atoms have decayed to the ground
state. Without this switching the recoil spectra contain contributions from collisions on both
ground state, Na(3s), and excited state, Na∗(3p). In order to extract the contribution from
the latter, recoil spectra with and without switching the AOM’s have to be subtracted in an
appropriate manner.

We define the cross sections for the production of Na+ recoils from Na in the ground state
to beσ (3s) and with Na in the excited stateσ (3p). If the laser beams are off the recoil signal
Soff is given by:

Soff = Aσ(3s), (4.17)

in which A is a constant depending on various experimental parameters. If the laser beams
are on, the recoil signalSon is given by:

Son = B[(1− f )σ(3s)+ f σ(3p)] = B(1− f )[σ(3s)+
f

1− f
σ(3p)], (4.18)

In case all experimental conditions are the same when measuringSoff andSon, thenA = B.
Parameterf is the excited fraction, i.e. the fraction of Na∗(3p) atoms.

Two approaches to extract the contribution from Na∗(3p) can be followed. The simplest
way is to normalize bothSoff andSon spectra on a capture peak resulting from the ground
state and well resolved from any excited Na contribution. Calling the cross section of this
normalization channelσ(3s)norm, then the normalized recoil signalsSoff

norm andSon
norm are given

by:

Soff
norm =

Soff

Aσ(3s)norm
= σ(3s)/σ(3s)norm, (4.19)

and

Son
norm =

Son

B(1− f )σ(3s)norm
= σ(3s)/σ(3s)norm+

f
1− f

σ(3p)/σ(3s)norm, (4.20)

from which it is easily seen that by subtracting these normalized signals the contribution from
the ground state is removed:

S3p = Son
norm−Soff

norm =
f

1− f
σ(3p)/σ(3s)norm = Cσ(3p), (4.21)

wherebyC is a constant. From the resulting spectrumS3p the relative partial cross section can
be obtained. From this procedure only relative partial cross sections of capture and ionization
from the excited state can be obtained. To obtain absolute cross sections one needs to know
the excited fractionf .

A second approach is based on having equal experimental conditions, i.e.A = B. These
conditions can be met in measurements of a few minutes and by actively monitoring the
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ion beam current. By measuring alternatingly spectra with and without excited atoms, the
stability of the experimental conditions can be checked off-line. Explicitly, forA= B one can
write down equation 4.17 and 4.18 in the following forms:

Soff = Aσ(3s) (4.22)

Son = A[(1− f )σ(3s)+ f σ(3p)]. (4.23)

To subtract these signals directly one needs first to determine the excited fractionf . This
can be done by looking at the decrease of the normalization peak which is solely due to
Na(3s) [143,176]. In comparingSoff andSon this peak should be lowered by a factor (1-f ).

After one has foundf the two signals have to be subtracted in the following way:

Son− (1− f )Soff = A fσ(3p). (4.24)

The ratio between one-electron removal from Na(3s) and Na∗(3p) is now given by:

σ(3p)/σ(3s) =
Son− (1− f )Soff

f Soff . (4.25)

Advantage of this method is the determination of the ratio of Na+ recoil production from
excited and ground state Na. If absolute cross sections for Na(3s) are available, also processes
connected to the excited state can be put on an absolute scale. Typical excited fractions were
about 15-20%, which is clearly lower than the 30% found in previous TES [177] and PES [88]
measurements. A possible explanation is the direct use of the near-resonant laser light applied
for cooling and trapping, and not resonant light.

A similar scheme is used by the Kansas group in their MOTRIMS experiment [27, 144,
168]. However, in their case the AOM switching status is added directly to the data acquisi-
tion, labelling each recoil event whether to originate from an on or off period. This could not
be applied here because the used TDC does not allow to integrate this information into the
data collection.

As a final remark on the properties of the excited atoms, one assumes taht the sample of
Na∗(3p) atoms in a MOT is unpolarized. Because the cold atoms are excited by three orthog-
onal pairs of counterpropagating laser beams there is no preferred alignment or orientation
direction with respect to any quantization axis. One can consider equal populations for the
m-substates or equivalently for the atomic orbitalsσ , π+ andπ− of the Na∗(3p) state. Thus
in comparing ourσ(3p) cross sections with previously reported cross sections of capture
from aligned or oriented Na∗(3p), one has to take the average over them-substate or atomic
orbital specific cross sections, i.e.,

σ(3p)MOT =
1
3

[σ(3p0)+σ(3p+1)+σ(3p−1)] (4.26)

=
1
3

[
σ(3pσ)+σ(3pπ+)+σ(3pπ−)

]
. (4.27)

Further remarks on the alignment and orientation description of Na∗(3p) and the polarization
properties in the MOT are given in appendix D.



Chapter 5

Inner- and outer-shell electron
dynamics in H++Na(3s) collisions

5.1 Introduction

Collisions between protons and alkali atoms have been studied extensively in the past. In
1964 Donnally et al. [178] reported first measurements on cross sections for the production
of metastable H(2s) in H++Cs collisions. The study of this charge exchange reaction was
motivated by the development of spin polarized ion sources. The choice for an alkali target
over the earlier proposed molecular hydrogen target as donor to feed the H(2s) channel [179]
was taken because for alkalis the ionization energies are lower and the energy defects with
the H(2s) state smaller. This leads to larger cross sections which maximize at lower impact
energies. The latter facilitates the separation of the metastable hydrogen atoms from the beam
of protons by electric or magnetic fields. Soon after, charge exchange on alkalis was proposed
to be the first step in the production of polarized negative hydrogen ions [180]. From the
1970’s on the motivation to study collisions between protons and alkali atoms shifted towards
fusion research (see e.g. [181,182]).

From a theoretical perspective, an appealing feature of ion–alkali-atom collision systems
is the shell structure of the alkalis, i.e., a single valence electron outside closed inner shells. It
suggests the applicability of quasi-one-electron models in which the dynamics of the loosely
bound outermost electron is governed by the joint Coulomb potential of projectile and tar-
get nuclei and an effective potential due to “frozen” inner-shell electrons. Ion–alkali-atom
collisions have been valuable test beds for advancing methods to solve the one-electron time-
dependent Schrödinger equation because true one-electron systems, i.e., collisions of bare
ions on atomic hydrogen, are difficult to handle and control experimentally. Almost all re-
ported quantum mechanical and classical calculations concerning alkali-atom targets rely on
the one-electron approximation.

For the H++Na(3s) collision system, measurements of total cross sections for one-electron
capture in the low keV/amu impact energy range are manifold [183–185]. At higher impact
energies, also cross sections for two-electron removal were obtained [13,186]. These studies

69
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Figure 5.1: Q-value spectrum of Na+ recoil ions after p-Na collisions at 14 keV/amu. Main contri-
butions come from outer-shell capture (OSC), of which capture into H(1s) and H(n = 2) are indicated.
Outer-shell ionization starts beyond Q = 5.14 eV. On top of the ionization tail the inner-shell capture
(ISC) contributions appear. Clearly visible are the two contributions from ISC into H(1s) in combina-
tion with Na+(2p53s) and Na+(2p53p) as final state. The line through the data is drawn to guide the
eye.

showed that the cross sections for single electron capture are around 1×10−14 cm2 below 5
keV/amu, after which they decrease to about 3×10−17 cm2 at 100 keV/amu. From impact
energies of 20 keV/amu on ionization dominates the production of Na+ ions. Besides total
one-electron cross sections, experimental work has been done on measuring the Lyman-α
emission, i.e. H(2p→1s) decay [187–189]. The resulting line-emission cross sections repre-
sent the partial cross sections for capture into the2p subshell, which is the main channel for
one-electron capture. In a similar way, using quenching methods, cross sections for capture
into the metastable2s subshell were obtained [190,191].

These experimental studies were followed and inspired by theoretical progress in cou-
pled channel calculations, using molecular [192–194] or two-center atomic basis set expan-
sions [195–197]. Most recent theoretical work on charge transfer in keV H++Na(3s) col-
lisions is based on two-center 36 atomic orbital expansion (TCAO36) [198], two-center 70-
state Sturmian-pseudostate expansion (TCSAO70) [199] and classical trajectory Monte Carlo
(CTMC) calculations [90].

These one-electron models have been employed with some success. However, the the-
oretical calculations typically showed a much steeper decrease of the cross section towards
higher impact energies than experimentally observed. The cross sections even seem to flatten
out. The necessity to improve the models became apparent already some twenty years ago,
when measurements of multiple-electron removal from lithium and sodium atoms by proton
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final states Q-value (eV)
OSC H(n = 1)+Na+(2p6) -8.46

H(n = 2)+Na+(2p6) 1.74
Hn = 3)+Na+(2p6) 3.63
H++Na+(2p6)+e− ≥5.14

ISC H(n = 1)+Na+(2p53s) 24.5
into H(n = 1)+Na+(2p53p) 28.7

n = 1 H(n = 1)+Na+(2p53d) 32.5
H(n = 1)+Na+(2p54s) 32.7

H(n = 1)+Na2+(2p5)+e− ≥ 38
ISC H(n = 2)+Na+(2p53s) 34.7
into H(n = 2)+Na+(2p53p) 38.9

n = 2 H(n = 2)+Na+(2p53d) 42.7
H(n = 2)+Na+(2p54s) 42.9
H++Na2+(2p5)+2e− ≥ 52.3

Table 5.1: Q-values of relevant final states after one-electron capture processes in H++Na(3s) colli-
sions, grouped in either OSC or ISC. Also the Q-values related with the onset of single ionization,
transfer ionization and double ionization are given.

or helium-ion impact were reported [13].
Here electron capture and ionization processes in H++Na(3s) collisions have been studied

in the energy range of 4–25 keV/amu. Cross sections for capture and ionization, as well as
state selective and differential cross sections for outer-shell capture (OSC) into then = 1,
n = 2, andn≥ 3 shells of hydrogen have been obtained. Besides charge transfer processes
involving the outer-shell electron of Na, also inner-shell capture (ISC) processes have been
observed. Note that while OSC in this collision system has been studied extensively, direct
identification of pure ISC has not been reported so far.

To introduce this collision system a Q-value spectrum of Na+ recoils is shown in fig-
ure 5.1. Several processes can be recognized in this spectrum. In the OSC part of the spec-
trum (Q < I , whereI = 5.14 eV is the ionization potential of Na) one can distinguish the
contributions of OSC into H(1s) (Q = −8.46 eV) and H(n = 2) (Q = +1.74 eV) which is
the main capture channel. Capture into highern states cannot be resolved. Ionization of the
outer-shell electron leads toQ > I . On top of the ionization tail the ISC contribution from
the 2p shell is found. Although ionization and ISC can have the same Q-value, the latter
can be recognized because it gives rise to capture peaks on top of the continuous ionization
spectrum. The two main peaks in this part of the Q-value spectrum arise when an inner-shell
2p electron is captured into H(1s) and the target is left in either an excited Na+(2p53s) or
Na+(2p53p) state. The smaller peaks are not identified unambiguously, but are related to
more highly excited Na+ states or ISC into excited hydrogen, H(n≥ 2). The Q-values of
the relevant OSC and ISC channels are given in table 5.1. The maximum Q-value for ISC is
Q= 52.3 eV and occurs when the outer-electron is just excited to the continuum of the target
and the inner-shell electron is captured into the continuum of the projectile.

To summarize the processes under investigation, we distinguish between processes in
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Figure 5.2: Total one-electron capture cross sections for H++Na(3s) collisions as function of impact
energy. Experiment: Ebel and Salzborn [184] (¤); Aumayret al[185] ( ¥); DuBois [13] (◦). Theory:
TC-BGM results for total capture (—), and for OSC capture (– –); TCSAO70 [199] (· · · ).

which only the outer-shell is active, i.e.,

H+ +Na(2p63s) → H(n)+Na+(2p6), outer-shell capture, (5.1)

H+ +Na(2p63s) → H+ +Na+(2p6)+e−, outer-shell ionization, (5.2)

and processes in which also the2p-shell contributes,

H+ +Na(2p63s) → H(n)+Na+(2p5n′l ′), n′ ≥ 3, inner-shell capture, (5.3)

H+ +Na(2p63s) → H(n)+Na2+(2p5)+e−, transfer ionization. (5.4)

The experimental results are presented in conjunction with recent TC-BGM calculations.
The general features of this close coupling scheme are discussed in section 2.5.1. For the
H++Na(3s) collision system the basis included the undisturbed statesϕ0

v (r) of the Na target
(n = 2− 4 shells, 19 states) and of the projectile (n = 1− 5 shells, 35 states), as well as
49 pseudostates from the set{χµ

v (r , t),µ ≥ 1,v≤ Vt} up to orderµ = 6, in whichVt is the
finite set of target states. A set of 26 impact parameters in the range 0.22 a.u.≤ b≤ 30 a.u.
was used, while the integrations have been restricted to impact parametersb≤ 5 a.u. for the
inner electrons. Physically this restriction is fully justified, since the inner-shell electrons are
tightly bound.

Figure 5.2 summarizes the total cross sections for one-electron capture. Previous experi-
ments [183–185] and theoretical calculations [197, 199] are in very good agreement for low
energy, but above 40 keV/amu discrepancies are found. Compared with the measurements
of DuBois [13] theory underestimates one-electron capture by up to an order of magnitude.
The TC-BGM calculations for total capture, including also the2s- and2p-shell, follow the
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Figure 5.3: Q-value spectrum of Na+ recoils for 8 keV/amu H++Na(3s) collisions. The dominant
channel atQ = +1.74 eV is capture into H(n = 2). For Q > 5.14 eV the spectrum contains the Na+

recoils produced by ionization. The inset shows a close-up of the weak H(n= 1) capture channel. Lines
are drawn to guide the eye.

experimental cross sections, while the pure OSC results are in agreement with previous cal-
culations. From these observations one can already conclude that the high energy behavior
of the cross sections is due to the participation of inner-shell electrons.

5.2 Outer-shell processes

First the pure outer-shell processes, i.e. single outer-shell capture or ionization will be con-
sidered. In the Q-value spectra these processes appear atQ < 24.5 eV. A typical Q-value
spectrum of Na+ recoils resulting from 8 keV/amu H++Na(3s) collisions is shown in fig-
ure 5.3. The energy dependence of pure outer-shell processes is illustrated in figure 5.4. Two
effects can be seen directly. First of all the state selectivity is lost with increasing collision en-
ergy. At 4 keV/amu 85% of the intensity is due to capture into the H(n= 2) shell, while at 10
keV/amu ionization is equally strong as this channel. Above 16 keV/amu capture into higher
shells is equally probable as capture inton= 2. Secondly, the ionization distribution is shifted
towards higher Q-values. One can show that the Q-values of ionization processes are directly
connected to the energy of the emitted electrons in the projectile frame (see appendix C). At
low projectile energy most of the emitted electrons are projectile centered (electron capture
into the continuum), thus having very low energy in the projectile frame. But with increas-
ing projectile velocity, ionized electrons strand in between the target and the projectile. At
E = 25 keV/amu target centered electrons would correspond to an energy of 13.6 eV in the
projectile frame, appearing atQ = 18.7 eV (see chapter 10 for a general discussion on single
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Figure 5.4: Compilation of Q-value spectra of Na+ recoils resulting from H++Na(3s) collisions. The
positions of capture into H(n = 1) and H(n = 2) are indicated, as well as the onsets for ionization and
inner-shell capture (ISC).

ionization).
The relative contributions of capture into then= 1 andn= 2 shells are obtained by fitting

the spectra, assuming Gaussian peak shapes. The amount of ionization is determined as
described in section 4.3.6. Subtracting these contributions from the spectrum one obtains the
partial cross section for capture inton≥ 3. Absolute calibration is obtained by normalizing
the total one-electron capture contribution to the earlier mentioned absolute cross sections
[13,183–185], shown in figure 5.5.

5.2.1 One-electron capture

In this section results on one-electron capture from the outer-shell will be discussed. Our
partial cross sections together with the TC-BGM results for capture inton = 1, n = 2 and
n≥ 3 are shown in figure 5.6. Capture into the hydrogen ground state, H(n = 1), shows
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Figure 5.5: Experimental total one-electron capture cross sections forH++Na(3s) collisions: Ebel and
Salzborn [184] (¤); Aumayr et al [185] ( ¥); DuBois and Toburen [183] (4); DuBois [13] (◦). The
solid curve indicates the cross sections used to put our data on an absolute scale.

only a weak dependence on the projectile energy. Good agreement is found between the
experimental results and the TC-BGM calculations.

Figure 5.7 shows the partial cross sections in comparison with previous theoretical work
employing close-coupling [197–199] and CTMC [90] methods. The TC-BGM results for
capture inton = 1–4 are generally in good agreement with previous calculations. Neverthe-
less, some remarks can be made. The high energy behavior of then = 1 capture channel
coincides with TCAO36 [198], but deviates from TCSAO70 [199], which predicts a steeper
decrease of the cross section. Cross sections for capture inton = 5 have not been considered
earlier. The TC-BGM calculations for this channel show a shape similar to H(n = 4), but are
smaller by a factor of 2. The good agreement between experimental results and TC-BGM for
H(n≥ 3) suggests that the inclusion of projectile states up to then = 5-shell is sufficient to
model electron capture at energies<50 keV/amu. Here also the sum cross sections of capture
into n = 3 andn = 4 for TCAO36 and CTMC are included.

Despite many experimental investigations, systematic studies of then-shell selective cross
sections are rather scarce. Besides the already mentioned cross sections for capture into H(2s)
and H(2p), relative cross sections in the energy range of 0.3–3 keV/amu for capture into
H(n = 2) and H(n≥ 3) have been obtained by Royeret al by means of time-of-flight energy
loss measurements [200]. By normalizing their H(n = 2) results on theoretical calculations
of Allan et al [193], absolute cross sections for capture into H(n≥ 3) were obtained, which
are also shown in figure 5.7.
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Figure 5.6: Shell selective electron capture cross sections for H++Na(3s) collisions. Symbols represent
the present MOTRIMS results while the curves are calculated by the TC-BGM method. There is a
systematic uncertainty of 10–20% in our data due to the normalization procedure.

5.2.2 Single ionization

Figure 5.8 shows the cross sections for single outer-shell ionization. Our experimental results
and TC-BGM calculations are compared with TCSAO70 [199], CTMC [90] and previous ex-
periments [13,186]. From the TC-BGM calculations the total single ionization cross sections
and the contribution of outer-shell ionization are shown. Obviously – and in contrast to the
capture case – contributions from inner shells are unimportant over the whole range of impact
energies (2−100keV/amu). This is of course no surprise, since ionization yields are mainly
determined by the binding energies of the electrons in the initial state.

The present experimental data show the strong increase of the ionization cross section
up to 20 keV/amu. There is reasonable agreement with TC-BGM up toE = 20 keV/amu.
At higher energies TC-BGM underestimates experimental data, although the difference de-
creases towards the highest energies. A possible reason for this discrepancy could be con-
tributions from autoionizing doubly-excited Na states, which are ignored in the TC-BGM
calculation. However, an estimation using a multinomial evaluation of multiple excitation
yielded contributions two orders of magnitude smaller than the total single ionization cross
section [72]. The contributions are that small because of the high binding energy of the2p-
shell electrons. Therefore, the discrepancies aboveE = 20 keV/amu remain unexplained at
present. At low energy the CTMC calculations show a similar energy dependence as obtained
by TC-BGM but yield somewhat lower values.
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Figure 5.7: Similar as figure 5.6, including previous theoretical work and partial cross sections for
capture into H(n = 3), H(n = 4) and H(n = 5). Present experimental data (¥), Royeret al [200] ( ¤);
theory: TC-BGM (—), TCAO36 [198] (– –), TCSAO70 [199] (· · · ), CTMC [90] (-·-). Note that the
panels have different scales.
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Figure 5.8: Ionization cross sections for H++Na collisions as functions of impact energy. Experiments:
present data for outer-shell single ionization (¥); total single ionization O’Hareet al [186] (5); sum
of all pure ionization processes DuBois [13] (◦). Theory: TC-BGM results for total single ionization
(—) and outer-shell ionization (– –); single ionization TCSAO70 [199] (· · · ), CTMC [90] (-·-).

5.2.3 Transverse momentum distributions

From the experimental data transverse momentum distributions or differential cross sections
(DCS) for capture into then = 1, n = 2, n≥ 3 and ionization have been extracted. Due to
low statistics DCS forn = 1 could only be obtained forE ≥ 7 keV/amu. DCS forn≥ 3 are
only presented forE ≤ 14 keV/amu because at higher energies separation fromn = 2 and
ionization becomes difficult. The experimental transverse momentum distributions for sev-
eral impact energies are shown in figure 5.9. All data are normalized to their peak maximum
to facilitate the comparison between the different channels. All channels show narrow dis-
tributions in which the peak positions never even exceed 0.3 a.u.. Further inspection shows
that the differences between then = 2, n≥ 3 and ionization channels are within the resolu-
tion (0.1 a.u.), except for the lowest energies at which ionization extends to somewhat higher
momenta. At all energies then = 1 distribution is broader than that of the other channels.
Relative differential cross sections as a function of scattering angle are shown in figure 5.10
for 4 and 25 keV/amu. While the transverse momentum distributions broaden with increas-
ing impact energy, a slight narrowing is observed in figure 5.10. This is due to the velocity
dependence of the transformation from transverse momenta to scattering angles (see equa-
tion 4.10).

Previous experimental studies on DCS are mainly limited to lower energies. Note that
usually the so called ‘reduced DCS’, defined asσ(θ)sin(θ), is plotted to enhance the large
angle scattering part of the cross section. At 1–5 keV/amu DCS for capture into H(2p)
were determined by measuring the Lyman-α photons in coincidence with the scattered H
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Figure 5.9: Experimental transverse momentum distributions at several impact energies for capture
into n = 1 (-·-), n = 2 (—), n≥ 3 (– –), and ionization (· · · ). All distributions are normalized to their
peak values.
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Figure 5.10: Relative differential cross sections at 4 and 25 keV/amu for capture inton = 1 (-·-), n = 2
(—), n≥ 3 (– –), and ionization (· · · ). All distributions are normalized to their peak values.

projectile [201]. The data did not cover the peak region of the DCS because the smallest
scattering angle measured was 0.9 mrad. However the supporting calculations, folded with
the experimental resolution of about 0.2 mrad, showed a reduced DCS peak around 0.4 mrad
at 3.5 keV/amu and 0.3 mrad at 5 keV/amu. Our MOTRIMS data show a peak position
of 0.15 mrad in the DCS at 4 keV/amu. In the reduced DCS this leads to a peak position
at 0.23 mrad. Finally, time-of-flight energy loss measurements at 2 keV/amu found equal
DCS distributions for capture inton = 2 andn = 3 [202]. At higher energy we also observe
that capture inton = 2, n≥ 3 and ionization have more or less similar DCS. This implies
that these channels are populated in the same impact parameter range. Only capture into
the endothermic channel,n = 1, shows larger transverse momenta, implying smaller impact
parameters than for the other channels.

5.3 Inner-shell processes

A first indication of the participation of inner-shell electrons in ion-atom collisions was found
in the high-energy behavior of the total capture cross section (see e.g. [203] and references
therein). The flattening out of the total cross section instead of a rapid decrease was explained
by an increased participation of core electrons. At higher energies the incident ion’s velocity
approaches that of the core electrons. In general, the capture cross section is expected to
maximize if there is “velocity matching” between the target electron and the projectile. Total
one-electron capture cross sections for the H++Na(3s) collisions also exhibit this trend (see
figure 5.2).

A RIMS technique enables the direct observation of (sub-) shell-specific processes, as
the Q-value of a specific reaction can be determined. Previously, this level of detail was
accessible only indirectly via spectroscopy of Auger electrons or photons, which are charac-



5.3 Inner-shell processes 81

Figure 5.11: Inner shell capture cross sections for H++Na collisions as functions of impact energy.
Present experiment: ISC from2p-shell (¥). Theory: TC-BGM results for total one-electron capture
σ10 (—), σ10–σ10

OSC (– –); Multinomial ISC from2p-shell (· · · ) and ISC from2s-shell (-·-).

teristic for a given final excited state of projectile or target. Corresponding studies, however,
have focussed on collisions at relatively high impact energy (see, e.g. [204–207]), and on the
de-excitation of the projectile ion.

As stated above, inner-shell processes involving alkalis have not been reported before,
because capture from the uppermost inner-shell cannot lead to Auger decay. Only radiative
decay is possible. Outer- and inner-shell capture processes appear both in the Na+ recoil
spectrum, but as shown in figure 5.1 they can be distinguished and the assignment is unam-
biguous. The final states in hydrogen span an energy range of 13.6 eV, while the difference
in binding energy of the Na3s electron and the nearest inner-shell2p electron is 28 eV.

In the following sections processes in H++Na(3s) collisions involving the2p-shell are
presented. First the pure inner-shell capture contribution in the Na+ recoil spectra is dis-
cussed. Next, results on transfer ionization are given and compared with pure inner-shell
capture.

5.3.1 Inner-shell one-electron capture

From the assignment of the ISC part of the Na+ recoil spectrum (see figure 5.1) it is clear
that most of its contribution is related to capture into the hydrogen ground state. Therefore in
the following inner-shell capture is specified for the processes

H+ +Na(2p63s)→ H(1s)+Na+(2p5nl), n≥ 3. (5.5)

One of the2p inner-shell electrons is captured into the hydrogen ground state while the outer-
shell3selectron remains bound to the target. In the rest of the discussion the term ISC is used
for processes given by equation 5.5.
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Figure 5.12: MOTRIMS and TC-BGM results for the different contributions to ISC into H(n = 1):
Na+(2p53s) ( ¥, — ) and Na+(2p53p) ( ¤, – – ).

The experimental ISC cross sections obtained are shown in figure 5.11 together with the
TC-BGM calculations, in which the total ISC contribution is obtained from the difference
between total one-electron capture (σ10) and outer-shell capture (σ10

OSC). Clearly, the domi-
nant contribution to ISC is due to the Na(2p) electrons. The MOTRIMS results agree very
well with the calculations. However, this agreement may be somewhat fortuitous, since the
calculations are not restricted to the final states probed by the experiments. The experimental
ISC excludes the possibility that more than one electron is removed. The Q-value spectra are
taken for Na+ recoil ions and do not include Na2+ recoils. This situation is not respected by
taking the difference of net- and single-electron transfer cross sections, but can be modelled
by multinomial statistics [72]. The result of such an analysis is shown figure 5.11. This multi-
nomial ISC is somewhat lower than the difference of net- and single-particle cross sections,
which is a direct consequence of the condition that the other electrons – in particular Na(3s)
– remain bound to the target.

The two main ISC peaks in the Q-value spectrum (figure 5.1) are due to capture into H(1s)
leaving the excited Na+ recoil in either a2p53s or 2p53p state. Their relative contributions
are shown in figure 5.12. These two channels contribute about 75% of the total ISC. The
other 25% can be ascribed to the formation of higher2p5nl states. The main trends in the
MOTRIMS data are supported by the calculations:2p53p gives the largest contribution below
E = 18 keV, and2p53s dominates at higher energies. BelowE = 6 keV/amu theory shows
again a dominance of2p53s, which is not supported by the measurements.

To understand a dominance of the2p53p final state at low energy the following expla-
nation is proposed. This final state implies that the capture of one inner-shell2p electron is
accompanied by the excitation of the outer-shell3selectron to the3p orbit, i.e. an active role
of the outer-shell electron. In this process the two active electrons form a system with total
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Figure 5.13: Reduced DCS of OSC into H(n = 2) and ISC into H(1s) leading to Na+(2p53p) at 14
keV/amu collision energy. In order to compare these processes, in both cases the integral overσ (θ ) is
normalized. The line is to guide the eye.

angular momentumL = 1. Because the2p electron is captured into a1sstate, the outer-shell
3selectron has to change to ap orbital in order to conserve angular momentum. The energet-
ically most favorablep state is the3p state. This mechanism will only hold if the transition
time from the quasi-molecular state to the final state is long enough such that the outer-shell
3s electron can interact with the captured2p electron. That might be the reason that this
channel decreases at higher collision energy.

The energy dependence of the2p53s population suggests that with increasing projectile
velocity the3s electron does not change its initial orbital and becomes more of a spectator.
In fact this is a situation typically assumed in high energy ISC, i.e., charge transfer from
different shells can be treated independently (see e.g. [208]). The present data clearly show
the transition between ISC with and without outer-shell participation. The transition occurs
at about 1.4 vorb of the outer-shell electron, i.e. at much lower velocity than vorb of the2p
electron (which corresponds to a collision energy of 90 keV/amu).

Further differences between OSC and ISC are seen in the DCS of both processes. Fig-
ure 5.13 compares DCS for outer-shell capture into H(n = 2) and ISC into H(1s) leading to
Na+(2p53p). One should note that in order to extract the DCS of ISC we have to correct for
the presence of outer-shell ionization events in the relevant Q-value region. This is done by
subtracting the ionization DCS at large Q-values (around Q=20 eV) from the DCS at Q-values
at which the ISC processes occur. This procedure introduces some uncertainty because one
has to assume that the ionization momentum distribution is constant over a (small) range of
Q-values. Measuring the Na+ recoils in coincidence with neutral hydrogen could resolve this



84 Inner- and outer-shell electron dynamics in H++Na(3s) collisions

Figure 5.14: Transfer ionization cross sectionσ10
2 and its components for H++Na collisions as func-

tions of impact energy. Experiment: present dataσ2 ( ¥); σ10
2 DuBois [13] (◦). Theory: TC-BGM

resultsσ10
2 (—), σ2pcap

3sion +σ2pion
3scap (– –), andσ2pcap

2pion (· · · ).

problem. Here the inverse Abel transformation is directly applied to the raw data. For ISC
the data was collected in larger bins than for OSC in order to improve the statistics.

Because the scattering angle is related to the impact parameter, the differential cross sec-
tion reveals the impact parameter range in which a certain process occurs. Because of the
small binding energy of the3s electron outer-shell capture is possible at large internuclear
distances (10-20 a.u.). This results in scattering over small angles (< 0.5 mrad). In contrast,
ISC shows a broad distribution extending to much larger angles. Because ISC processes in-
volve the strongly bound2p electrons, the internuclear distances at which capture can take
place are small and consequently larger scattering angles are expected. The strong oscillatory
behavior might be due to Fraunhofer-diffraction. The angular spacing between two consec-
utive maxima is given by∆θ = λdB/2R, with λdB = 240 fm the de Broglie wavelength for
14 keV/amu protons andR the capture radius. The observed angular spacing of about 1.2
mrad results in∼ 2 a.u. for the capture radius. An classical over-barrier estimation gives a
maximum distance of 2.8 a.u. at which a2p-electron can be transferred.

Fraunhofer-diffraction has been observed experimentally in one-electron capture into
Li(2s) in keV Li++Na(3s) collisions by the MOTRIMS experiment of Van der Poelet al
[24,146]. The connection with the well-known Fraunhofer-diffraction in classical optics can
be seen from the mathematical similarity between the quantal scattering amplitudes and the
angular intensity distribution of a coherent light beam scattered on a circular aperture. One
criterion for the appearance of this diffraction phenomenon is that contributions to the prob-
ability amplitude stem from only a small range of impact parameters. The observation of
an oscillatory structure in the DCS hints towards the presence of a very well defined set of
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Figure 5.15: A simple classical over-barrier model representation, comparing TI and ISC. At closest
approach the outer3s electron and one of the2p-shell electrons are bound by the quasi-molecular
potential formed by projectile and target. In case of ISC the2p electron is transferred to the projectile,
while the outer-shell electron is “recaptured” by the target. For TI the outer-shell electron is emitted
into the continuum.

trajectories at which ISC occurs.

5.3.2 Transfer ionization

ISC processes in which the outer-shell electron is excited above the ionization limit, i.e. trans-
fer ionization (TI), lead to Na2+ recoil ions and do not show up in the Na+ recoil spectrum.
To investigate the importance of TI compared with ISC time-of-flight measurements were
performed to obtain the total Na2+ production,σ2. The resulting cross sections are shown in
figure 5.14 and compared with transfer ionization cross sections obtained from TC-BGM and
previous experimental data [13], which extends to higher energies.

TI is considered to be the main channel for the Na2+ production, because pure double
ionization is likely to be weak in this energy range. Also the formation of H− contributes to
the two-electron removal cross section. In fact double capture in collisions between protons
and alkali-atoms (Na, K, Rb) has been measured for impact energiesE≤ 5 keV/amu by Ebel
and Salzborn [184], who reported a relatively large cross section of1×10−17 cm2 at E = 5
keV/amu. Remarkably, this is even larger than our total two electron removal cross section
measured at 9 keV/amu. However, very recently new experimental results for double capture
in H++K collisions have been reported [209]. They indicate that the corresponding data of
reference [184] are much too high, up to one order of magnitude, due to contributions from
successive single-capture processes and non-negligible admixtures of neutral hydrogen atoms
in the projectile beam. It is not unlikely that the same problems were present in the case of
the H++Na collision system. In fact, the agreement between the present Na2+ and previous
TI cross sections [13] suggests that the cross section for both double capture and double
ionization are negligible. The TC-BGM calculations for TI are in reasonable agreement with
our experimental data for Na2+.

One can distinguish two pathways to TI: (i) capture from Na(2p) with simultaneous
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Figure 5.16: Comparison of TI and ISC transfer cross sections. Present data: TI (¥) and ISC (N).
TC-BGM: σcap

net −σcap
Na(3s) (– –),σ10

2 (—). Previous experiments:σ10
2 DuBois [13] (◦).

ionization of Na(3s) (σ2pcap
3sion ) or ionization of Na(2p) with simultaneous capture of Na(3s)

(σ2pion
3scap), and (ii) capture and ionization of Na(2p) (σ2pcap

2pion ). Note that the two possible con-
tributions to process (i) are indistinguishable as they lead to the same final states, i.e., the
same Q-value. However, because ionization is mainly determined by the initial binding en-
ergy,σ2pcap

3sion is more likely thanσ2pion
3scap.

The contributions of these two pathways to transfer ionization are also plotted in fig-
ure 5.14. Remarkably, aboveE = 50 keV/amuσ2pcap

2pion plays a non-negligible role and is

equally strong asσ2pcap
3sion + σ2pion

3scap at E = 100keV. In principle, it should be possible to test
this prediction by our experimental method, since both processes can be distinguished by
their Q-values.

Concluding that the Na2+ production can be explained by TI in which a2p electron is
captured and the3s electron is emitted into the continuum, a comparison can be made with
ISC. While for ISC after capture of a2p electron the outer-shell electron stays at the target,
in TI the outer-shell electron is excited to the continuum. A classical over-barrier kind of
view is depicted in figure 5.15. Within this classical model the balance between TI and ISC
is linked to the “recapture” probability of the outer electron. At small internuclear distances
both the3s and a2p electron move in the combined target and projectile Coulomb potential.
On the way-out the2p electron is transferred to the projectile, and the3s is either captured
by the projectile or recaptured by the target nucleus. Transfer to the projectile can lead to
either H− production or to electron capture into the continuum [210]. The former process is
unlikely as discussed above.

To asses the relative importance of TI and ISC their cross sections are shown in fig-
ure 5.16. The cross section for ISC is larger than that of TI by a factor of three, implying
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Figure 5.17: Total one-electron captureσ10
1 and its main components: OSC into H(n= 2) and ISC into

H(n = 1). Symbols: MOTRIMS; curves: TC-BGM.

that recapture of the3s electron is the most probable mechanism. TI can be regarded as an
extension of ISC, where the3s electron is not excited to a bound state in the target but to
the target continuum. The observation that the energy dependencies of ISC and TI are very
similar might be considered as support of this argumentation. Future measurements of the
longitudinal momentum spectra of the Na2+ recoils could clarify this issue.

5.4 Conclusions

In this chapter a detailed study of keV H++Na collisions is presented. The MOTRIMS ex-
periments confirm that capture of the outer-shell3s electron dominates at low energy. But
for higher energies they present the first direct evidence of charge transfer being dominated
by capture of a2p inner-shell electron instead of outer-shell capture. With this observation
one-electron capture can be seen as a result of two distinct processes. At low energies,E < 10
keV/amu, it is dominated by outer-shell capture into H(n= 2), while at high energies,E > 40
keV/amu, inner-shell capture from the2p-shell into H(n= 1) is the main process, i.e. already
at energies lower than expected from the “velocity matching” argument (see figure 5.17).

In the Na+ recoil spectra two inner-shell capture processes could be identified, namely
ISC leaving the outer-shell electron in the3sstate or exciting it to3p. The relative intensities
of these processes revealed the prominent role of multi-electron dynamics in low energy
inner-shell capture and a transition to ISC without active outer-shell participation occurring
at∼ 1.4 vorb of the outer-shell electron. Inner-shell capture leading to Na+ recoils has larger
cross sections than that of Na2+ production, the latter being dominated by transfer ionization.
Good overall agreement between our MOTRIMS data and the TC-BGM calculations has
been found.





Chapter 6

Electron dynamics in He2++Na(3s)
collisions

6.1 Introduction

Next to protons fully stripped ions colliding with alkali atoms are the most studied pseudo
one-electron systems. The increase of projectile charge has two important consequences. The
cross section for one-electron capture increases and more than one electron can be transferred
to the projectile.

Multi-electron capture is interesting for several reasons. It presents a much richer palette
of mechanisms as compared to one-electron capture. For example, in multiple electron cap-
ture one can ask whether the electrons are transferred simultaneously or in a sequence of one-
electron processes in which previous steps may influence consecutive steps. These processes
are much less understood and much more difficult to calculate than one-electron capture.
Multi-electron capture leads in general to multiply excited projectiles in a large variety of
electronic states. Therefore multi-electron capture is also studied for spectroscopic reasons.
The target atom acts as a donor of electrons and the ion-atom interaction as a process to create
highly excited states (see e.g. [211]).

He2++Na collisions represent a system in which a limited number of multi-electron pro-
cesses are likely to occur. One-electron removal remains the most probable process in the
keV energy range. The Na+ recoil production is almost two orders of magnitude larger than
multi-electron removal, as already shown in figure 4.24. Two-electron capture and transfer
ionization lead to Na2+ recoils. Also Na3+ recoils are found, which have to be attributed to a
combination of capture and ionization processes.

In this chapter (multi-)electron processes in keV He2++Na(3s) collision are presented.
Firstly, one-electron processes are presented and compared with CTMC calculations and pre-
vious theoretical and experimental data. Secondly, the recoil spectra of Na2+ and Na3+ are
discussed. Also absolute cross sections for these multi-electron processes are given and –
where possible – compared with previous experimental work.

89
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Figure 6.1: Overview of the Q-value spectra for different projectile energies. The Q-values of capture
into n = 2, n = 3 andn = 4 as well as the onset of ionization are indicated.

6.2 One-electron removal

One-electron removal in He2++Na(3s) collisions, either resulting from one-electron capture
or single ionization, has been investigated at impact energies of 2–13 keV/amu. As the classi-
cal orbiting velocity of the Na(3s) electron corresponds to 9 keV/amu the energy range covers
the regime where the interactions change from being strongly dominated by near-resonant
capture to ones leading to capture into many (non-resonant) channels including ionization.

One-electron capture in He2++Na(3s) has been studied by a whole arsenal of exper-
imental methods: charge-changing measurements, both non-coincident [183] and coinci-
dent [13], translational energy spectroscopy (TES) [52, 176], and photon emission spec-
troscopy (PES) [15, 89]. A similar variety of theoretical methods has been used, including
close coupling [14, 17, 52, 212] and classical trajectory Monte Carlo (CTMC) methods [89].
Single ionization at low energies has experimentally not been studied and theoretically only
by means of close coupling calculations [17].

The experimental results on one-electron capture and ionization are presented in con-
junction with recent three-body CTMC calculations. The general features of this theoretical
method are discussed in section 2.6. For the present application the Na(3s) electron is as-
sumed to move in a model potential obtained from Hartree-Fock calculations [213]. Since
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Figure 6.2: Absolute cross sections for one-electron capture in He2+ + Na. Experimental data:σ21

DuBois and Toburen [183] (¤) and Schweinzer and Winter [52] (4), σ21
1 DuBois [13] (¥). Theories

on σ21
1 : CTMC (—), AO13 [52] (-·-), AO45 [14] (· · · ) , SAO74 [17] (– –). The inset shows the

“recommended” curve (-·-) used to put our MOTRIMS data on an absolute scale (see text).

the active electron is in the3s-orbital, the microcanonical distribution was restricted to only
allow angular momentum values betweenl andl+1, i.e. l ≤ 1. For each collision energy, the
coupled equations of motion are solved for105−106 individual trajectories in order to obtain
adequate statistics for the determination of then-state selective cross sections.

6.2.1 One-electron capture

A typical longitudinal momentum spectrum of Na+ recoils is shown in figure 4.21. The main
capture channels, i.e., capture inton = 3 or n = 4 shell, can be separated well. The very
weak n = 2 capture channel can be extracted with reasonable statistics. The longitudinal
momentum spectra are converted into Q-value spectra using equation 3.10.

A series of measured Q-value spectra is compiled in figure 6.1. With increasing projectile
energy one clearly observes the increase of the capture inton = 4 and higher shells (n≥ 5)
and of the ionization contribution to the spectrum. The cross sections for capture into the
n= 2, n= 3 andn= 4 shells are obtained by fitting Gaussian shaped peaks to the spectra. By
subtracting these contributions and the ionization component from the total yield one obtains
the cross section for capture inton≥ 5.

To put our MOTRIMS data on an absolute scale, a normalization procedure is needed.
Existing absolute, experimental data for one-electron capture [13, 52, 183] are shown in fig-
ure 6.2 together with results of the CTMC calculations and of close coupling methods: 13-
state atomic orbital expansion (AO13) [52], 45-state atomic orbital expansion (AO45) [14]
and 74-state coupled-Sturmian-pseudostate expansion (SAO74) [17]. The total cross section
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Figure 6.3: Partial cross sections for capture into He+(n) for a) n = 2, b) n = 3, c) n = 4, d) n≥ 5.
Theory: CTMC (—), AO45 [14] (· · · ), SAO74 [17] (– –).

shows an almost constant behavior at low energies and a rapid decrease above 10 keV/amu.
In general there is good agreement between theories and experimental data, except that at
energies above 10 keV/amu the SAO74 predicts smaller cross sections.

From the comparison between the non-coincident [183] and coincident data [13], it is
clear that at least at lower energies there is no significant contribution from transfer ionization
to the single electron capture cross sections. Therefore, in assessing the “recommended”
curve for total one-electron capture it was decided to follow the experimental data [13,52,183]
and use a shape similar to the CTMC results. This implies that the normalization yields cross
sections about 15% larger than the CTMC values.

In figure 6.3, the partial cross sections are shown and compared with the CTMC calcu-
lations and the AO45 and SAO74 close coupling results. Capture into then = 3 state is the
prime channel at low energy. Good agreement between experiment and AO45, and SAO74
is observed. The CTMC data forn = 3 are about 20% too low. This difference is of simi-
lar magnitude as the difference between CTMC and the curve used for normalization of the
experimental data (cf. figure 6.2).

For capture inton = 4 all theories and experiment exhibit a broad maximum around
7 keV/amu. The experimental maximum seems to be at a slightly higher energy than pre-
dicted by theory and, on average, the experimental data are somewhat lower at energies below
the maximum and a bit higher at higher energies.
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Figure 6.4: The Q-value spectrum of Na+ recoil for 13 keV/amu He2++Na(3s) collisions. Both the
Q-value positions of the outer- (italic) and inner-shell (bold) capture are indicated.

For capture into highern-shells only the sum of all channels withn≥ 5 could be deter-
mined. The associated cross section peaks at approximately 10 keV/amu. Thus, as to be
expected, it has a maximum at a somewhat higher energy than then = 4 channel. The cross
section for capture inton≥ 5 is in good agreement with the CTMC results, while AO45 and
SAO74 underestimate this channel by almost one order of magnitude and do not reproduce
the shape of it. It should be noted that these channels were not explicitly included in the
AO45 and SAO74 approaches; their basis sets extended only up to the He+(4 f ) level. The
cross section forn≥ 5 was obtained by subtracting the contributions of the lowern channels
from the total capture cross section. Inclusion of highern-shells in the basis expansion could
improve the theoretical results, but requires more computational power. This problem does
not occur in the CTMC approach.

The small cross section for capture into the subdominantn= 2 state is in good agreement
with the AO45 and SAO74 calculations, but is overestimated by a factor of 3 by CTMC. This
channel has very little energy dependence.

In general good agreement is found between theory and experiment, although for high
n-shells CTMC is in better agreement than AO45 and SAO74 while for the low levels the sit-
uation is reversed. The overestimation of then = 2 shell by the CTMC calculations probably
resides in the fact that multiple electron removal was not considered. These channels remove
flux from single capture at small impact parameters at which then= 2 shell is populated [95].
The CTMC method is expected to excel at predicting the highn-level capture cross sections
since it is not restricted by basis set size.

Inner shell capture (ISC) processes leading to Na+ recoils would appear outside the Q-
value range shown in figure 6.1. Therefore a spectrum covering a broader Q-value range is
shown in figure 6.4. Because the relative intensity of ISC as compared to OSC increases
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Figure 6.5: Absolute cross sections for one-electron capture in He2++Na. Experimental data:σ21
1

DuBois [13] (¥), “recommended” data (¤). Theories on outer-shell capture: CTMC (—), AO45 [14]
(– –).

rapidly with impact energy (cf. H++Na(3s)), the Q-value spectrum of the highest energy
measured is shown. The positions of inner-shell capture from the2p-shell into He+(n=1) and
He+(n = 2) are indicated.

From the Q-spectrum there is no indication of ISC at this impact energy. This can be
compared to the Na+ Q-value spectrum of H++Na(3s) at 14 keV/amu, shown in figure 5.1,
consisting of about the same number of total events. The first conclusion to be drawn is that
at this impact energy the relative cross section of ISC of He2+ is smaller than that of H+.
However, because the total one-electron removal cross section for He2+ is larger than that of
H+ one cannot directly conclude that also theabsoluteISC cross section is smaller. ISC in
H++Na(3s) collisions at 14 keV/amu amounts to 1.3% of the total Na+ spectrum. The total
one-electron removal cross section for He2++Na(3s) collisions at 13 keV/amu is8.6×10−15

cm2. From this we estimate ISC to be smaller than5× 10−17 cm2, which may still be on
the same order as that of H++Na(3s), for which a ISC cross section of3.3×10−17 cm2 is
measured. Note that the cross section for outer-shell capture into He+(n = 2), which can be
found atQ =−8.46eV in the Q-value spectrum, is about1×10−16 cm2.

Another estimation of ISC contributions can be obtained by comparing experimental one-
electron capture cross sections with theoretical studies, in which only the outer-shell electron
is considered, i.e. treating Na as a quasi one-electron atom. The difference between experi-
ment and theory might be due to ISC. Such an argumentation was also used for H++Na(3s)
by showing that the experimental cross section decreases much more slowly with increasing
impact energy than the theoretical ones, suggesting the dominance of ISC at these energies
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Figure 6.6: Cross sections for single ionization: present data (¥), CTMC (—), SAO74 [17] (– –),
DuBois [13] (¤).

(see figure 5.2).
In figure 6.5 a compilation of the one-electron capture cross sections (σ21

1 ) is shown. For
E > 50 keV/amu the experimental and theoretical cross sections start to deviate from each
other. From the difference between them we estimate an ISC cross section between5×10−17

and1×10−16 cm2 at∼ 70 keV/amu. Note that for H++Na(3s) the ISC cross section at this
energy is around5×10−17 cm2. Thus from this estimation one may also conclude that the
relative importance of ISC in He2++Na(3s) collisions is weaker than in H++Na(3s), however
the absolute cross section is of the same magnitude.

6.2.2 Single ionization

The ionization cross sections are shown in figure 6.6. Ionization is seen to increase very
strongly, i.e., by a factor of∼100 when the collision energy is increased from 2 to 13
keV/amu. The CTMC calculations are in good agreement with the experimental data, and
nicely bridge the gap to the data of DuBois [13] at higher energies. The SAO74 calculations
show agreement above 6 keV/amu, but do not reproduce the continuing decrease at lower
energies.

Compared with the capture cross section, which is almost constant at collision velocities
below the classical orbital velocity of the active target electron (vorb), and which decreases at
higher velocity, the ionization cross section increases rapidly around this orbital velocity and
peaks between 20 and 30 keV/amu, which corresponds to∼1.5vorb.
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Figure 6.7: Normalized transverse momentum distribution of different channels for 3 and 10 keV/amu
He2+ energy. All distributions are normalized to their peak values.

6.2.3 Transverse momentum distributions

Transverse momentum distributions or differential cross sections (DCS) are extracted from
the recoil spectra for capture into then = 2, 3 and 4 shells, and for ionization. Although
DCS for H++Na(3s,3p) (see section 5.2.3) and Li++Na(3s,3p) (see e.g. [146] and reference
herein) have been studied intensively, for the present collision system no experimental DCS
have been reported before.

In figure 6.7 the transverse momentum distributions for capture inton = 3 and 4 at 3
keV/amu and then= 2,3,4 and ionization at 10 keV/amu are shown. At 3 keV/amun= 2 and
ionization contributions were too small to extract transverse distributions. Comparing both
spectra, one observes that the transverse momentum distribution for capture inton= 3 hardly
changes, while that forn = 4 shows a pronounced energy dependence. At 10 keV/amu the
different processes show similar distributions. The maxima of then-selective and ionization
cross sections peak at very small scattering angles. A momentum of 0.25 a.u. corresponds to
an angle of 0.1 and 0.05 mrad for 3 and 10 keV/amu, respectively.

In figure 6.8 the experimental data for capture inton = 3 andn = 4 are compared with
CTMC calculations. Here the transverse momenta are scaled with the square root of the pro-
jectile energy. Assuming pure Rutherford scattering this removes the effect of the collision
time on the spectral width. Therefore, in this representation, the abscissa is approximately
inversely proportional to the impact parameter. As a first remark one notes that at all energies,
both for capture inton = 3 andn = 4, the calculations show a broader distribution extending
towards larger transverse momenta as compared to the experimental distributions. At low
energies the CTMC results exhibit a broader distribution for then = 4 than then = 3 shell,
while at 10 keV/amu then = 3 andn = 4 distributions are similar. With increasing projec-
tile energy, the distribution of then = 3 channel broadens towards larger scaled momenta
while for then = 4 channel the distributions remain almost unchanged. Both trends are also
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Figure 6.8: Normalized experimental and CTMC scaled transverse momentum distributions for capture
into the n = 3 and n = 4 shells at 2, 3, 5 and 10 keV/amu projectile energy. All distributions are
normalized to their peak values.
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Figure 6.9: Relative cross sections for two- and three-electron removal in He2++Na(3s) collisions as a
function of impact energy.

observed in the experiments.
This implies that the effective impact parameters change to smaller values for then = 3

channel, but stay the same for then = 4 channel. This seems to indicate that flux at larger
impact parameters is drawn into then = 4 channel at the expense of then = 3 channel. As
the n = 4 distribution does not change this implies that the coupling to then = 4 channel
becomes more efficient at higher collision energies. From figure 6.3 it is seen that indeed
the cross section forn = 3 decreases while the one forn = 4 increases for energies up to 10
keV/amu.

6.3 Multi-electron removal

Multi-electron capture processes are studied by measuring the spectra of the Na2+ and Na3+

recoils at 10 keV/amu. Time-of-flight measurements (see section 4.3.8) have been performed
in the 6-12.5 keV/amu energy range to obtain the relative cross sections for Na+, Na2+, Na3+

production. Figure 6.9 shows the relative intensities of two- and three-electron removal with
respect to one-electron removal. Both processes increase with increasing impact energy. This
dependence is strongest for three-electron removal. At 12.5 keV/amu impact energy, multi-
electron removal contributes to only 5%.

As absolute cross sections for Na+ are known, they are used to put the Na2+ and Na3+

cross sections on an absolute scale, too. In figure 6.10 the cross sections for two- and three-
electron removal are presented and compared with other experimental data [13]. An overall
good agreement is seen, although at our highest energies our cross sections are somewhat
smaller. At low energies two-electron removal is larger than three-electron removal by one
order of magnitude , but the difference decreases towards higher energies. Both cross sec-
tions show a broad maximum, which is at slightly higher energy for three-electron removal.
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Figure 6.10: Absolute cross sections for two- and three-electron removal in He2++Na(3s) collisions as
a function of impact energy: present data (¥ and•); DuBois [13] (¤ and◦). There is a systematic
uncertainty of 15–20% in our data due to the normalization procedure.

Note that there is a systematic uncertainty of 15–20% in our data due to the normalization
procedure.

6.3.1 Na2+ recoils: two-electron capture and transfer ionization

The Na2+ recoils can be produced by different processes, namely double capture (DC), trans-
fer ionization (TI) and double ionization (DI), all leading to different charge states of the
projectile. The distinction between DC and TI has to be precisely defined, as different def-
initions appear in literature. Key point is whether one looks to the primary process or to
the final charge states. DC usually produces excited projectile states, which can deexcite by
autoionization (autoionizing double capture, ADC) or via photon emission (true double cap-
ture, TDC). Although the primary process is the same for ADC and TDC, the final projectile
charge state is different. Because ADC yields the same final charge states of the projectile
and the target as TI, they cannot be distinguished in coincidence measurements. Loosely
speaking, in such experiments one cannot distinguish whether the ionization occurred on the
target in the primary process or on the multiply excited projectile. Therefore in such studies
ADC is accounted as a TI process. Because a recoil spectrum reflects the primary process
ADC and TI can be distinguished on basis of their different Q-values.

A Q-value spectrum of the Na2+ recoil ions resulting from 10 keV/amu He2++Na(3s)
collisions is shown in figure 6.11. In this case the same extraction settings as applied to the
Na+ recoils are sufficient to extract most of the Na2+ recoil ions. Compared to the Na+ case
the resolution is therefore lower by a factor of

√
2, because of the shorter time-of-flight. The

relevant Q-values for processes leading to Na2+ recoils are given in table 6.1.
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Figure 6.11: Q-value spectrum of Na2+ recoils created in 10 keV/amu He2++Na(3s) collisions. The
relevant He states are indicated, as well as the boundaries to transfer ionization (-2.0 eV) and double
ionization (52.4 eV). The resolution is 3 eV. The arrows show the Q-value ranges in which transfer
ionization or double ionization can be expected (see appendix C).

The different processes can be distinguished in the Q-value spectrum. The largest contri-
bution is found aroundQ = 0 eV and originates from DC into He(1snl, n≥ 2) and TI into
the He+(1s) state. At larger Q-values DC into doubly excited He states appears. Capture into
He(2lnl ′) and higher excited states can be distinguished. From the spectrum it is seen that
capture into the symmetric He(2l2l ′) states is more probable than in He(2lnl ′, n≥ 3). The
spectrum decreases sharply at the boundary of double ionization, suggesting that this process
is highly unlikely to occur at this impact energy. Note that no contribution from capture into
the helium ground state, He(1s2), is found.

Similar to separating one-electron capture and single ionization in the Na+ recoil spectra,
DC and TI can be separated in the Na2+ spectrum. The absolute cross sections for two-
electron removal, TI and DC are summarized in table 6.2. Note that we assume that at
Q > 31.3 eV no TI is present, i.e. TI processes leading to capture into He+(n = 2) or higher
shells are neglected. For the total TI cross section this is a valid approximation. However,
our cross section for DC into He(nln′l ′, n≥ 2) may be affected, because TI with capture into
He+(n = 2) would appear betweenQ = 38.8 and 42 eV. This range falls in between DC into
He(2lnl ′) and He(3lnl ′) where a minimum in the spectrum is found. From this observation
it seems plausible that also with respect to DC (Q > 31.3 eV) TI associated with capture
into He+(n = 2) or higher shells can be neglected. TI exceeds DC by more than a factor of
2. The dominant TI process can be viewed as follows. The binding energy of the2p-shell
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final state Q-value (eV)
He(1s2) -26.6

He(1sn′l ,n′ > 1) -6.8→ -2.0
He+(1s)+e− ≥-2.0

He(2l2l ′) 31.3→ 35.5
He(2ln′l ′,n′ > 2) 36.4→ 38.8
He+(n = 2)+e− ≥38.8

He(3ln′l ′) 43.4→ 46.4
He(4ln′l ′) 47.2→ 48.8
He2++2e− ≥52.4

Table 6.1: Q-values for the relevantnln′l ′ configurations in He2++Na(3s) → He(nln′l ′)+Na2+. Also
the Q-values for the onset of TI connected to capture into He+(1s) and He+(n = 2) and of the onset for
DI are given.

cross section (10−16 cm2) present data previous experiments
σ2 5.2± 0.2 10.5± 3.6 [13]
TI 3.7± 0.3

DC (=ADC+TDC) 1.5± 0.3
DC He(1snl, n≥ 2) 0.9± 0.2
DC He(nln′l ′, n≥ 2) 0.61± 0.04

σ20
2 0.9± 0.2≤ σ20

2 ≤ 1.5± 0.3 7.0± 3.5 [13]
σ21

2 3.7± 0.3≤ σ21
2 ≤ 4.3± 0.3 3.5± 0.7 [13]

σ20 = σ20
2 +σ20

3 + · · · 1.3± 0.2≤ σ20≤ 1.9± 0.3 3.1± 0.4 [183]

Table 6.2: Absolute cross sections for the different two-electron removal processes resulting from
He2++Na(3s) collisions at 10 keV/amu, comparing present data with previous experiments. There is a
systematic uncertainty of 15–20% in our data due to the normalization procedure.

target electron is 47.3 eV, slightly lower than the 54.4 eV of the He+(1s) state. If this electron
is captured into the He+ ground state, sufficient energy is available to excite the target3s
electron to the continuum.

Our cross sections can be compared with measurements of DuBois [13, 183]. DuBois
noticed that an apparent inconsistency in some of his data, e.g.σ20 < σ20

2 [13], see table 6.2.
The present data may resolve this issue. However, one cannot directly compare DC withσ20

2
and TI withσ21

2 , because our DC can also contain ADC processes which will in a coincidence
measurements be accounted asσ21

2 . Explicitly, one can write down the following relations,

σDC ≡ σTDC+σADC, (6.1)

σ20
2 = σTDC, (6.2)

σ21
2 = σADC+σTI . (6.3)

In principle by measuring recoil momenta in coincidence with the charge-changed pro-
jectile, one can separate TDC and ADC (see e.g. [118–121]). Because here the final charge
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state of the projectile is not measured, only in special cases a distinction between ADC and
TDC can be made. By examining the Na2+ recoil spectrum one observes that part of the DC
contribution comes from capture into the singly excited He(1snl, n≥ 2), which cannot decay
via autoionization. Therefore this part of DC can only be TDC.

DC into the doubly excited states (Q > 31.3 eV) can both contribute to ADC as well
as to TDC. Autoionization decay rates for He(2l2l ′) states are in the order of 1013–1014

s−1 [214, 215]. Because radiative decay rates are typical in the order of 109 s−1, these states
are expected to decay via autoionization and therefore contribute to ADC. As an exception,
the2p2 3P state is nonautoionizing due to symmetry reasons and if populated this state will
contribute to TDC. For the higher excited He(2ln′l ′, n′ ≥ 3) states most of the autoionization
rates are calculated to be higher than those of radiative decay [215]. For some states the
fluorescent decay is found to be dominant [216]. For the He(3ln′l ′), He(4ln′l ′) and higher
excited states only the autoionization rates for He(3l3l ′) states have been calculated. These
rates are predicted to be in the order of 1012–1013 s−1, which is high compared to radiative
decay rates. In general one can state that symmetric states (n′ ≈ n) predominantly decay
via autoionization because of the strong electron-electron interaction. For asymmetric states
(n′À n) radiative decay becomes important.

Extracting values for the contributions of TDC and ADC to DC into the doubly excited
states on basis of the discussion above is difficult. Only for the resolved He(2l2l ′) part a
dominance of ADC is expected. For the He(3ln′l ′) and higher excited states symmetric and
asymmetric states are not resolved. Therefore only boundary values are deduced from the
spectrum. DC into the doubly excited He states is taken as an upper limit for ADC. DC into
He(1snl, n≥ 2) alone presents a lower limit for TDC.

This analysis has been applied in table 6.2. The lower limit ofσ21
2 is given by our TI data.

Our σ20 cross section is the sum ofσ20
2 and the total Na3+ recoil production,σ3, which is

purelyσ20
3 (see section 6.3.2). Note that higher charge state recoils, Na4+,···, have not been

observed in the time-of-flight spectra.
Our two-electron removal cross section is smaller than the one of Dubois [13] by a factor

of two. The large uncertainty in the Dubois data is mainly due to the uncertainty inσ20
2 . The

cross section itself exceeds our findings by a factor 5-8. Forσ21
2 agreement is found. For

σ20 one observes a better agreement than forσ20
2 , although our data are still a factor of 2

smaller. Our data suggest that the inconsistency between the previously measuredσ20 [183]
andσ20

2 [13], is due to an overestimation ofσ20
2 .

An important result of our MOTRIMS work is the dominance of TI over DC. It has been
shown that the precise topology of the potential-curve diagram determines the importance of
TI, e.g. it depends strongly on the electronic structure of both collisions partners [217, 218].
Most TI studies have concentrated on collisions on rare gas atoms (see e.g. [219,220]). Only
a few experiments have been reported on alkali atoms. For He2++Li collisions at higher
impact energies (> 30 keV/amu)σ21

2 [221] is larger thanσ20 [222]. However, the cross
sections for two-electron processes in collisions with Li are smaller by an order of magnitude
than for Na. Also cross sections for DC and TI in He2++K have been determined [223]. At
the lowest impact energy studied, 30 keV/amu,σ21

2 = (2.34±0.18)×10−16 cm2 andσ20 =
(1.58±0.18)×10−16 cm2 are comparable to the cross sections found here. Note however
that for He2++K the largest contribution toσ20 stems fromσ20

3 , (0.99±0.14)×10−16 cm2,
which is not the case for He2++Na.
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Figure 6.12: Normalized transverse momentum distributions for DC into He(1snl, n ≥ 2) (—), TI
leading to He+(1s) (– –) and DC into He(2lnl ′, n≥ 2) (· · · ) resulting from He2++Na collisions at 10
keV/amu impact energy.

Finally transverse momentum distributions of the Na2+ recoils are shown in figure 6.12.
Separate momentum distributions for DC into He(1snl, n≥ 2), TI leading to He+(1s) and DC
into He(2lnl ′, n≥ 2) could be extracted. For the first two processes one has to be careful in
selecting the right Q-value range. Because of the finite resolution part of TI can be present at
Q <−2 eV. Therefore the DC transverse momenta are determined fromQ <−3. For TI the
partQ>−1 was projected onto the transverse momentum axis. For DC into He(2lnl ′, n≥ 2)
the statistics is rather poor and one should only consider the general shape of it.

The three different processes exhibit different momentum distributions. DC into He(1snl,
n≥ 2) shows the lowest momenta, which means that the population of this channel occurs at
larger impact parameters than the other two processes. The low momenta part of TI is similar
to that of DC into He(1snl, n≥ 2). This part of TI can be seen as a continuation of DC into
the continuum. But the momentum distribution of TI extends to much higher momenta than
DC into He(1snl, n≥ 2), which implies that also smaller impact parameters are contributing
to TI, which do not contribute to DC into He(1snl, n≥ 2). DC into He(2lnl ′, n≥ 2) shows
a distribution extending to even larger momenta, which is expected because these states are
strongly endothermic.

The transverse momentum distributions for Na2+ recoils can be compared with those for
Na+ recoils at the same impact energy (see figure 6.7). While one-electron removal leads to
momenta well below 1 a.u., most of the two-electron removal leads to momenta larger than 1
a.u., showing that it occurs at much smaller impact parameters.
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Figure 6.13: A longitudinal momentum spectrum of Na3+ recoils resulting from 10 keV/amu
He2++Na(3s) collisions. The momentum resolution is 0.3 a.u.. The assignment of the different tar-
get and projectile final states is explained in the text.

6.3.2 Na3+ recoils

A longitudinal momentum spectrum of Na3+ recoils resulting from 10 keV/amu He2++
Na(3s) collisions is shown in figure 6.13. In contrast to Na+ and Na2+, the Na3+ recoils
are found fully in the forward direction, indicating energy loss. The momenta are too small
for double or triple ionization. The Na3+ recoil spectrum can be fully assigned toσ20

3 , i.e.,
two electrons are captured and one electron is ejected into the continuum. A similar situation
was found for He2++Ar collisions [224,225].

The following process is proposed to create Na3+. Three electrons of the Na target partic-
ipate. Two inner shell (2p) electrons are captured at small distance (b< 3 a.u.) while the outer
(3s) electron is ionized. This process is a combination of double capture and single ionization
(DCSI). The closest lying state in the He2+ projectile suitable for capturing strongly bound2p
electrons is the He ground state, leading to a large positive Q-value of∼ 45 eV. Note that pop-
ulation of any other He state would lead to even higher Q-values. DCSI involves ionization
and due to this one cannot deduce the Q-value from the longitudinal momentum unambigu-
ously. But similarly as for single ionization and transfer ionization, boundaries within the
Q-value spectrum can be identified for DCSI (see appendix C). The lower boundary is given
by electron capture into the continuum (ECC), i.e., the electron travels along with the projec-
tile, i.e. having zero kinetic energy and momentum in the projectile frame. Assuming small
transverse momenta of the emitted electron and excluding the possibility of either backward
emission or the situation that the electron is faster than the projectile, electron excitation into
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Figure 6.14: A schematic representation of the electron spin of the initial and final states in Na3+

production in He2++Na(3s) collisions.

the continuum (EEC) can be taken as an upper boundary of the longitudinal momentum.
A priori no clear preference for one of the two scenarios can be given. One might ar-

gue that ECC is likely. On the way-in the outer3selectron is captured to an excited state. At
small internuclear distances the screening of the nuclear charge by this captured3selectron is
negligible and two inner electrons are captured into the ground state. This causes autodetach-
ment of the initially captured3selectron. Formally this picture is equivalent to three-electron
capture, where one electron is captured into the projectile continuum.

On first sight EEC seems unlikely, because of the strong attraction between the three-fold
charged nucleus and the slow electron. On the other hand the removal of the two inner elec-
trons changes the target states drastically, which may lead to shake off of the outer electron.
For double capture accompanied by single ionization in He2++Ar, ECC was observed in the
electron emission spectra [225]. However one has to realize that for Ar a strongly bound2p
electron needs to be ionized while for Na the loosely bound3selectron is ionized. Therefore
conclusions drawn from He2++Ar collisions might not be directly applicable to the He2++Na
system.

Besides the uncertainty associated with the unknown momenta of the emitted electron
also the final electronic state of the Na3+ recoil is a priori not known. The Na3+ ground term
is a3P, while the first two excited terms are of singlet character, i.e.1D2 and1S0. They are
only excited by 3.82 and 8.24 eV, respectively. The energy spacings between the possible He
states are much larger than those between the Na3+ final states.

The relevant combinations of projectile and target states are indicated in figure 6.13. The
range of the final states, He(1s2)+Na3+(2p4), is determined by the limit values set by ECC
and EEC. Also the range of He(1snl,n > 1) is depicted, without specifying the final Na3+

states.
From the spectra it is clear that the main channel is capture into He(1s2), although a small

contribution from capture into He(1snl, n≥ 2) cannot not be excluded completely. The final
target states appear to be of singlet character. The energetically most favorable situation of
population of the3P ground term seems very unlikely. This may be explained by a spin
conservation argument (see figure 6.14). Initially the He2++Na system forms a doublet. As
the He ground state and the emitted electron form a doublet, spin conservation dictates that
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Figure 6.15: Normalized transverse momentum distribution of Na3+ recoils resulting from He2++Na
collisions at 10 keV/amu. For comparison specific distributions for Na+ and Na2+ are shown too,
namely one-electron capture into He+(n = 3) (· · · ) and transfer ionization (– –), respectively.

the final Na3+ state is of singlet or triplet character. Furthermore, if the He ground state is
populated with two2p inner electrons the Na3+ core is left as a singlet. Only spin exchange
with the Rydberg-like outer electron could lead to the triplet Na3+ ground state, but because
of the large energetic separation of the2p6 and3s electrons such an interaction is unlikely.

Finally the normalized transverse momentum distribution is shown in figure 6.15. For
comparison also the distributions of the main channels leading to Na+ and Na2+ are plot-
ted. Clearly, the transverse momentum distribution for Na3+ is much broader than for Na2+.
Therefore as to be expected even smaller impact parameters contribute, i.e., for the participa-
tion of two 2p electrons the projectile has to pass closer to the target than in cases that only
one2p is active.

Question is whether the outer-shell electron could also stay at the target after the capture
of the two inner-electrons, which could be coined inner-shell double capture (ISDC). Because
this process would lead to Na2+ recoils, one has to take a closer look at the Na2+ Q-value
spectrum (cf. 6.11). For ISDC into He(1s2) (like for Na3+) and leaving the target in a
Na2+(2p43s) state the Q-value would be 19-20 eV. This is located between the end of the
TI tail and two-electron capture (of one inner-shell and outer-shell electron) into He(2l2l ′).
No clear signal is visible. Also the case that the outer-shell is left in the next excited state,
Na2+(2p43p) (Q= 24−25eV) is not observed. As the cross section for two-electron capture
into He(nln′l ′, n≥ 2) is (6.1±0.4)×10−17 cm2, ISDC is probably much smaller than1×
10−17 cm2. This can be compared with the cross section of Na3+ production, which is(3.6±
1.0)×10−17 cm2 at this energy. Thus one can conclude that after capture of two inner-shell
electrons the probability that the outer-shell electron is excited to the continuum is larger than
that it stays at the target.
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6.4 Conclusions

In this chapter (multi-)electron dynamics in keV He2++Na(3s) collisions has been investi-
gated by measuring the momenta of the Na+, Na2+ and Na3+ recoil ions. One-electron
processes, i.e. one-electron capture and single ionization at energies around the matching
velocity have been discussed. Partial and differential cross sections were compared with the-
ory. It was found that the cross sections for capture into highn-shells (n = 4, n≥ 5) are in
best agreement with CTMC results, while for capture into the subdominantn = 2 shell close
coupling calculations show better agreement. The ionization cross sections show good agree-
ment with CTMC. The differential cross sections for capture inton = 3 andn = 4 depend
differently on energy. The behavior is in line with the CTMC calculations.

Two-electron removal originates from a variety of processes, namely double capture,
transfer ionization, and double ionization. The measurements show that transfer ionization is
the dominant process at keV/amu energy. Double capture populates mostly He(1snl) states.
These singly excited states stabilize radiatively. A smaller fraction of double capture leads
to doubly excited He(nn′) (n,n′ ≥2) which decays by autoionization. At keV/amu energy
double ionization turns out to be very unlikely.

The creation of Na3+ is identified as aσ20
3 process, in which the helium ground state is

populated. The Na3+ recoils are not left in their ground state, but in one of the low-lying
excited singlet state. This can be understood by spin conservation arguments and a weak
interaction between the inner- and the outer-shell electrons.





Chapter 7

Electron capture in O6++Na(3s)
collisions

7.1 Introduction

In collisions between multiply charged ions and atoms the dominant charge transfer takes
place into increasingly highern-shells with increasing charge state of the projectiles. As a
consequence close coupling methods are limited to not too highly charged ions because of
the increasing number of basis set states which must be included in the calculations. In case
of alkali atoms the situation is even more demanding due to their low ionization potentials,
leading to capture into highn-shells even for projectile ions in relatively low charge states.

In this chapter a systematic study of state selective one-electron capture in O6+ + Na(3s)
collisions is presented. Main objective is to test state-of-the-art close coupling calculations,
namely the two-center basis generator method (TC-BGM). Compared to H+ and He2+, the
use of higher charge state projectiles results in a much richer Na+ recoil spectrum. More
capture channels are open and their transverse momentum distributions vary more strongly.

Experimental work on collisions between alkali atoms and highly charged ions to obtain
information on state-selective cross sections has mainly been done by means of photon emis-
sion spectroscopy (PES) [88,91,226–229]. In these studies line emission cross sections were
measured and compared to the ones constructed from state selective cross sections given by
theory. On the theory side the problem has mainly been treated by means of classical trajec-
tory Monte Carlo calculations (CTMC) [85,88,91,227–231], which do not suffer from basis
set size limitations. Close coupling atomic orbital calculations have only been performed for
Aq++Li (q=2–6) [59].

Concerning the O6++Na system studied here, Schipperset al [88] measured OVI (10→8)
emission cross sections which show a steep increase by almost an order of magnitude in the
2–8 keV/amu energy range, in line with CTMC calculations presented by the same authors.
In a pilot MOTRIMS experiment Turkstraet al [26, 147] investigated single and multiple
electron capture, but no state-selective data could be obtained.

O6+ is not a bare ion but has two electrons in the1s shell. In the TC-BGM calculations
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Figure 7.1: The longitudinal momentum spectrum of 3 keV/amu O6++Na(3s), in which the position of
several O5+(n) shells are indicated.

the dynamics of these core-electrons is neglected and the screened O6+ potential is modelled
by a bare C6+ Coulomb potential. In other words, theoretically the O6++Na collision system
is approximated by C6++Na. The choice of using O6+ instead of bare C6+ ions in the first
place is given by the difficulty to obtain intense C6+ ion beams. However, a few runs with
C6+ as projectile have been performed in order to compare the resulting Na+ recoil spectra
for the two collision systems.

Besides one-electron capture, also some aspects of multi-electron capture in O6++Na
collisions have been studied. Na2+ recoils were measured for 7.5 keV/amu impact energy,
revealing the main two-electron capture channels. The results are discussed in terms of po-
tential energy curve diagrams, and possible transfer mechanisms are identified.

7.2 One-electron capture

One-electron capture in 1–9 keV/amu O6++Na(3s) collisions has been studied by measuring
the Na+ recoil spectra. The range of collision energies covers projectile velocities up to
the classical orbiting velocity of the Na3s electron, which corresponds to 9 keV/amu. In
figure 7.1 a longitudinal momentum spectrum of Na+ recoils is shown. The spectrum has
been taken at 3 keV/amu impact energy, at which the longitudinal momentum resolution of
0.1 a.u. corresponds to a Q-value resolution of 1 eV. In table 7.1 the Q-values and longitudinal
momenta for transfer into the relevant shells are given. The O5+(1s2nl) binding energies are
taken from reference [232].

A compilation of Q-value spectra is shown in figure 7.2. At low energy electron transfer
is dominated by capture inton= 7, while with increasing energy alson= 6, n= 8 and higher
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n Q-value (eV) plong(a.u.)
l = 0 l = n−1 l = 0 l = n−1

5 -15.4 -14.5 -1.81 -1.71
6 -9.0 -8.5 -1.13 -1.07
7 -5.2 -4.8 -0.72 -0.69
8 -2.7 -2.5 -0.46 -0.44
9 -0.9 -0.26
∞ I = 5.14 0.37

Table 7.1: Q-values and longitudinal momenta for electron transfer into the relevantnl states in
O6+(1s2)+Na(3s) → O5+(1s2nl)+Na+ reactions at 3 keV/amu projectile energy.

shells become of substantial importance. At low energies the process is fully exothermic
(i.e. negative Q-values), which means that the collisions are “superelastic”: the transferred
electrons are captured into stronger bound states.

From these Q-value spectra relative partial cross sections for capture into then = 5−8
shells of O5+(1s2nl) are obtained by fitting Gaussian peaks to the spectra. Subtracting these
contributions from the total capture yield one obtains the partial cross section for capture into
all principal quantum shells withn≥ 9.

Capture into differentl -states could not be resolved, but the non-degeneracy in thel -states
contributes to the width of the Gaussian peaks. For Li-like oxygen the energy difference
between the lowest (l=0) and highest (l = n−1) angular momentum states within a specific
n-shell is about 1 eV forn= 5 and decreases with increasingn (e.g. forn= 8 this difference is
reduced to 0.2 eV). Therefore the various peaks are fitted with Gaussians of different widths.

Our partial cross sections are compared with recent TC-BGM calculations (section 2.5.1).
The calculations consider only capture of the target3s-electron, which for the present energy
range is well justified. The generating space consists of all Na eigenstates of theLMN shells,
i.e. a total number of 19 functions, located at the target center, and hydrogen-like eigenfunc-
tions up ton = 10, i.e. a total number of 220 states at the projectile. As BGM-pseudostates
47 functions from the set{χµ

ν (r , t),µ ≥ 1,ν ≤Vt} up to orderµ = 4 are included, in which
Vt is the finite set of target states. The calculations are analyzed for impact parameters up to
60 a.u..

The partial cross sections are shown in figure 7.3(a)-(e). For the main capture shelln = 7
there is good agreement between experimental data and theory. For capture inton = 6 the
data are about 20-25% higher than theory. The energy dependence however, which shows
a shallow maximum around 6 keV/amu, is nicely reproduced. For capture into then = 8
channel at the low energy side theory predicts 25-30% larger relative cross sections, but there
is reasonable agreement toward higher energies. The sum of capture into all higher shells,
n≥ 9, shows a weak oscillatory behavior and increases rapidly above 6 keV/amu. In the TC-
BGM results the structure below 6 keV/amu is less pronounced, but the overall agreement
is quite good. It is of note that forE > 6 keV/amu Schipperset al [88] also found a steep
increase in the O VI(10→ 8) emission cross section. For the far exothermic and very weak
(<1%) n = 5 channel the oscillatory structure found by theory seems to be washed out in the
experimental data, but for the rapid increase above 4 keV/amu theory and experiment are in
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Figure 7.2: Overview of the Q-value spectra obtained for different projectile energies. The positions
of the different capture channels are indicated. The resolution in the Q-value spectra decreases with
projectile energy, from 0.6 eV at 1.125 keV/amu to 1.8 eV at 9 keV/amu.

very good accord.
The monotonic decrease with increasing projectile energy of then = 7 channel is due to

the broadening of the reaction window. Below 4 keV/amu this decrease can be explained by
the opening of the nearest channel,n= 8. The increase ofn= 8 flattens out above 4 keV/amu
at which bothn = 6 andn≥ 9 start to increase. Above 6 keV/amu it is the increase ofn≥ 9
which drives the further decrease of then = 7.

In figure 7.3(f) the TC-BGM absolute cross section for one-electron capture is plotted. In
the presented energy range the cross section takes a nearly constant value of 4.4×10−14 cm2.
For comparison a velocity-independent estimate based on the classical over-barrier model
(CBM) assuming a capture probability of 50%[37,52] gives a cross section of 4.2×10−14 cm2,
which is very close to the TC-BGM result. The total one-electron capture cross section is
nearly constant, in contrast to its individual contributions which strongly change with en-
ergy. As a consequence the energy dependencies of the relative cross sections, as plotted in
figure 7.3, mimic those of their absolute values.
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Figure 7.3: Cross sections for capture into O5+(1s2 n) for (a)n = 5, (b) n = 6, (c) n = 7, (d) n = 8, (e)
n≥ 9, present experimental data (¥), TC-BGM (—). Note that the panels have different scales. Panel
(f) shows the absolute TC-BGM cross sections for the total one-electron capture and the cross section
estimated from the classical over-barrier model (· · · ).
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Figure 7.4: TC-BGM distributions ofn-shell dependent capture. The cross sections for capture into
n = 7 are normalized to 1. Dashed lines are to guide the eye.

To further illustrate then behavior of the cross section then-distribution obtained from
the TC-BGM calculation is shown in figure 7.4. The partial cross sections of the main capture
channel, i.e.n = 7, are normalized to 1. Then-distribution shows the well-known broaden-
ing with increasing projectile energy, i.e., capture becomes less state-selective [50, 82]. The
distribution for capture into highn-shells can be represented by

σn = (n/n0)−α σn0, (7.1)

in which the partial cross sections are taken to decrease exponentially with a coefficientα.
The n-distribution for n > 7 (n0 = 7) does not follow an−3 scaling (α = 3) as would be
expected from phase space arguments, but falls off more steeply. Actually, between 1 and 4
keV/amu the calculations predictα values of around 13, which decrease to be approximately
7 at 9 keV/amu. From the experimental dataα can be estimated by comparing the partial
cross section for capture inton = 8 and the sum ofn≥ 9. An energy dependence similar
to TC-BGM is found although the values ofα are slightly smaller (for exampleα = 6 at
9 keV/amu). Deviations from then−3 scaling law have also been found in CTMC calcu-
lations for C6+, O8++Li collisions in the 1-10 keV/amu energy range [230]. Furthermore,
an extensive CTMC study on scalings for electron capture cross sections in Aq++(H(n=1-4),
Li(2s,2p)) with q = 2−10showed a similar energy dependence, whereα approached 3 only
at much higher energy [231]. Applying the proposed scaling laws to the O6++Na system, a
n−3 scaling is expected to be valid only forE > 35keV/amu.

For an impact energy of 4.5 keV/amu the transverse momentum distributions for capture
into differentn-shells are shown in figure 7.5 . These distributions show large differences.
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Figure 7.5: Transverse momentum distributions of state-selective one-electron capture in 4.5 keV/amu
O6++Na(3s). All distributions are normalized to their peak value.

Such differences are observed over the whole energy range. Capture into the lown-shells,
i.e. n = 5 andn = 6, results in relatively large momenta. The main capture channel,n = 7,
shows a sharp peak at small momenta around 0.1 a.u.. The maximum ofn = 7 occurs at
smaller momenta than that ofn = 8, but then = 7 distribution extends to larger momenta, as
compared to then = 8 distribution. The distribution for highern-shells, i.e.n≥ 9 is slightly
narrower than that ofn = 8. It is of note that at 4.5 keV/amu a transverse momentum of 0.1
a.u. corresponds to a scattering angle of 8µrad only .

In figure 7.6 a simplified potential energy curve diagram of the relevant channels is shown.
The initial state is approximated by a straight-line while the final states are pure Coulomb
curves. Polarization effects are neglected. Because of the non-degeneracy of the O5+(1s2

nl) states, the one-electron capture curves are represented as bands, in which the boundaries
are given by the lowest and highestl quantum number,l = 0 andl = n−1, respectively (see
table 7.1). Crossings between the one-electron capture curves and the initial state appear
at smaller internuclear distances for lowern-shells. By this, the increase of the transverse
momenta for lowern-shells (n = 5−7) can be understood. For capture into highern-shells
this trend is not fully continued. However, due to a bimodal distribution of then = 7 channel
its comparison withn = 8 is not straightforward.

To shed some light on this issue the weighted impact parameter dependent transition prob-
abilities,P(b)b, of the TC-BGM calculations are shown in figure 7.7(a). In this representation
the areas underneath the curves are proportional to the partial cross sections, because cross
sections is related to the transition probability via

σ = 2π
∫ ∞

0
P(b)bdb. (7.2)
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Figure 7.6: A simplified representation of the potential energies as function of internuclear distance,
showing the initial O6++Na(3s) state and the relevant final O5+(1s2nl)+Na+ states.

For better comparison the different distributions are normalized to their areas and depicted in
figure 7.7(b). The connection between the impact parameter dependent probabilities and the
differential cross sections or transverse momentum distributions is discussed in section 2.5.
Comparing the TC-BGM calculations with the potential energy curve diagram one observes
that forn≥ 6 channels the transitions occur at impact parameters smaller than the crossing
distances, while only forn = 5 also transitions outside the crossing distances can occur.

The transition probabilities show very different dependencies on the impact parameter,
as expected from our transverse momentum distributions. Indeed, by comparing the proba-
bilities of n = 5−7 (cf. figure 7.7(b)) one sees that the distributions peak at smaller impact
parameters when going to lowern-shells. Therefore the experimental transverse momentum
distributions are in accordance with the calculated probabilities.

The impact parameter distributions forn = 8−10 are very similar, with a small shift to
larger impact parameters for highern-shells. The experimental results forn = 8 andn≥ 9
support this prediction. Focussing on the comparison betweenn = 7 andn = 8 one observes
quite striking differences in impact parameter distributions. Then = 7 channel shows a peak
slightly below 20 a.u. and a steep slope on the large impact parameter side, with almost
zero contribution forb > 25 a.u.. Then = 8 channel shows two maxima, around 10 a.u.
and 23 a.u.. Then = 8 distribution extends to larger impact parameters than then = 7 one.
Interestingly, the local minimum in then = 8 (and highern-shell) channel coincides with the
peak in then = 7 distribution.

In fact, one might divide the impact parameter distributions in two groups according
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Figure 7.7: The transition probabilities as function of impact parameters for one-electron capture in
O6++Na(3s) collisions at 4.5 keV/amu, obtained from the TC-BGM calculations. In panel (a) the areas
underneath the curves are proportional to the partial cross sections. In panel (b) the distributions are
normalized to their areas to facilitate the comparison.

to their shape. Then≤ 7 ones are single peaked and decline steeply on the large impact
parameter side while at smaller impact parameters the decrease is less sharp. The ones for
n≥ 8 exhibit a double peak structure and the second peak occurs at impact parameters from
which then≤ 7 channels do not draw any flux.

These features are somewhat difficult to recognize in the experimental transverse mo-
mentum distributions. The double peak structure in then= 8 is not reflected in the transverse
momentum distribution. Actually, it is then = 7 channel which shows a bimodal distribu-
tion. To find out to what extent structures visible in the impact parameter distributions are
reflected in the transverse momentum distributions, an explicit calculation of the differential
cross sections from the transition amplitudes would be needed. However, this is far from
straightforward and not possible with the present theoretical results, due to a too small num-
ber of calculated impact parameters (see section 2.5). This issue might be better handled
by CTMC calculations, in which the momentum and impact parameter information are both
obtained directly from the classical trajectories.

7.3 One-electron capture in13C6++Na(3s) collisions

As pointed out above, in the theoretical description of the O6++Na collision system C6+ was
used as projectile. The1s2 shell of O6+ is assumed to fully screen the nuclear charge and
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Figure 7.8: Q-value spectra of Na+ recoils resulting from 6 keV/amu C6+ and O6+ collisions. Both
spectra are normalized onto their total area.

to be passive. In order to test these assumptions a limited number of experiments with C6+

were performed. The influence of core-electrons in collisions between partly stripped ions
and atoms has been studied in some detail. Experimentally it was found that the total elec-
tron capture cross sections for collisions between bare and partly stripped ions and hydrogen
increase with the number of core-electrons [233–235]. This trend was for example explained
by Larsen and Taulbjerg [236]. The presence of the core-electrons results in a splitting of the
l -states within then-shells, which can be of the same order of magnitude as the separation
of then-shells. The non-degeneracy of thel -states leads to a series of well separated curve
crossings with the initial state, while for a bare ion there is only one curve crossing pern-
shell. The larger number of crossings leads to an increase of the total cross section. Thus
the influence of the core-electrons on the capture process occurs in an indirect way via the
modified electronic structure of the ion.

To compare C6+ and O6+ projectiles Harel and Jouin [237] calculatednl cross sections
for collisions with atomic hydrogen. For impact velocities smaller than 0.3 a.u. differences
were found in the main capture channels,n = 4 andn = 5, but at higher velocities the C6+

and O6+ cross sections are basically equal. Thel -distributions were found to converge at
0.6 a.u. impact velocity. Experiments on C6+ and O6+ impact on He resulted in similar
findings [238–240]. The cross sections for capture into the dominantn = 3 channel are
equal for vp > 0.25 a.u., while thel -distributions become identical for vp > 0.6 a.u. [240].
Emission cross sections for 1–9 keV/amu A6++Li collisions (A=C, N, O and Ne) have been
found to be of similar magnitude indicating that for these systems core effects are of minor
importance [241]. For alkali target atoms capture takes place into highn-states where the
l -splitting is small. Therefore one expects smaller core effects compared to H and He targets.



7.3 One-electron capture in13C6++Na(3s) collisions 119

σn/σtot (%) experiment theory
E=4.5 keV/amu O6+ C6+ C6+

n = 5 0.35± 0.03 0.46± 0.06 0.30
n = 6 15.7± 0.5 12.5± 0.6 11.8
n = 7 51± 2 48± 2 52.0
n = 8 27.9± 0.6 27± 1 29.3
n≥ 9 5.2± 0.3 8± 3 6.5

E=6 keV/amu O6+ C6+ C6+

n = 5 0.53± 0.05 0.56± 0.05 0.45
n = 6 16.0± 0.5 11.7± 0.6 12.8
n = 7 45± 1 41± 2 46.9
n = 8 28.8± 0.6 26± 3 29.4
n≥ 9 10.0± 0.5 17± 3 10.4

E=9 keV/amu O6+ C6+ C6+

n = 5 0.82± 0.08 0.97± 0.05 0.79
n = 6 14.5± 0.4 11.2± 0.5 12.2
n = 7 30± 1 30± 2 34.6
n = 8 28.8± 0.6 28± 3 29.9
n≥ 9 26± 1 28± 3 22.5

Table 7.2: Relative partial cross sections (in%), comparing experimental data on one-electron capture
in C6+ and O6+ collisions on Na(3s) and TC-BGM calculations.

The challenge in obtaining an intense C6+ ion beam is due to the higher ionization poten-
tial compared to O6+. In particular the last ionization step takes 490 eV for C5+(1s) while for
O5+(1s22s) it is only 138 eV. As a result typical ion beam currents for C6+ are much lower
than for O6+, up to two orders of magnitude. To obtain a C6+ ion beam, isotopic13CO is
used instead of12CO. This circumvents the problem of He2+ contamination in a12C6+ ion
beam, caused by the equalm/q ratio. He2+ ions are present because of the use of helium as
a support gas in the ion source.

Na+ recoils resulting from13C6++Na(3s) collisions have been measured at three impact
energies, namely 4.5, 6 and 9 keV/amu, which correspond to impact velocities of 0.42, 0.49
and 0.6 a.u., respectively. To our knowledge no state selective one-electron capture cross sec-
tions for 13C6++Na(3s) collisions have been reported before. Multiply charged Nar+ recoil
spectra have been measured in a previous experiment by Turkstra [147]. Some differences
between C6+ and O6+ impact were observed, especially in the Na3+ and Na4+ spectra. Here
we will fully focus on the Na+ recoil spectra.

A Q-value spectrum of Na+ recoils resulting from 6 keV/amu C6++Na(3s) collisions is
shown in figure 7.8 together with the one from 6 keV/amu O6++Na(3s) collisions. Both are
normalized onto their total area. On first sight one observes a quite similar spectrum with
some small differences only. For C6+ capture inton = 6 shows a lower intensity, but capture
into the highern-shells,n≥ 9, is somewhat increased as compared to O6+. For a quantitative
comparison the relative cross sections for capture into C5+(n) are extracted from the spectra
as described above for O5+(1s2nl).
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Figure 7.9: ptrans,y-distributions of then = 6 andn = 7 capture channels for 6 keV/amu C6+ and O6+

impact on Na(3s). All distributions are normalized on the peak maximum.

The results are compiled in table 7.2. In general only small differences are found and for
the main channels,n= 7 andn= 8, the differences are within the experimental uncertainties.
For capture inton≥ 9 C6+ impact shows a larger value than O6+ at 6 keV/amu, but for the
other energies the difference is within the experiment uncertainties. Concerning capture into
n = 6 the C6+ data lie clearly below that of O6+ for all three energies and are much closer to
theory. No real difference is found for capture into the subdominantn = 5 channel.

In order to explain these observations, it is first noted that there are no differences for the
two main channels,n = 7 andn = 8. To explain the increase of then = 6 channels in the
presence of core-electrons, we recall that the increase of the cross section due to the presence
of a core depends on the strength ofl -splitting [236], which is larger forn= 6 than forn= 7.
However, no effect is observed for capture inton = 5, which would be expected from the
above argumentation. At this point we would like to stress that our observations are based on
relative cross sections and whether a channel increases or decreases is strongly dependent on
changes in the other channels. Also note that previous work concentrated on either total cross
sections [236] orl -distributions within the main capture channels [237, 240, 241]. Whether
the physical description developed is also valid for the subdominant channels is not clear.

In figure 7.9 the measuredptrans,y-distributions for capture inton = 6 andn = 7 by C6+

and O6+ impact are shown. From these distributions the transverse momentum distributions
are extracted (see section 4.3.4). No differences are seen in the raw data, from which one
can conclude that the transverse momentum distributions of O6+ and C6+ are identical. The
observed cross sectional difference for then= 6channel is not accompanied by a difference in
the transverse momentum distributions. This seems to indicate that for the two projectiles the
effective impact parameter range is equal but that the coupling strength may differ somewhat.

From the experimental comparison between O6+ and C6+, one can conclude that at the
investigated projectile energies the theoretical approach in which O6+ is approximated by



7.4 Single ionization 121

Figure 7.10: The ratio between single ionization and one-electron capture in O6++Na(3s) collisions.

bare C6+ is justified. One can reverse this statement: to test calculations on C6++Na(3s) one
can use experimental results from O6++Na(3s), which from an experimental point of view is
easier.

7.4 Single ionization

From Na+ Q-value spectra, as shown in figure 7.2, also ionization events which appear at
Q > I = 5.14 eV have been extracted. From these spectra one directly observes that in the
energy range investigated ionization plays a minor role. The contribution of ionization is
shown in figure 7.10, where the ratio between single ionization and one-electron capture is
plotted. Only forE≥4.5 keV/amu the ionization contribution to the Na+ recoil spectra could
be extracted from the experimental data (see appendix C).

It is found that even at the highest energy investigated, 9 keV/amu, ionization amounts
to only 1% of the total one-electron removal from Na and to less than 5% of the n ≥ 9
channel. However, its importance increases strongly from 4.5 to 9 keV/amu. It is of note
that for the same impact velocity the relative ionization cross sections are much smaller than
for H+ and He2+ impact (see chapter 5 and 6). Using the TC-BGM cross sections for one-
electron capture one obtains ionization cross section of 1×10−17 cm2 at 4.5 keV/amu and
4×10−16 cm2 at 9 keV/amu. TC-BGM calculations could not obtain ionization results.
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Figure 7.11: Recoil charge state distribution of 7.5 keV/amu O6++Na(3s) collisions obtained from a
time-of-flight measurement. The H2O+ peak is due to collisions of the projectile ions with background
water along the whole ion beam trajectory.

7.5 Two-electron capture

In this section Na2+ recoil spectra resulting from O6++Na(3s) collisions at 7.5 keV/amu are
presented. As mentioned above, multi-electron capture in this collision system has been
measured earlier by Turkstraet al [26, 147] at lower impact energies, namely 1.5, 3 and
4.5 keV/amu. It was shown that compared to the Na+ recoils, the momenta for the higher
charge state recoils Nar+ (r = 2,3,4) are much larger, both in longitudinal and transverse
directions. The experimental momentum distributions were found to be in reasonable agree-
ment with CTMC calculations. However, the resolution was rather poor. Here with our
improved resolution different two-electron capture channels are resolved and on basis of po-
tential energy curve diagrams distinct mechanisms can be assigned to the different channels.

First time-of-flight measurements of the Nar+ recoils have been performed to investigate
the importance of multi-electron removal versus one-electron capture. The corresponding
m/q spectrum is shown in figure 7.11. Recoils up to charge state 4+ are observed with no
trace of Na5+. The relative cross sections for multi-electron removal are extracted from this
spectrum. These cross sections can be compared with CBM calculations. The internuclear
distance at which thei’th electron can be transferred, i.e.Ri , can be directly converted to a
cross section, i.e.,

σi =
1
2

π(R2
i −R2

i+1), (7.3)

in which one corrects for the flux drawn by the next electron to be captured (see section 2.4).
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Na+ Na2+ Na3+ Na4+ Na5+

R (a.u.) 31.2 5.13 4.36 3.79 3.14
σ (10−16 cm2) 417 3.22 2.04 1.99 0.79

Table 7.3: CBM capture radii and absolute cross sections for Nar+ recoil production.

σ (Nar+)/σ (Na+) (10−3) Na2+ Na3+ Na4+

present experiment 9.8± 0.3 6.4± 0.3 4.9± 0.3
CBM 7.7 4.9 4.8

Table 7.4: Relative cross sections for multi-electron removal in 7.5 keV/amu O6++Na(3s) collisions,
comparing present experiment and CBM calculations.

The prefactor 1/2 takes into account the capture probability [37]. The cross sections are given
in table 7.3, while the relative cross sections are shown together with the experimental results
in table 7.4.

First considering the relative cross sections it is seen that the Na2+ production is about
100 times smaller than that of Na+. The cross sections for Na3+ and Na4+ are only∼ 35
and 50% smaller than the one for Na2+. A remarkable good agreement with CBM estimates
is found. No experimental absolute cross sections for one-electron removal are available.
Therefore the TC-BGM result for one-electron capture is used to put our data on an absolute
scale. This yields cross sections of about 4.3×10−16, 2.8×10−16 and 2×10−16 cm2 for two-,
three- and four-electron removal, respectively. These cross sections are remarkably close to
the CBM values (cf. table 7.3). However, the CBM results have to be viewed cautiously.
First of all the model predicts an appreciable amount of Na5+ which is not observed at all.
Also the assumption that the capture probability is 50% for all electrons is disputable. CBM
treats the target electrons independently. This might be valid for the capture of the3sand one
of the2p electrons, because of the very different character of these electrons. However, this
is probably not valid when two or more2p-shell electrons are involved.

The Q-value spectrum of Na2+ recoils resulting from 7.5 keV/amu O6++Na(3s) collisions
is shown in figure 7.12. The resolution is∼ 6 eV. The Q-values of the relevantnln′l ′ states
are given in table 7.5. Two groups of two-electron capture channels are contributing to the
spectrum. The dominant component appears between -20 and 0 eV, which corresponds to
double capture into3ln′l ′ (n′ ≥ 6). The intensity drops rapidly at the Q-values corresponding
to transfer ionization with one-electron capture into O5+(1s23l ) states. Therefore from the
spectrum one can conclude that transfer ionization plays a minor role at this impact energy
and that the two-electron removal is fully due to two-electron capture. Also capture into
higher doubly excited O4+ states, starting from4lnl ′ on, are excluded. The second Q-value
region at which recoils are found lies between -60 and -30 eV. These energies are associated
with double capture into3l3l ′. Remarkably, double capture into3l4l ′ is not observed and also
3l5l ′ seems to be a weak channel. The occurrence of either capture into the symmetric3l3l ′
or asymmetric3ln′l ′ (n′ ≥ 6) configurations suggests two different population mechanisms.

The transverse momentum distributions of the two configurations are shown in figure 7.13.
Double capture into3l3l ′ results in a rather broad distribution extending to large momenta



124 Electron capture in O6++Na(3s) collisions

Figure 7.12: Q-value spectrum of Na2+ recoils resulting from 7.5 keV/amu O6++Na(3s) collisions.
Double capture states of O4+ are indicated as well as the onset for transfer ionization.

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

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

3s n′ = ∞ -6
4ln′l ′ -6→ 22

Table 7.5: Q-values for the relevantnln′l ′ shells in O6++Na(3s) → O4+(1s2nln′l ′)+Na2+. Binding
energies of the O4+(1s2nln′l ′) states are taken from reference [232].
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Figure 7.13: Transverse momentum distributions for Na2+ recoils resulting from 7.5 keV/amu
O6++Na(3s) collisions: double capture into O4+(3l3l ′) (– –) and O4+(3ln′l ′) (—). Also CBM cal-
culation is shown (· · · ). All distributions are normalized to their peak value.

(> 10 a.u.), while for capture into3ln′l ′ (n′ ≥ 6) a much narrower distribution at smaller
momenta is observed. From this one can conclude that the population of the symmetric
configurations occurs at smaller internuclear distances than that of the asymmetric configura-
tions. Furthermore, a CBM estimation, in which the Coulomb repulsion along the projectile
trajectory is calculated (see section 2.4), is shown. In this model two-electron capture can
only occur forR≤ 5.1 a.u., resulting in transverse momenta larger than 5 a.u.. While capture
into 3l3l ′ shows a momentum range similar to that of the CBM, the momentum distribu-
tion of 3ln′l ′ (n′ ≥ 6) lies at smaller values. This suggests that the3l3l ′ states are populated
mainly at internuclear distances. 5 a.u., while transfer into3ln′l ′ (n′ ≥ 6) takes place at
larger distances,R& 10a.u..

In order to interpret the Q-value and transverse momentum spectra, potential energy curve
diagrams with the relevant two-electron and one-electron capture channels are shown in fig-
ure 7.14. For clarity different panels are used. For a givenn-shell the curves for double
capture into the3lnl ′ states are depicted as broad bands, which narrow for highern-quantum
numbers. Starting from3l5l ′ and 3l6l ′ these bands start to overlap, resulting in a quasi-
continuum of doubly excited states. The impact parameter dependent transition probabilities
for one-electron capture at 7.5 keV/amu obtained from the TC-BGM calculations are shown
in figure 7.14(d).

Population of the3l3l ′ states can proceed at the crossing between the entrance channel
and the3l3l ′ outgoing channel, which occurs at internuclear distances of 4–5.5 a.u. (fig-
ure 7.14(a)). In fact this is more or less the same impact parameter range as estimated with
the CBM. This might explain the similarity between the3l3l ′ transverse momentum distribu-
tions and the model prediction for two-electron capture.
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Figure 7.14: Panel (a)-(c) represent the same potential energy curve diagram, but showing different
single and double capture curves. Panel (d): transition probabilities as function of impact parameter for
one-electron capture at 7.5 keV/amu, obtained from the TC-BGM calculations.
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The complete absence of3l4l ′ population indicates that the two-electron transfer between
the entrance channel and double capture channels is not likely at large internuclear distances,
R> 7 a.u.. It means that for capture into higher doubly excited states, which cross the en-
trance channel at larger internuclear distances, other population mechanisms have to be ac-
tive. Population may proceed in a two-step manner via the single-electron capture states.
The transition probabilities of one-electron capture (figure 7.14(d)) show a strong coupling to
n= 6 andn= 7 levels at impact parameters of 10–20 a.u.. These levels strongly overlap with
the3l6l ′ and3l7l ′ bands (figure 7.14(c)). From the Q-value spectra double capture into3l5l ′
cannot be excluded, but this channel is at best weak. Coupling with then = 6 single-capture
curve becomes possible forR< 12 a.u., at which this channel is probably already depleted
by the population of3l6l ′.

State selective double electron capture in low energy ion-atom collisions has been studied
extensively, but mainly for noble gas targets. The complete arsenal of experimental tech-
niques has been used: TES [104, 242, 243], PES [244–246], Auger electron spectroscopy
[247–252], COLTRIMS [118–120] and recently a combination of Auger electron spectroscopy
and COLTRIMS [253]. But in none of the experiments alkali targets were used.

For the population of doubly excitednln′l ′ states in two-electron capture one usually
distinguishes two classes of mechanisms, namely monoelectronic and dielectronic processes
[252]. The importance of either one of the mechanisms is explained via potential energy curve
diagrams. Monoelectronic means transitions in which one electron is transferred, i.e., at a
crossing of the initial channel and a single-capture curve or at a crossing between a single- and
double-capture curve. In dielectronic transitions two electrons are captured simultaneously,
i.e. at a crossing of the entrance channel and a double-capture curve, which is also called
correlated-double-capture (CDC) [247]. A more complicated process is correlated transfer
and excitation (CTE) [254]. After a monoelectronic transition of the first electron, the second
electron is captured while the first electron changes itsn-shell number. This can be seen as a
kind of auto(de)excitation.

Often two classes of doubly excitednln′l ′ configurations are defined, namely symmetric
(n′ ≈ n) and asymmetric (n′ À n) configurations. Many experiments have shown that for
two-electron capture from He the population of asymmetricnln′l ′ states cannot proceed via
monoelectronic transitions [249,252] but has to be explained in terms of either CDC or CTE
processes.

In summarizing our results for the O6++Na collision system we found that the population
of the symmetric3l3l ′ states occurs at small impact parameters (R≤ 5) in a one-step process,
by a direct coupling with the initial state. Double capture into the asymmetric3l6l ′ and3l7l ′
configurations takes place at larger distances (R≥ 10) via two-step processes. Applying the
terminology developed for double capture from He, the population of3l3l ′ occurs via a single
dielectronic or CDC transition. Double capture into3l6l ′ and3l7l ′ occurs always via at least
one monoelectronic transition.

Our findings lead to a result reversed from that for two-electron capture from He. For our
Na target the population of the asymmetric states can proceed via monoelectronic transitions
which is excluded for He. Different findings from He and Na targets should not be surprising.
In case of He two equivalent electrons are captured, while for Na the two captured electrons
originate from differentn-shells, having quite different binding energies. Closely related is
the observation that the ratio between one- and two-electron capture for Na is on the average
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one order of magnitude larger than for He. Therefore two-electron capture starting from
single-capture curves may be expected to be more important than for He.

Although a good agreement between experiment and the CBM calculations is found in
the cross section for two-electron capture, the recoil spectra show that two-electron capture
is dominated by processes which are not included in CBM, namely those occurring atR> 5
a.u.. Therefore the correct cross section prediction of CBM is rather fortuitous.

7.6 Conclusions

In this chapter one- and two-electron capture in O6++Na(3s) collisions at keV impact energies
has been studied by measuring the Na+ and Na2+ recoil momenta. Partial cross sections for
one-electron capture at 1–9 keV/amu collision energies have been determined and compared
with close-coupling TC-BGM calculations, which included projectile states up ton= 10. The
partial cross sections for capture inton= 5, 6, 7, 8 andn≥ 9 show an overall good agreement
with theory. Only for weak channels deviations at most on the order of 20-25% are observed,
but in all cases the energy dependencies agree nicely. The transverse momentum distributions
of the different capture channels were also extracted and most features could be understood
by comparing with the impact parameter dependent probabilities calculated by the TC-BGM
method. In addition to electron capture information on ionization could be extracted. It is
found that ionization is a weak channel which increases strongly in the studied energy range.

Also Na+ recoils resulting from C6++Na(3s) collisions have been measured and com-
pared with those from O6++Na(3s) to study the influence of the core electrons. For the main
n = 7 andn = 8 capture channels no effect was observed. A small difference was found for
capture inton = 6.

The Q-value spectra of the Na2+ recoils show two groups of two-electron capture chan-
nels, namely3l3l ′ and 3ln′l ′ (n′ ≥ 6). The transverse momentum spectrum reveals very
distinct distributions for these two contributions. Using potential energy curve diagrams dis-
tinct population mechanisms could be ascribed to these channels. The population of the3ln′l ′
(n′ ≥ 6) states can be explained by two successive monoelectronic crossings, while transfer
to the3l3l ′ states occurs at a single dielectronic crossing. The dominant two-electron capture
channel proceeds at larger internuclear distances than predicted by the classical over-barrier
model.



Chapter 8

One-electron removal from excited
Na∗(3p)

8.1 Introduction

The study of ion-atom collisions involving excited target atoms is usually motivated by the
possibility to investigate excitation or charge transfer processes on a fundamentally deeper
level than possible with isotropic ground state atoms. By means of laser excitation the pop-
ulation of the magnetic quantum states may be altered, leading to an anisotropic electronic
charge distribution. One can distinguish two types of polarization, namelyalignmentand
orientation. The alignment characterizes the anisotropy of the electronic charge distribution
with respect to a certain axis, illuminating the role of the “shape” of the initial atomic state.
The orientation is related to the sense of rotation of the charge cloud around a chosen quan-
tization axis (see appendix D). For an overview of polarization, alignment and orientation in
atomic collisions, see e.g. references [255,256].

Besides the possibilities for alignment and orientation studies an excited target provides
a system in which the target electron is more weakly bound than for the ground state. This
influences the electron capture and ionization processes because they are very sensitive to
the initial binding energies of the active electrons. As an applied aspect it should be noted
that Na can be used to mimic metastable helium, which is a species of relevance to fusion
plasma research [257,258]. Because electron capture from metastable He donors can almost
resonantly populate the highn-shells of hydrogenic ions, the associated cross sections are
very large. Therefore, although metastables are much less abundant than ground state atoms,
they can influence the visible light spectroscopy used to diagnose fusion plasma. The binding
energy of He∗(1s2s) lies in between that of Na(3s) and Na∗(3p). Therefore by interpolating
the results for Na, cross sections for the metastable helium can be deduced.

The progress in understanding electron capture processes from excited atoms is mainly
based on keV H++Na∗(3p) collisions. A strong increase in Lyman-α emission subsequent to
capture into the H(2p) state was found when comparing Na∗(3p) with Na(3s) [188,259]. First
alignment studies reported by Doweket al [97,260], using translational energy spectroscopy
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(TES), showed a strong preference for capture inton = 2 for parallel aligned Na∗(3p). A
pronounced right-left scattering asymmetry was found for oriented Na∗(3p) in the differential
cross section [261,262]. The first studies involving multiply charged ions colliding on aligned
Na∗(3p) were reported by Aumayret al [98] and showed a strong preference for capture from
perpendicularly aligned Na∗(3p).

Up to now the MOTRIMS method has only been used with atomic targets containing un-
polarized (excited) atoms. In that sense, the effective excited state configuration is isotropic
just as for the ground state. The remaining difference is the lower binding energy. Conse-
quently the present experiments investigate influence of the initial target binding energy. We
are currently preparing a new generation of MOTRIMS experiments in which additional, res-
onant laser beams will be used to align the atomic charge cloud with respect to the ion beam.
Therefore the experiments presented here on unpolarized Na∗(3p) can be viewed as a first
step towards alignments studies.

Here we will discuss one-electron capture and ionization in two collision systems, namely
He2++Na∗(3p) and O6++Na∗(3p). Moreover, some first transverse momentum distributions
are presented. Studies on ionization of excited atoms are rather scarce and for Na∗(3p) limited
to classical trajectory Monte Carlo calculations (CTMC) for collisions with H+ [90].

8.2 One-electron capture and ionization in He2++Na∗(3p)
collisions

The first studies of one-electron capture by He2+ from aligned Na∗(3p) were reported by
Aumayr et al and Gieleret al [98, 176]. TES experiments in the energy range of 0.5–3
keV/amu and 64-state atomic orbital close-coupling (AO64) calculations for energies of 1–12
keV/amu were performed. While in He2++Na(3s) collisions the main capture channel isn= 3
(see section 6.2.1), in He2++Na∗(3p) capture inton= 4 dominates. Also transfer to then= 5-
shell becomes appreciable. Furthermore, cross sections for Na∗(3p) aligned perpendicularly
and parallel to the projectile direction were determined. The observed alignment effects
depend on collision energy and on the specific capture channel. For the main channel a
strong preference for capture from perpendicularly aligned Na∗(3p) was found.

Schlatmannet al [87] studied one-electron transfer from aligned Na∗(3p) to He2+ by pho-
ton emission spectroscopy (PES) for 3–13 keV/amu and by the CTMC method. The collision
energy range included the “velocity-matching” energy of 5.7 keV/amu at which the classical
orbital velocity of the active3p electron equals the velocity of the He2+ projectiles. A strong
dependence of the capture cross sections on the Na∗(3p) orbital alignment was found, with
the preference changing from perpendicular to parallel alignment near the matching velocity.
A model in which the electron capture probability is assumed to be proportional to the overlap
between the initial and final wave functions in momentum space was able to reproduce the
energy dependence of the preferred alignment axis, illustrating the role of velocity matching
in electron capture [263].

Here we present one-electron capture and ionization in He2++Na∗(3p) collisions at 2–
10 keV/amu impact energies. Relative cross sections for capture inton = 3,4 andn ≥ 5
are obtained as well as the relative ionization cross section. The measured cross section ratio
between one-electron removal from ground state and excited Na can be used to put the relative
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Figure 8.1: Q-value spectra of a sequence of measurements without laser light (Na) and with laser light
(Na/Na∗). The final He+(n) states labelled without asterisk are due to capture from Na(3s), while the
ones with asterisk are from excited Na∗(3p).

Figure 8.2: Q-value spectrum of Na+ recoils from 4.5 keV/amu He2++Na∗(3p) collisions.
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Figure 8.3: Relative cross sections for one-electron capture from Na∗(3p) into He+(n) for n = 3, n = 4
andn≥ 5 (a) and ratio between single ionization and one-electron capture (b).

data on an absolute scale. Our experimental data are compared with previous experimental
and theoretical work.

A typical dataset is shown in figure 8.1, which shows the Q-value spectra of a sequence
of measurements in which alternatingly the MOT laser beams are switched off or on during
the collisions. In case the laser light is switched off all atoms are in the ground state. If
the laser light is on a certain fraction is in the excited state. This means that one expects
additional peaks associated with capture from the excited state and a decrease of the peaks
belonging to capture from the ground state. This is indeed seen from figure 8.1, in which
additional capture inton= 3 andn=5 from the excited state and also the decrease of the main
ground state capture channel is observed. However, the latter effect is somewhat obscured by
contributions from excited state capture inton = 4.

By proper subtraction of these spectra, the contribution from the ground state can be elim-
inated, and one obtains spectra including only recoils resulting from collisions with excited
atoms (see section 4.3.9). A resulting Q-value spectrum is shown in figure 8.2.

From the Q-value spectra the relative partial capture and ionization cross sections are
extracted, which are shown in figure 8.3(a) and (b), respectively. At low collision energies
capture into then = 4 shell is dominant, but capture into highern-shells already contributes
significantly. Towards higher energies capture inton≥ 5 dominates the capture cross section.
Capture into then= 3 shell contributes less than 20% over the full energy range. It is of note
that capture inton= 2 has not been observed in the spectra, which means that its contribution
is much smaller than that ofn = 3. Ionization contributes only a few percent to the total Na+

production forE ≤ 4 keV/amu while forE ≥ 8 keV/amu ionization dominates over capture.

The ratio between one-electron removal from Na∗(3p) and Na(3s), σ(3p)/σ(3s), is shown
in figure 8.4. This ratio is larger than 1 forE ≤ 4 keV/amu, decreases towards 1 and for
E ≥ 8 keV/amu it seems to increase again. Also the ratio between one-electron capture from
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Figure 8.4: Ratio between one-electron removal from Na∗(3p) and Na(3s) respectively (¥) and the
corresponding ratio for one-electron capture (¤).

Na∗(3p) and Na(3s), σ(3p)cap/σ(3s)cap is shown. This ratio is clearly above 1 for low ener-
gies but decreases towards 1 atE = 4 keV/amu. According to the classical over-barrier model
(CBM) the cross sections scale withI−2 (section 2.4), leading to a cross sections ratio of 2.9.
Here much smaller ratios are found.

From theσ(3p)cap/σ(3s)cap ratio the absolute one-electron capture cross section in
He2++Na∗(3p) collisions can be obtained by using the recommended absolute capture cross
section curve for He2++Na(3s) (section 6.2.1). The result is depicted in figure 8.5. For com-
parison the TES results and AO64 calculations of Gieleret al [176] are shown too. Their
separate contributions of Na∗(3pπ) and Na∗(3pσ ) are averaged according to equation D.10
in order to compose cross sections for unpolarized Na∗(3p). Our MOTRIMS data lie slightly
below the TES results and a clear difference with the AO64 calculations is seen at our lowest
energy. Towards high energies a better agreement between our data and AO64 is observed.

Capture from Na∗(3p) exceeds that from Na(3s) for E ≤ 4 keV/amu. The larger cross
section can be explained simply by the lower binding energy. As a result the target elec-
tron can be transferred to the projectile at larger internuclear distances. The cross section
decreases already forE > 4 keV/amu, at a lower impact energy than for Na(3s). This is in
agreement with “velocity matching” arguments. In fact, the fall off of the cross sections for
both Na(3s) and Na∗(3p) occurs at energies somewhat below the velocity matching energy.
Note that theory predicts a cross section ratio of 2 at low energy, also smaller than the CBM
prediction.

The relative partial cross sections for capture and ionization from Na∗(3p) can now be
put on an absolute scale. The results are shown in figure 8.6. Comparison is made with the
cross sections of Gieleret al [176] and HeII(4→3) emission cross sections of Schlatmannet
al [87].
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Figure 8.5: Absolute cross sections for one-electron capture in He2++Na∗(3p) collisions, present data
( ¥). Sum of the partial cross section for capture inton= 3, n= 4 andn=5, Gieleret al[176]: TES (4)
and AO64 (—). Also the recommended curve for the He2++Na(3s) one-electron capture cross section
is shown (– –) (see figure 6.2).

For the mainn = 4 capture channel our data are in good agreement with the PES results,
while they are slightly below the TES cross sections at the lowest energies (although within
the mutual uncertainties). Then = 4 capture channel decreases exponentially forE > 3
keV/amu, just a predicted by the AO64 calculations. The comparison between our data and
the previous PES results has to be taken with some caution, because on the one hand the latter
misses some intensity due to decay channels to other shells thann = 3 (i.e. n =1,2), while
on the other hand capture inton > 4 contributes in part due to cascades via then = 4 shell.
From both the TES and our present data one might conclude that either these two processes
are small or partially compensate each other.

Our cross sections for then= 3 capture channel are somewhat smaller than the TES cross
sections, but have a similar energy dependence. The AO64 clearly supports the TES data,
although at higher energies there is good agreement with our data. The partial cross section
for n = 3 shows a broad peak aroundE = 4 keV/amu. Capture inton=5 and highern-states
shows a similar energy dependence. Note that the TES results and AO64 calculations only
include then=5-shell. Our data lie clearly above the AO64 calculations, but agree reasonably
well with the TES cross sections. Especially at higher energies one expects highern-shells to
contribute significantly. At lower energies these channels might not be important. Finally the
ionization cross sections show a strong increase with increasing impact energies. ForE ≥ 8
keV/amu the ionization cross section is larger than that for capture inton≥ 5.

Extraction of the transverse momentum distributions for all capture channels is in princi-
ple possible, but at present it is hindered by the low statistics. At low energies capture into
n = 3 from Na∗(3p) is well separated from capture inton = 3 from Na(3s), therefore trans-
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Figure 8.6: Partial cross sections from Na∗(3p) for capture into He+(n) for n = 3,4 andn≥ 5 and the
ionization cross section. Present experimental data (¥); Gieler et al [176]: TES (4) and AO64 (—);
PES He II(4→3) Schlatmannet al[87] ( ¤).

Figure 8.7: The transverse momentum distributions of capture into then = 3 by He2+ colliding on
Na∗(3p) (—) and Na(3s) (– –) at energies 1.5, 2 and 3 keV/amu.
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Figure 8.8: A simplified representation of the potential energy curves for the entrance channels
He2++Na(3s) and He2++Na∗(3p) and He+(n = 3) and He+(n = 4) capture channels.

verse momentum distributions can be obtained from a single (long run) measurement on a
mixed ground state and excited Na target. In figure 8.7 a comparison between the transverse
momentum distributions of capture inton = 3 for Na(3s) and Na∗(3p) is presented for 1.5, 2
and 3 keV/amu.

As discussed in section 6.2.3 for capture inton = 3 from Na(3s) the broadening of the
transverse momentum distributions with increasing impact energy indicates that the effective
impact parameters change to smaller distances. The distribution for capture from Na∗(3p)
does not show a clear energy dependence. It is broader than that of Na(3s) but this difference
becomes smaller with increasing energy. On average capture into then = 3 shell results
in larger transverse momenta for Na∗(3p) than for Na(3s), indicating that smaller impact
parameters are of importance. This can be understood in terms of potential energy curves, as
shown in figure 8.8.

The He2++Na(3s) and He+(n = 3)+Na+ curves cross at aboutR = 25 a.u. while the
He2++Na∗(3p) and He+(n = 3)+Na+ ones cross only at aroundR= 9 a.u.. These findings
are not contradicting the general idea that capture from excited Na occurs at larger distances
than from ground state Na. The cross section for capture from excited Na is dominated by
capture inton = 4 for which the curves’ crossing lies at larger distances as compared to the
one for capture from the ground state into then = 3-shell.
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Figure 8.9: Q-value spectra of a sequence of measurements without laser light (Na) and with laser light
(Na/Na∗). The final O5+(n) states labelled without asterisk are due to capture from Na(3s), while the
ones with asterisk are from excited Na∗(3p).

8.3 One-electron capture and ionization in O6++Na∗(3p) col-
lisions

In this section we present results for one-electron capture and ionization in 1–9 keV/amu
O6++Na∗(3p) interactions. Relative cross sections for capture inton= 7−10andn≥ 10and
for ionization have been determined. The results are compared with recent close-coupling
TC-BGM calculations (see section 2.5.1), in which the projectile basis set is extended up to
the n = 12-shell but which are otherwise identical to the ones for the O6++Na(3s) system.
One-electron capture in O6++Na∗(3p) has previously been studied by Schipperset al [88],
by means of PES measurements of the OVI(10→8) line emission and CTMC calculations.

A typical dataset is shown in figure 8.9, which shows a sequence of measurements in
which alternatingly the MOT laser beams are switched off or on. The main difference be-
tween the spectra comes from excited state capture into the highern-shells,n≥9. The de-
crease of then = 6 peak is used to determine the fraction of excited Na∗(3p). For the main
peak the decrease of the ground state capture inton= 7 is compensated by capture inton= 8
from the excited state.

In figure 8.10 the Q-value spectrum of Na+ recoils resulting from O6++Na∗(3p) collisions
at 2.25 keV/amu is shown. For comparison also the Q-value spectrum of Na+ recoils resulting
from collisions on Na(3s) is shown. For clarity the Q-value spectrum of Na∗(3p) is shifted
by 2.1 eV, such that the final capture states for both ground and excited states are located at
the same position. By comparing the integral spectra, one obtains the cross section ratio for
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Figure 8.10: Q-value spectrum of Na+ recoils from 2.25 keV/amu O6++Na∗(3p) collisions. State-
selective partial cross sections for capture inton= 7-9 as well as the sumn≥ 10are extracted from this
kind of spectra. For comparison also the Q-value spectrum for collisions on Na(3s) for the same impact
velocity is shown. Note that the Q-value spectrum for Na∗(3p) is shifted by 2.1 eV such that capture
into the samen-shell from both targets appears at the same position.

one-electron removal from Na(3s) and Na∗(3p).
One observes a clear shift in then-distribution, fromn= 7, being the main capture channel

for Na(3s), to n= 9 for Na∗(3p). The binding energy difference between these states is about
4 eV, which is larger than the excitation energy of Na∗(3p).

The relative partial cross sections are shown in figure 8.11(a)-(d) together with the TC-
BGM calculations. Capture into then = 9, which is the dominant channel at low energies,
decreases to only∼ 15% at E = 9 keV/amu. Then = 8 shows a similar behavior. At high
energies the contributions ofn = 8 and n = 9 are more or less equal. The weakern = 7
channel shows an increase up toE≈ 4 keV/amu, after which it is nearly constant at a level of
6-8%. The decrease of the main channels is due to an increase of capture into the highern-
shells,n≥ 10. At E = 1 keV/amu they already contribute significantly and increase to more
than 50% at E > 6 keV/amu. A good agreement is found between the experimental data and
the TC-BGM calculations, which proves the applicability of this close-coupling method even
for capture into highn-shells.

The relative contribution of capture inton = 10 could only be separated from the higher
n-shells at low energies. Then = 10 results are shown in figure 8.11(e) together with the
TC-BGM calculations for capture into the individual highn-shells. Reasonable agreement
is found between experiment and theory for then = 10 channel. To investigate capture into
these high-n states the TC-BGM calculations are further examined concerning capture into
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Figure 8.11: Relative partial cross sections for capture into O5+(1s2 n) for (a) n = 7, (b) n = 8, (c)
n = 9, (d) n≥ 10; MOTRIMS data (¥), TC-BGM (—). Note that the panels have different scales.
Panel (e) shows the TC-BGM results of the relative cross sections for capture inton = 10− 12 and
n≥ 13, together with experimental data forn= 10. The ratio between single ionization and one-electron
capture in O6++Na∗(3p) collisions is depicted in panel (f).



140 One-electron removal from excited Na∗(3p)

Figure 8.12: Panel (a): the ratio between one-electron capture from Na∗(3p)and Na(3s) respectively;
present experimental data (¥), TC-BGM (—). Panel (b): the ratio of one-electron capture inton = 10
from Na∗(3p) and Na(3s); PES O VI(10→8) Schipperset al[88] ( ¤), TC-BGM (—).

n = 11, n = 12 andn≥ 13. Although only states up ton = 12 have explicitly been included,
the sum channeln≥ 13 has been extracted from the contribution of the BGM-pseudostates.
The pseudostates contain both ionization as well as capture channels, which are not explicitly
included in the basis set. From the impact parameter dependence it was concluded that most
of this contribution could not be assigned to ionization. Therefore it is attributed to capture
into n≥ 13. This issue can be addressed further by examining the ratio between capture and
ionization, given in figure 8.11(f). The data show a steep increase but are¿ 10%for E . 7
keV/amu. Therefore it seems well justified to neglect ionization at low energies and relate the
pseudostates fully to capture inton≥ 13. However, atE = 9 keV/amu ionization contributes
about 10% of the total Na+ recoil production and 25% of the calculatedn≥ 13contribution.
This indicates that the present analysis of the TC-BGM calculations concerning then≥ 13
channels becomes questionable for energies higher than considered here.

The cross section ratio between one-electron capture from ground and excited Na is
shown in figure 8.12(a). The experimental data show that at low energy the cross section
for excited Na is about twice that of ground state Na, but decreases to be at most 50% larger
at higher energies. A discrepancy is observed with the TC-BGM calculations, which show
a less steep decrease. Note that a rather constant cross section of about 4×10−14 cm2 was
obtained for capture from the ground state (see figure 7.3). Therefore the energy dependence
of the ratio is close to that for one-electron capture from Na∗(3p).

To shed some light on this issue the emission cross section ratios of Schipperset al [88]
for the OVI(10→8) transition are compared with the TC-BGM results for capture inton= 10
in figure 8.12(b). A good agreement between the PES measurements and the TC-BGM cal-
culations is found. However, this channel contributes less than 25% of the total capture cross
section, which means that the discrepancy may still be due to the other channels. Unfor-
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tunately, this cannot be tested with the present data, because only the relative partial cross
sections in the O6++Na(3s) and O6++Na∗(3p) could be compared with the TC-BGM calcu-
lations and on this level good agreement is found for all channels. Absolute cross section
measurements are needed to solve this problem.

8.4 Conclusions

In this chapter one-electron removal from Na∗(3p) by impact of He2+ and O6+ at keV ener-
gies has been reported. Relative partial capture and ionization cross sections as well as the
cross section ratio between capture from the ground state and excited state have been ob-
tained. For He2+ impact capture inton = 4 is the main channel at low energy while the sum
of capture inton≥ 5 dominates forE > 6 keV/amu, at which also ionization starts to signif-
icantly contribute to one-electron removal. The cross section ratio is larger than 1 forE < 4
keV/amu, but for higher energies the capture cross sections for ground state and excited state
Na are almost equal. The ratio is used to put the relative cross sections on an absolute scale.
Present data are compared with previous experimental and theoretical studies. In general a
reasonable agreement is found, although some small discrepancies exist. Finally the trans-
verse momentum distribution for capture inton = 3 shows a clear difference as compared to
capture from the ground state.

For collisions with O6+ the main capture channel is shifted ton = 9 at low energy, while
the sum of capture inton≥ 10 contributes more than 50% for E > 6 keV/amu. The relative
partial cross sections are in good agreement with TC-BGM calculations. Ionization is small
compared to capture, but one order of magnitude larger than for the ground state. A discrep-
ancy with theory occurs in the cross section ratio between capture from Na(3s) and Na∗(3p).
The calculated ratio exceeds the experimental one by∼50%.

The collisions of multiply charged ions with excited Na show a clear shift in the main cap-
ture channel and a large increase in the ionization cross section as compared to ground state
Na. The present measurements show that MOTRIMS is suitable to determine partial cross
sections for capture and ionization from excited target atoms. Up to now, only unpolarized
targets have been used, but measurements on aligned Na∗(3p) are in preparation.





Chapter 9

General features of electron capture
processes

9.1 Introduction

In the previous chapters electron capture cross sections for H+, He2+ and O6+ projectile ions
colliding on Na(3s) and Na∗(3p) target atoms have been reported. Here those cross sections
are discussed jointly to investigate their dependencies on the projectile charge state and initial
target state. Emphasis is put to a comparison between the experimentally observed trends and
those predicted by the classical over-barrier model.

9.2 One-electron capture in H+, He2+ and O6+ collisions
on Na(3s) and Na∗(3p)

The one-electron capture cross sections for H+, He2+ and O6+ collisions on Na(3s) are shown
in figure 9.1. For H+ and He2+ impact the theoretical and experimental data are in very good
agreement. For O6+ impact no experimental absolute cross sections have been reported. For
H+ the theoretical result for capturing of the outer-shell electron is given. Contributions from
inner-shell capture become of significance forE > 20keV/amu where indeed the experimen-
tal cross sections are slightly higher than the theoretical ones.

The cross sections are almost constant at low impact energies and decrease rapidly at
high impact energies. Comparing H+ and He2+, the impact energy at which the cross sections
start to decrease shifts to higher energy for higher projectile charge states. For O6+ the impact
energies studied are too low to see the decreasing behavior. Both energy and projectile charge
state dependencies are in qualitative agreement with the Bohr-Lindhard model, but the cross
sections are clearly underestimated (see figure 2.4).

Partial cross sections orn-distributions reveal which channels are contributing to the total
one-electron capture cross section. The measured Q-value spectra allowed to distinguish cap-
ture into the differentn-shells of the projectile. The resultingn-distributions of the different
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Figure 9.1: Cross sections of one-electron capture from Na(3s) for impact of H+: experimental recom-
mended cross sections and TC-BGM calculations (chapter 5); He2+: experimental recommended cross
sections and CTMC calculations (chapter 6); O6+: TC-BGM calculations (chapter 7).

collision systems can now be compared to assess the dependencies on projectile charge state
and initial target state.

In figure 9.2 then-distributions for H+, He2+ and O6+ collisions with Na(3s) at 9 keV/amu
are shown. For increasing projectile charge state one observes a shift to highern-shells and
a broadening of the distribution. Both trends can be understood in terms of the classical
over-barrier model (CBM) (section 2.4). This model predicts that the mainn capture shell is
(assuming hydrogenic projectile states),

neff =
q√

1+ q−1
1+2

√
q

1√−2Eb
∝ q3/4, qÀ 1, (9.1)

in which q is the projectile charge state andEb is the binding energy of the target electron.
The neff ∝ q3/4 scaling has also been found in the more sophisticated CTMC calculations
for Aq++H collisions (q=1-20) [82]. Our experimentaln-distributions agree with this scaling
even for the relatively low charge states. This could already be observed from figure 2.8,
which showed that the reaction windows are more or less centered on the actual mainn
capture channel.

Note that although with increasingq capture takes place in highern-shells, the electron is
transferred to more strongly bound states. This is easily seen by insertingneff into the Bohr
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Figure 9.2: n-distributions of one-electron capture in collisions of H+, He2+ and O6+ on Na(3s) at 9
keV/amu.

formula of the binding energy,

Efinal
b =− q2

2n2
eff

= Eb(1+
q−1

1+2
√

q
) ∝ q1/2, qÀ 1. (9.2)

For the broadening of then-distribution with increasingq two effects have to be consid-
ered. First of all, the energy width of the reaction window according to CBM is practically
independent ofq. Secondly, the energy spacing between the differentn-levels in the projec-
tile is given by dn/dE = n3/q2. Around the predictedneff capture channel, the following
dependence on the projectile charge state can be derived,

[
dn
dE

]

n=neff

=
n3

eff

q2 ∝ q1/4, qÀ 1. (9.3)

Thus from these considerations one expects a broadening, however the dependence is rather
weak. A quantitative comparison is difficult because the width of the distribution is ill-defined
due to the limited number of accessiblen-states. The asymmetry of the distribution can be
partly ascribed to the non-equal energy spacing of the final states.

In figure 9.3 then-distributions for 3 keV/amu He2+ and O6+ ions colliding on Na(3s)
and Na∗(3p) are shown. For capture from Na∗(3p) one observes a shift to highern-states as

compared to Na(3s), in line with the CBM in whichneff ∝ E−1/2
b . Note that also here the

same scaling was found in CTMC calculations [82]. For the present target states the mainn
capture channel should be shifted according to,

n3p
eff

n3s
eff

=

√
E3s

b

E3p
b

= 1.30, (9.4)
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Figure 9.3: n-distribution of one-electron capture in collisions of He2+ and O6+ on Na(3s) and Na∗(3p)
at 3 keV/amu.

which is in agreement with the experimentally observed shifts.
Also here a broadening is observed for capture from the more loosely bound target state,

as can be seen from the relative intensity of the main capture channel. Again one has to

take the effect of the level spacing in the projectile into account, which scales withE−3/2
b .

However, the CBM width of the reaction window scales linearly withEb, thus narrows for a

more loosely bound state (see figure 2.8). The two effects result in aE−1/2
b dependence of the

width of then-distribution and thus a broadening for more loosely bound states is predicted.

9.3 Multi-electron removal in H+, He2+ and O6+ collisions
on Na(3s)

Absolute cross sections for multiple electron removal in H+, He2+ collisions on Na(3s) are
shown in figure 9.4. With the inclusion of ionization, the one-electron removal cross sections
depend much less on energy compared to the pure one-electron capture cross section (see fig-
ure 9.1). This can be interpreted by the Bohr-Lindhard model (see section 2.3). Considering
electron removal instead of pure capture, the condition of kinetic energy balance for captur-
ing can be dropped. Therefore the cross section does practically not depend on the impact
energy, but only on the projectile charge state and the initial target state binding energy.

Two-electron removal for H+ impact is clearly much less likely than for He2+. The
difference is almost two orders of magnitude. It is tempting to explain this by the lack of
two-electron capture by protons. However, for He2+ the main channel for two-electron re-
moval is transfer ionization (TI), which is also the most important process to produce Na2+

in collisions with H+. The large difference between H+ and He2+ is explained by the fact
that for He2+ TI is a resonant channel, while for H+ this channel is far from being resonant
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Figure 9.4: Cross sectionsσr for removal ofr electrons in collisions between H+ (closed symbols) and
He2+ (open symbols) on Na(3s).

(Q > 38 eV). In fact, even the removal of three electrons by He2+ impact (Q=45-53 eV) is
more likely than two-electron removal by H+.

In figure 9.5 the recoil charge state distributions for He2+ and O6+ impact at 7.5 keV/amu
are compared. Both the relative intensities with respect to one-electron removal and the
absolute cross sections are shown. Note that the He2+ results are interpolated from our data at
6 and 8 keV/amu and for O6+ the absolute cross sections for one-electron capture calculated
by the TC-BGM method are used to scale our multi-electron removal data.

CBM predicts that the recoil charge state distribution is nearly independent of projectile
charge stateq. However, in comparing two-electron removal by He2+ and O6+ impact a large
difference is seen (cf. figure 9.5(a)). For the absolute cross sections the model gives a scaling
approximately linear withq. Two-electron removal seems not to follow this dependence.
Both observations might also be explained by the dominance of TI in case of He2+ impact,
while for O6+ pure two-electron capture dominates the Na2+ production. Because ionization
is not taken into account in the model, one cannot expect reasonable predictions for multi-
electron removal processes which are dominated by ionization processes. However, if we
consider only pure two-electron capture, the situation is less problematic. The Na2+ recoil
spectrum of 10 keV/amu He2+ reveals that 28% of the total two-electron removal is due two-
electron capture. Although this result might be energy dependent, applying it to the data of
7.5 keV/amu would bring theσ2/σ1 ratio close to that of O6+ and in accordance with the
model.
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Figure 9.5: Multi-electron removal of Na(3s) by He2+ and O6+ at 7.5 keV/amu impact energy. Ratio
of cross sections for removal ofr electrons and one-electron respectively (a) and absolute cross sections
for removal ofr electrons (b).

9.4 Conclusions

We have seen that some aspects of electron capture processes, for instance the scaling proper-
ties of then-distribution in one-electron capture and the multi-electron capture cross sections
(excluding ionization), are in reasonable or even good agreement with CBM, even for H+

and He2+. This might be surprising because CBM is generally thought to be best suited for
highly charged projectiles. We can speculate that for one-electron capture the low projectile
charge states in our case are compensated by the small binding energy of the target state. The
basic assumption of the model is a high density of possible final state in the projectile, which

depends onq1/4E−1/2
b as derived above. For loosely bound initial states electron capture

takes place into highn-states, even for low projectile charge states, fulfilling the condition of
a near-continuous density of final states.



Chapter 10

Single ionization

10.1 Introduction

Single ionization is the most basic ionization process. By impact of the projectile one target
electron is emitted into the continuum. For a projectile of chargeq and velocity vp pure
single ionization is rather well understood for small values of the Sommerfeld parameter
q/vp [264]. The process can be treated perturbatively and the continuum electron spectrum
is dominated by low-energy electrons centered around the target (so-called ‘soft-electrons’).
Also two other classes of electrons can be identified, namely ‘binary encounter electrons’
resulting from hard projectile-electron collisions and ‘cusp electrons’ from electron capture
into the continuum.

Single ionization represents a basic three-body problem in which the projectile - electron,
projectile - target nucleus and target nucleus - electron interactions can all play a role. Mea-
suring the fully differential cross sections provides a stringent test to theory and reveals the
few-body dynamics (see e.g. [265] and reference herein). Such studies are usually performed
in the high energy region (> 0.1 MeV/amu).

In slow ion-atom collisions, where the projectile velocity is lower than the classical Bohr
velocity of the target electron, the probability of ionization is very small compared to that
of capture. Mechanisms which promote the electrons into the continuum and the associ-
ated electron-momentum distributions have been heavily discussed. Especially the role of
the saddle point electrons, introduced by Olson [266] and observed experimentally by e.g.
Pieksmaet al [267], has stimulated many experimental and theoretical studies (for a re-
view, see e.g. [268]). In the classical saddle point mechanism the electrons, stranded at the
equiforce or saddle point between the projectile and residual target ion, will follow this point
as the projectile and target separate.

The ejected electron momenta have been measured in COLTRIMS experiments (see e.g.
[123–126,269]) revealing that the electrons stay at the target with low kinetic energy (electron
excitation into the continuum, EEC), travel along with the projectile (electron capture into
the continuum, ECC) or are found in between the target and projectile (including the saddle
point electrons). The relative importance of each of them depends on projectile charge state,
velocity and target structure. Note that by far most experiments are done on He and Ne
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targets.
Theoretically single ionization in slow ion-atom collisions has been addressed by var-

ious methods including CTMC [266, 270, 271] and (triple-center) close-coupling calcula-
tions [272, 273]. Especially the theory of hidden crossings has been successfully applied
[274–276]. In this theoretical framework electronic transitions are associated with the branch-
ing points of the adiabatical potential energy surfaces which are analytically continued in the
complex plane. Ionization at low velocities is explained as a multistep promotion process in
the quasi-molecule formed during the collision. Emphasize is put on two distinct mechanisms
which are called S and T superpromotion. The S mechanism is related to unstable trajecto-
ries of the electrons located on the top of the centrifugal barrier on the incoming stage of
the collision while the T promotion is related to the saddle point mechanism on the receding
part of the collision. The hidden crossing calculations have been limited to H as target (see
e.g. [19]). Experimental evidence of the molecular orbital promotion mechanism has been
found for non-H targets [123,269,277,278].

Total cross section measurements in the threshold region below the ionization maximum
are scarce. Wuet al reported single ionization cross sections for collisions between highly
charged ions (q=6–30) and He at energies down to 1 keV/amu [279], while Shahet alstudied
the H++H system down to 1.25 keV/amu [280]. For alkali targets such cross sections are
basically lacking. In this chapter we have compiled our ionization data on Na(3s) and Na∗(3p)
targets. Scaling properties of the ionization cross sections will be investigated and compared
to scaling laws deduced from ionization of H and He targets. The measured Q-value spectra
contain some information on the momentum distributions of the emitted electrons and on
basis of these spectra the importance of EEC and ECC as well as their dependencies on the
collision parameters will be discussed.

10.2 Total cross sections

The amount of single ionization compared to one-electron capture can be directly extracted
from the Q-value spectra. The ionization potential serves as a strict boundary between the
two processes (see appendix C). In figure 10.1 we show the compilation of the ratios of cross
sections for single ionization and one-electron capture for the collision systems investigated
here. For all systems the ratios are characterized by a steep increase with collision energy,
but their exact values depend on the projectile and target initial states. For each initial target
state one sees that for increasing projectile charge the probability of ionization, with respect
to capture, decreases. The role of the initial binding energy can be investigated by comparing
data for Na(3s) and Na∗(3p). Here one observes that ionization increases with decreasing
binding energy.

In figure 10.2 the single ionization cross sections are put on an absolute scale by nor-
malization to absolute cross sections for one-electron capture. For H+ and He2+ impact on
Na(3s) we have used recommended cross sections, as discussed in chapter 5 and 6, respec-
tively. In case of O6+ impact on Na(3s) experimental one-electron capture cross sections are
not available and therefore the TC-BGM calculations (chapter 7) are used for normalization.
The absolute cross sections for single ionization of Na∗(3p) were obtained using the cross
sections for capture from Na(3s) and using the capture cross section ratio between Na(3s)
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Figure 10.1: Single ionization and one-electron capture cross section ratios for different projectiles
colliding on Na(3s) and Na∗(3p).

and Na∗(3p) (chapter 8). Explicitly,

σion(3s) =

(
σ rel

ion(3s)
σ rel

cap(3s)

)
σcap(3s), (10.1)

σion(3p) =

(
σ rel

ion(3p)
σ rel

cap(3p)

)(
σ rel

cap(3p)
σ rel

cap(3s)

)
σcap(3s), (10.2)

where the quantities between brackets are ratios obtainable from our experiments andσcap(3s)
are the one-electron capture cross sections.

Theoretical cross sections were obtained by TC-BGM for H++Na(3s) (chapter 5) and
CTMC calculations for He2++Na(3s) (chapter 6). Note that single ionization in H++Na(3s)
and H++Na∗(3p) collisions has been investigated by earlier by means of CTMC calcula-
tions [90]. The results for the excited state have been included in figure 10.2. The CTMC
calculations for H++Na(3s) yielded about 20-25% smaller cross sections than the ones of
TC-BGM (see figure 5.8).

For each projectile charge state the ionization cross sections show an enhancement when
going from Na(3s) to Na∗(3p). The energy dependence, i.e. the slope of the curves in fig-
ure 10.2, seems not to vary strongly with binding energy, but is different for different pro-
jectile charges. At low energies the ionization cross section is larger for a lower charge state
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Figure 10.2: MOTRIMS and theoretical single ionization cross sections for different projectiles collid-
ing on Na(3s) and Na∗(3p), including TC-BGM calculations for H++Na(3s) (—) and CTMC calcula-
tions for H++Na∗(3p) [90] (– –) and He2++Na(3s) (· · · ).

projectile. However, for ions in higher charge states the cross sections increase more rapidly
with energy and ultimately exceed the ones for lower charge states. A crossing behavior
at intermediate energies is also seen in CTMC calculations on fully stripped ions (q=1–36)
colliding on H [79].

In the threshold region below the cross section maximum scaling properties of ionization
cross sections for He have been considered by Wuet al [279]. Later a generalized scaling
law was obtained by Wuet al [281] by including also experimental and theoretical data
on ionization of H by highly charged ions. The scaling involves the reduced cross section
σ̃ = σ I1.3/q and the reduced energỹE = E/Iq1/2. The energy scaling is derived from the
Bohr-Lindhard model [35]. However, it is of note that the experimental data for H targets only
covered a small part of the threshold region. Therefore the scaling law is mostly determined
by single ionization of He. In figure 10.3 the proposed scaling is applied to our data and
compared to the He data of Wuet al [279, 281]. Our scaled data show a similar dependence
on the scaled energy as the He cross sections, but yield clearly larger values. In order to
describe the ionization data from Na(3s), Na∗(3p) and He an alternative scaling law have to
be found.

Our findings could be useful to estimate single ionization cross sections for similar col-
lision systems, i.e., ion-atom collisions involving weakly bound electrons, e.g. alkali and
metastable atoms. For example, the ionization potential of metastable helium (4.8 eV) lies in
between that of Na(3s) and Na∗(3p). The present study can also be regarded as an intermedi-
ate step between ionization of atoms in which the electrons are strongly bound, such as in H
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Figure 10.3: Scaled single ionization cross sections on Na(3s) and Na∗(3p) compared with single
ionization cross sections on He from Wuet al [279,281], also showing their result of a fit of H and He
data.

and He, and that of Rydberg atoms, in which the ionization potentials are smaller than 1 eV.

10.3 Momentum distributions

Not only the amount of ionization can be extracted from the Na+ Q-value spectra, but also
some aspects of the emitted electron dynamics. One can show that the energy above the
ionization potential,Q− I , is equal to the kinetic energy of the emitted electron in thepro-
jectile frameEe,p f (see appendix C). Under the assumption that the electron travels close
to the projectile axis distinct features in the spectra can be assigned. The threshold of ion-
ization atQ = I is connected to ECC in which the free electron travels with the projectile
(at rest in the projectile frame), which can be seen as a continuation of capture into high
n-states. On the other hand, emitted electrons which remain near the target, i.e. EEC, have
a kinetic energy in the projectile frame of1

2v2
p and can be found atQ = I + 1

2v2
p. While the

ECC boundary is independent of the projectile velocity, the EEC shifts to higher Q-values
with increasing impact energy. Saddle point (SP) electrons are characterized by their ve-

locity vs, given by vs = vp
(
1+q1/2

)−1
in the laboratory frame [124] and can be found at

Q = I + 1
2q(1+

√
q)−2v2

p in the spectra.
An overview of the Q-values spectra for H++Na(3s) is shown in figure 10.4 in which
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Figure 10.4: Q-value spectra of the Na+ recoils resulting from H++Na(3s) collisions for different
impact energies. The positions of ECC atQ = I , SP atQ = I + 1

8v2
p and EEC atQ = I + 1

2v2
p are

indicated.

the ECC, EEC and SP positions are indicated. At our lowest collision energies the Q-value
spectra decrease smoothly throughQ = I and have very low intensity at the EEC boundary.
With increasing projectile energy ionization increases and a maximum in the spectrum at
Q > I starts to appear forE > 16 keV/amu. The maximum gets rather broad when reaching
the highest energy ofE = 25keV/amu. Due to the finite resolution, also events resulting from
one-electron capture into highn-states appear aroundQ = I , which excludes a quantitative
comparison of the relative importance of ECC and EEC. However, a qualitative analysis
seems possible.

In the projectile frame the electron’s kinetic energy can be expressed in terms of the
projectile velocity:

Ee,p f = Q− I =
1
2

ηv2
p , (10.3)

which defines the scaled projectile frame electron energyη . The advantage of usingη rather
then the Q-value itself is that now the positions of SP and EEC are independent of the collision
energy. Figure 10.5 shows theη dependence of the electron spectra for the highest projectile
energies. The distributions are normalized to their maximum value. ECC corresponds to the
situation thatη = 0, EEC toη = 1 and SP corresponds toη = 0.25. With increasing projectile
velocity the electron is found closer to the target (η = 1), indicating an increasing role of EEC
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Figure 10.5: Kinetic energy distributions of the emitted electrons in the projectile frame for single
ionization in H++Na(3s) collisions in terms ofη (see equation 10.3).

on the cost of ECC. This feature has also been observed in H++He collisions [124]. At low
velocity the emitted electron is able to follow the projectile. At high velocity the projectile is
too fast and therefore leaves the electron near to the target nucleus. Note that at the highest
energies the maxima do not coincide with the saddle point velocity and most electrons a
found between the saddle point and the target, having kinetic energies. 5 eV.

An overview of the Q-value spectra for He2++Na(3s) collisions is shown in figure 10.6(a).
The range of measured collision energies is so low that a maximum forQ> I is not observed.
In the Q-value spectra for He2++Na(3s) one observes less intensity between SP and EEC
than between ECC and SP as compared to equal projectile velocity H++Na(3s) collisions.
This indicates that for increasing projectile charge state the role of EEC decreases, which is
also observed for ionization of He and Ne by bare ions [125]. This can be understood by an
argument similar to that used to explain the velocity effect. The attractive force which pulls
the electron towards the projectile increases with increasing projectile charge, leaving less
electrons near the target nucleus.

Finally, we can compare the ionization patterns in He2++Na(3s) and He2++Na∗(3p) col-
lisions (see figure 10.6), to investigate the dependence on the initial binding energy. For equal
projectile velocity one observes higher intensities between SP and EEC than between ECC
and SP for Na∗(3p) as compared to Na(3s). One has to realize that with decreasing binding
energy the projectile velocity relative to the classical orbital velocity of the target electron
increases, such that the observed effect might simply be a velocity effect. Taking this into
account 13 keV/amu for Na(3s) corresponds to∼ 8 keV/amu for Na∗(3p), nevertheless the
EEC process still seems somewhat stronger for Na∗(3p). Such an effect has not been observed
before, because most experiments were done with He and Ne target and their difference in
binding energies is relatively small.
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Figure 10.6: Q-value spectra of the Na+ recoils resulting from (a) He2++Na(3s) and (b) He2++Na∗(3p)
collisions for different impact energies. The positions of ECC atQ = I , SP atQ = I +0.17v2

p and EEC

atQ = I + 1
2v2

p are indicated.

To conclude, from a detailed analysis of the ionization part of the Q-value spectrum the
influence of the projectile charge state and velocity and of the initial target state on the elec-
tron emission patterns could be qualitatively investigated. With increasing projectile velocity
or decreasing charge state the electron is found closer to the target in line with experiments
on noble gases. For the first time a similar trend is observed for a decreasing binding en-
ergy. Measuring the momenta of the emitted electrons in coincidence with the target recoils
is needed to study single ionization of Na more precisely and quantitatively. However, the
present study shows that the recoil-ion spectrum alone does already provide a wealth of in-
formation.



Chapter 11

Summary and outlook

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

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

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

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

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

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

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

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

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

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

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

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

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

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





Appendix A

Atomic Units

The atomic unit system is based on the following definitions:

h̄ = me = e= 4πε0 = 1, (A.1)

whereh̄ is Plancks constant divided by2π, me and−e are the mass and the charge of the
electron, respectively, andε0 the permittivity of free space. From the dimensionless fine
structure constantα = e2/4πε0c = 1/137 one directly sees that the speed of lightc in this
unit system has a numerical value of 137.

With these definitions all physical quantities are related to that of the hydrogen atom,
giving a natural scale in atomic physics. As an example, the Bohr radiusa0, being the
radius of the electron in the hydrogen ground state in Bohr’s atomic model, is given by
a0 = 4πε0h̄2/mee2 = 1. An overview of the most important quantities is given in table A.1.
One important note is that 1 atomic unit of energy does not correspond with the binding
energy of the ground state hydrogen atom of 13.6 eV, but to its potential energy of 27.2 eV.

Throughout this thesis both the projectile velocity and kinetic energy are used. For non-

Quantity SI value non-SI value definition

length 5.29177249×10−11 m 0.529Å a0

time 2.41888433×10−17 s a0(αc)−1

velocity 2.18769142×106 m/s αc
mass 9.1093897×10−31 kg 511 keV/c2 me

energy 4.3593×10−18 J 27.2 eV me(αc)2

charge 1.6021773×10−19 C e
momentum 1.99285337×10−24 kgm/s meαc
angular momentum 1.0545887×10−34 Js h̄ = meαca0

Table A.1: Overview of the most important physical quantities, giving the SI values related to 1 atomic
unit of the corresponding quantity.
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relativistic collision energies the relation between them is given by:

vp(a.u.)= 0.20
√

E(keV/amu), (A.2)

where the projectile energyE is in keV/amu and the projectile velocity vp in atomic units.
Note that 1 atomic mass unit (amu) is 1/12 of the mass12C, which is different from one unit
of mass in atomic units.

The obtained quantities related to the recoil experiments in this thesis are frequently given
in units of momentum. For Na 1 a.u. of momentum corresponds to a velocity of 52 m/s or a
kinetic energy of 0.3 meV. The longitudinal momentaplong in atomic units are transformed
into Q-values, given in eV, via:

Q(eV) = 27.2vp(a.u.)
[
plong(a.u.)+0.5rvp(a.u.)

]
, (A.3)

where vp(a.u.) is the projectile velocity in atomic units andr is the number of transferred
electrons. The relation between the scattering angle and the transverse momentumptrans in
atomic units is:

θ (rad)=
ptrans(a.u.)

1836M(amu)vp(a.u.)
. (A.4)



Appendix B

Numerical Abel Transformation

The transverse momentum distributionsσ(ptrans) or differential cross sectionsσ(θ) and the
experimentally obtainedptrans,y or θy distributions are connected by the so-called inverse
Abel transformation [152]. In short, due to the cylindrical symmetry around the projectile
axis (x-axis), the scattering pattern only depends on scattering angleθ , i.e. I(φ ,θ) = I(θ) =
Cσ(θ), whereC is some constant and anglesφ andθ are related to the recoil momentum
componentsptrans,y andptrans,z through

φ = − tan

(
ptrans,y

ptrans,z

)
, (B.1)

θ =
ptrans

mpvp
=

1
mpvp

√
p2

trans,y + p2
trans,z, (B.2)

where mp and vp are the mass and velocity of the projectile, respectively (see also fig-
ure 4.18 for the experimental geometry). The measured 1D scattering patternI j(θ j) =
I j(ptrans, j/(mpvp)) ( j = y,z) is an effective projectile of the 2D scattering patternI(θ) onto
they or zaxis and are related via:

I j(θ j) = 2
∫ ∞

θ j

I(θ)θdθ√
θ 2−θ 2

j

≡A [I(θ)], (B.3)

whereA is the Abel transformation. Thus by inverting this transformation the scattering
patternI(θ) can be extracted from only one componentI j(θ j):

I(θ) = A −1[I j(θ j)] =− 1
π

∫ ∞

θ

dI j/dθ j√
θ 2

j −θ 2
dθ j , (B.4)

whereA −1 is the inverse Abel transformation. This relation enables us to obtain the dif-
ferential cross section or transverse momentum distribution from the distribution ofptrans,y

only.
Directly applying the inverse Abel transformation turns out to be quite sensitive to statis-

tical noise because it involves the derivative of the measured distribution. To overcome this
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problem a new method for performing the inverse Abel transformation has been developed,
especially designed to deal with noisy data1. Our approach is based on an earlier iterative pro-
cedure of Vrakking [170]. We have extended this method by including additional smoothing
and weighting conditions in the iteration formula in order to achieve better convergence and
a smoother final result. This method allows us to extract valuable information also for data
points close to the origin, where usually the noise of the transformation is accumulated. We
apply our method to the inversion of one-dimensional problems and compare it to the stan-
dard inverse Abel transformation.

We start with introducing the iterative method of Vrakking, which was designed to extract
the three dimensional velocity distribution of two dimensional images in ion or photoelectron
imaging experiments. In brief, the rotationally symmetric 3D velocity distributionP(v,θ) is
rewritten as a product of two distributions, of which one only depends on the velocity2:

P(v,θ) = P1(v)P2(v,θ). (B.5)

The same ansatz is made for the measured 2D projection on the detector:

Qexp(v,α) = Q1,exp(v)Q2,exp(v,α). (B.6)

Here,Qexp(v,α) is the measured 2D image. The relation between the position on the detector
Rand the initial velocity v is given byR= vt, wheret is the time of flight to the detector. The
subsequent functions that appear during the iteration procedure are labelled withP1,i , P2,i ,
Q1,i andQ2,i , and the starting values are given by

P1,i=0(v) = Q1,exp(R)/(2πR) (B.7)

P2,i=0(v,θ) = Q2,exp(R,α = θ). (B.8)

The iteration procedure goes as follows: given the functionP1/2,i the 2D projectionsQ1/2,i
are calculated. Then the next iterationP1/2,i+1 is determined according to the following two
equations:

P1,i+1(v) = P1,i(v)−c1
Q1,i(R)−Q1,exp(R)

2πR
(B.9)

P2,i+1(v,θ) = P2,i(v,θ)−c2
[
(Q2,i(R,α = θ)−Q2,exp(R,α = θ)

]
. (B.10)

These equations lie at the heart of the iteration. Apart from the origin, these procedure gives
reliable results and a good reconstruction of the 3D distribution. For a more detailed outline
of the procedure we refer to the original paper of Vrakking [170].

In the special case of a rotationally symmetric 2D distribution that is projected onto a
single line, the above procedure is much simpler because both distributions depend only on
the radial velocity. Therefore we can write:

P2D(v) (B.11)

Qexp(v) (B.12)

1This method is developed and discussed by Herwig Ott [169], from which a shortened version is given here.
2Functions and distributions that are defined in real space are labelled withp orP, whereas the projected functions

and distributions in the imaging plane are labelled withq andQ. We refer to these two “spaces” also “P-space” and
“Q-space”.
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for the original 2D distributionP(v) and the measured line distributionQexp(v). Again, the
position on the detector is converted into a velocity via the time of flight conditionR= vt,
wheret is the time of flight. The starting value for the 2D distribution is

P0(v) = Qexp(v)/(2πv). (B.13)

The initial distribution is not a crucial quantity because the functions rapidly converge to the
real distribution. For simplicity we can also set

P0(v) = Qexp(v) (B.14)

as initial condition. The iteration procedure now looks much simpler:

Pi+1(v) = Pi(v)−c1
Qi(v)−Qexp(v)

2πv
(B.15)

Qi+1(v) = 2
∫ ∞

v
Pi+1(v′)

v′√
v′2−v2

dv′, (B.16)

where the latter is the Abel transformation ofPi+1(v) to get the new projectionQi+1(v).
Before we present our modification to this treatment, we introduce the discretization of

the problem. Due to the finite pixel size of the detector, the data come as a list of data points
(labelled with j)

Qi(v) := Qi j (v j). (B.17)

Accordingly, the discrete versions of the equations (B.14-B.16) are

P0 j(v j) = Qexp, j(v j) (B.18)

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

2πv j
(B.19)

Qi+1, j(v j) = 2
jmax

∑
k= j+1

Pi+1,k(vk)
vk√

v2
k−v2

j

(vk−vk−1). (B.20)

Here, jmax is the highest entry for the data and vk−vk−1 = ∆vk is the step size between two
neighboring data points, which in general will be independent ofk, so that we can replace it
with ∆v. To avoid a division by zero, the sum starts withj +1.

In our modified version of the iteration, we add an additional term to the iteration equa-
tion B.19:

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

2πv j
−c2

(
Pi j (v j)− 1

2

[
Pi, j−1(v j)+Pi, j+1(v j)

])
.

(B.21)
The new correction term with weightc2 is a correction in “P-space”, where any data point
of Pi is compared with the two neighboring ones. If it is not the arithmetic average the new
calculated data point gets a correction towards to arithmetic average. This procedure tries
to smoothen thePi functions. On the other hand, this smoothing is balanced by the first
correction factor, which tries to change thePi function in order to perfectly describe the data.
Without the smoothing algorithm, thec1 term tends to generated large noise for a high number
of iterations and the final result hardly converges.





Appendix C

Extraction of Ionization Events in
Non-Coincident Recoil Spectra

The experiments described in this thesis are based on recoil-ion momentum spectroscopy in
which only the recoil target ions have been measured. For pure (multi-)electron capture pro-
cesses, the momenta of the recoil ions contain the full kinematics. For processes in which one
or more electrons are emitted to the continuum, i.e., (multiple) ionization, a measurement the
momenta of the recoil and all free electrons is necessary to obtain the complete information.
However, the recoil experiments which do not detect the emitted electron and the charge-
changed projectile, still reveals a part of the ionization information. Here we will show that
in our Q-value spectra ionization processes can be separated from those of capture and by
this cross sections for ionization can be obtained.

Let us consider the case of singly charged recoils, which can be produced by either one-
electron capture or single ionization. For one-electron capture the relation between the lon-
gitudinal momentum of the recoil ion and the Q-value is given by:

plong =
Q
vp
− 1

2
vp (C.1)

with Q the difference between the total binding energies before and after the reaction, and vp

the projectile velocity. For single ionization the longitudinal momentum is given by:

plong =
I +Ee

vp
− pe,long (C.2)

with Ee the kinetic energy andpe,long the longitudinal momentum of the emitted electron. We
are applying equation C.1 to the measured longitudinal momenta of the singly charged recoils
to obtain the Q-value spectra. Question is at which Q-values the ionization events appear and
whether they will interfere with the capture events.

To do so we have to connect equation C.1 and C.2. First we write the properties of the
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emitted electron in terms of the projectile velocity:

pe,long = αvp, (C.3)

pe,trans = βvp, (C.4)

Ee =
1
2
(α2 +β 2)v2

p, (C.5)

whereα andβ can yield positive and negative values. If we plug equations C.3-C.5 into
equation C.2 and equate this to equation C.1 one finds the following relation betweenQ, I
and the properties of the emitted electron:

Q = I +
1
2

[
(α−1)2 +β 2]v2

p. (C.6)

Defining the following quantity:

η ≡ (α−1)2 +β 2 (C.7)

leads to the following simple equation:

Q = I +
1
2

ηv2
p (C.8)

Becauseη ≥ 0 in all casesQ≥ I and therefore ionization events will always appear at the
right side of the ionization limit in the recoil spectrum. ThusQ = I acts as a marker in
the Q-value spectrum, separating the capture and ionization contributions. A sharp onset of
ionization atQ = I has indeed been observed experimentally in singly charged recoil spectra
which are taken in coincidence with the emitted electron [175].

After further inspection of equations C.7 and C.8, one recognizes that1
2ηv2

p is simply
the electron kinetic energy in the projectile frame. One might even extract more information
about the emitted electron, based the Q-value spectra part ofQ≥ I . Experiments on slow
ion-atom collisions measuring the recoil momentum of the emitted electron found that the
electron travels mainly along the projectile axis, thus having small transverse momentum.
Furthermore, that electron is mainly found at the target or the projectile or in between and
much less intensity is found for electron moving backwards or accelerated to the higher ve-
locity than the projectile (see e.g. [123–125]). Therefore we make the assumption thatβ = 0
and consider only the cases the0≤ α ≤ 1.

Firstly, α = 1 meansη = 0 and the electron has no kinetic energy in the projectile frame,
thus moving along with the projectile. This corresponds to the process of electron capture
into the continuum (ECC). These events contribute the recoil spectra at the boundaryQ = I .
ECC can be seen as a smooth continuation of capture into highn-states, in the limitn→ ∞.
Secondly,α = 0 or η = 1 corresponds to the situation that the emitted electron has zero
energy in the target frame, i.e. it stays near the target recoil. This results in the maximum
kinetic energy in the projectile frame and contributes atQ = I + 1

2v2
p. This process is called

electron excitation to the continuum (EEC). For all other cases0 < η < 1 holds and the
emitted electron is found in between the projectile and the target, contributing to the region
betweenI andI + 1

2v2
p in the Q-value spectrum.
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Figure C.1: Schematic representation of the Q-value spectra around the boundary between capture and
ionization. Using a Gaussian distribution atQ = I with a FWHM equal to the Q-value resolution one
can estimate the amount of capture events appearing atQ> I and ionization events atQ< I and correct
for this.

Here only the case of singly charged recoils has been shown in detail, but this derivation
can be extended to multiple charged recoil ions. For instance doubly charged recoil can be
created in three way: double electron capture, transfer ionization (one-electron capture ac-
companied with single ionization) and double ionization. These processes can be separated
in the same manner as described above. However, here the analysis is slightly less straight
forward than for singly charged recoil ions. For example, two electron can be captured in a
projectile state which lies above the first ionization potential. Nevertheless, in practise this
does not have to lead to ambiguities as long these excited states lie well above the ionization
potential. As has been shown for the Na2+ recoils in He2++Na collisions, transfer ioniza-
tion to He+(n=1) do not overlap with double capture to He(n=2,n’), and double capture and
transfer ionization can be separated (see figure 6.11).

Although the ionization potentials represents sharp boundaries, due to the finite exper-
imental resolution capture events can appear atQ > I and ionization events atQ < I . To
correct for this effect we have applied the following procedure, which is illustrated by fig-
ure C.1. In 0’th order, without correction, one can take the area of spectrumS(Q) for Q < I
as the total captureσ0

cap and the area forQ > I as the total ionization cross sectionσ0
ion, i.e.,

σ0
cap=

∫ I

−∞
S(Q)dQ, (C.9)

σ0
ion =

∫ ∞

I
S(Q)dQ. (C.10)



170 Extraction of Ionization Events in Non-Coincident Recoil Spectra

The influence of the experimental resolution can be estimated by taking a Gaussian distribu-
tion with a full width half maximum (FWHM) ofw, equal to the Q-value resolution. The
area underneath this curve represents the amount of events which origin has to reconsidered.
This areaA can be easily determined fromS(Q), namelyA = Bw

√
π/2, whereB = S(I).

The balance between capture and ionization events appearing on the “wrong” side ofQ = I
depends on the shape ofS(Q). For example, for an decreasing behavior ofS(Q) (as depicted
in figure C.1) the capture cross section is underestimated while the ionization cross section is
overestimated in 0’th order and the amount depends on the steepness ofS(Q).

To take this into account we compare the areas underneath the spectrum directly before
and afterQ = I ,

A1 =
∫ I

I− 1
2w

S(Q)dQ, (C.11)

A2 =
∫ I+ 1

2w

I
S(Q)dQ, (C.12)

where the boundaries are taken atQ = I ± 1
2w. This is a rather arbitrary choice but facilitates

a consistent treatment of spectra with different resolutions. The relative size of these areas
gives the amount ofA with which the 0’th order cross sections have to corrected, finally
leading to:

σcap= σ0
cap+

(
A1

A1 +A2
− 1

2

)
A = σ0

cap+
1
2

A1−A2

A1 +A2
A, (C.13)

σion = σ0
ion +

(
A2

A1 +A2
− 1

2

)
A = σ0

ion +
1
2

A2−A1

A1 +A2
A. (C.14)

where one has to take in mind that in the 0’th order one already assigns an area of1
2A to

both cross sections. In this way the events in the neighborhood of the ionization potential
boundary are redistribution over the capture and ionization cross sections.



Appendix D

Alignment and orientation properties
of Na∗(3p) in a MOT

Collision experiments with excited target atoms are often performed to study the dependence
of the cross section on the alignment or orientation of the target with respect to the projectile
axis. This requires the experimental control over the population of the magnetic substates,
which is e.g. possible by means of laser excitation [255,256].

For excited Na∗(3p) the electronic state can in general be represented by a linear super-
position of them-substates:

|3p 〉= a0|3p0 〉+a+1|3p+1 〉+a−1|3p−1〉. (D.1)

An oriented3p state results from an asymmetric population of themquantum number around
m= 0, i.e. a+1 6= a−1, which can be obtained experimentally by optical pumping with cir-
cularly polarized light [282]. A pure oriented state has either anm-distribution according to
a+1 = 1, a0 = a−1 = 0 or a−1 = 1, a0 = a+1 = 0. The resulting electron cloud is ring shaped
with a clockwise or counter-clockwise intrinsic motion.

For the theoretical treatment of collision processes it is often more convenient to con-
sider basis states with well defined (reflection) symmetry with respect to the scattering plane.
Instead of usingm-substates one often uses pure atomic states to describe the collision pro-
cesses,

|σ 〉 = |p0 〉,
|π+ 〉 = − 1√

2
(|p+1 〉− |p−1 〉), (D.2)

|π− 〉 =
i√
2
(|p+1 〉− |p−1 〉),

whereby + and - indicate positive or negative reflection symmetry of the wavefunction with
respect to the scattering plane. In this basis the Na(3p) state can be written as:

|3p 〉= aσ |3pσ 〉+aπ+ |3pπ+ 〉+aπ− |3pπ−〉, (D.3)
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(a) top view (b) side view (c)
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Figure D.1: Schematic representation of the MOT laser beams with respect to the ion beam (−→): (a)
top view, showing the horizontal beam pair 1, which is perpendicular to the ion beam, (b) side view,
showing diagonal beam pairs 2 and 3, which cross the ion beam under approximately 45◦. Laser beams
2 and 3 can be decomposed into laser beams 2’ and 3’, which are parallel and perpendicular to the ion
beam, respectively, as shown in (c).

in which the amplitudes are transformed as follows:

aσ = a0,

aπ+ = − 1√
2
(a+1−a−1), (D.4)

aπ− = − i√
2
(a+1 +a−1).

These atomic orbitals have a “dumb-bell” shape, either parallel (σ ) or perpendicular (π+/−)
to the ion beam axis. Therefore it is a natural choice to use the atomic states for describing
collisions involving aligned Na∗(3p). Alignment is connected to an equal population of the
|m|-states, i.e.|a+1| = |a−1|. Explicitly, for a pure aligned|3pσ 〉 statea0 = 1 anda+1 =
a−1 = 0, |3pπ+ 〉 results froma0 = 0 anda+1 = −a−1 and finally|3pπ− 〉 is connected to
a0 = 0 anda+1 = a−1. Experimentally these states can be obtained by optical pumping with
linearly polarized light [282]. Experiments in which the collision plane is not defined do
not allow measurements on|3pπ+ 〉 and|3pπ− 〉 separately. In these cases one obtains the
average over these states, which is called|3pπ 〉.

For collisions measurements on aligned target atoms the measured cross sectionsσ‖ and
σ⊥ for laser polarization perpendicular and parallel to the ion beam, respectively, are con-
nected to theσσ and σπ cross sections for capture from “pure” preparedσ or π atomic
orbitals via [200,282]

σ‖ = (5σσ +4σπ)/9, (D.5)

σ⊥ = (2σσ +7σπ)/9. (D.6)

To connect the situation of a single linearly polarized laser beam with our MOT setup,
consisting of six circularly polarized laser beams, the following analysis is given. First of all
lets recall that circularly polarized light can be written as a superposition of linearly polarized
light. Furthermore, the relative phases of the two components are not of importance here,
such that we do not have to distinguish betweenσ+ andσ− polarized light.

In figure D.1 the geometry in the present experiment is depicted for the six laserbeams
with respect to the ion beam. Laser beam pair 1, which is in the horizontal plane, is per-
pendicular to the ion beam, which means that the linear components are both parallel and
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perpendicular to the ion beam. Therefore the contribution of laser beam pair 1 to the cross
section can be written as

σ(1) =
1
2
(σ⊥+σ‖). (D.7)

The other laser beams are diagonally placed and therefore cross the ion beam under ap-
proximately 45◦. However, laser beam pairs 2 and 3 can be decomposed in components either
parallel or perpendicular to the ion beam, resulting in pairs 2’ and 3’. In fact, because the only
constraint in the MOT configuration is the orthogonality of the 3 pairs of laser beams, pairs 2
and 3 can be rotated under an arbitrary angle in the plane defined by themselves. Concerning
pair 3’ the same argument can be used as for pair 1, leading to

σ(3′) =
1
2
(σ⊥+σ‖). (D.8)

However, pair 2’ is parallel to the ion beam, which means that both the linear components are
perpendicular to the ion beam. Therefore its contribution to the cross section is given as

σ(2′) = σ⊥. (D.9)

Because the atoms are excited by all the laser beams in a random way we can add these
contributions and fill in equations D.5 and D.6:

σMOT =
1
3
[σ(1)+σ(2′)+σ(3′)] =

1
3
(σ‖+2σ⊥) =

1
3

σσ +
2
3

σπ . (D.10)

Thus one can assume a pure unpolarized sample of Na(3p) atoms in the MOT, in which one
can consider equal population for the atomic orbitalsσ , π+ andπ− or equivalently equal
population for them-substates of the Na(3p) state.





List of Acronyms

ADC autoionizing double capture
AO atomic orbital
AOM acousto-optical modulator
BGM basis generator method
CBM classical over-barrier model
CCD charge coupled device
CDC correlated-double-capture
COLTRIMS cold target recoil-ion momentum spectroscopy
CTE correlated transfer and excitation
CTMC classical trajectory Monte Carlo
DC double capture
DCS differential cross section
DCSI double capture and single ionization
DI double ionization
ECC electron capture into the continuum
ECRIS electron cyclotron resonance ion source
EEC electron excitation into the continuum
EOM electron-optical modulator
FSR free spectral range
FWHM full width half maximum
ISC inner-shell capture
ISDC inner-shell double capture
LZ Landau-Zener
MCP multichannel plate
MO molecular orbital
MOT magneto-optical trap
MOTRIMS magneto-optical trap recoil-ion momentum spectroscopy
OSC outer-shell capture
PES photon emission spectroscopy
PZT piezoelectric translator
RIMS recoil-ion momentum spectroscopy
R&R release and recapture
SP saddle point
TCAO two-center atomic orbital
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TC-BGM two-center basis generator method
TDC true double capture
TDC time-to-digital convertor
TES translational energy spectroscopy
TI transfer ionization



Samenvatting

Fundamentele processen in atomaire botsingen hebben altijd grote belangstelling genoten
in de atoomfysica. Hoewel de statische eigenschappen van atomen tot zeer grote precisie
gemeten kunnen worden en onderbouwd worden door theoretische modellen, zijn dynami-
sche eigenschappen in veel mindere mate onder controle. Hierdoor bestaat er een continue
inspanning experimentele technieken te verbeteren om een duidelijker en completer inzicht
in atomaire interacties te verkrijgen. Deze ontwikkeling gaat hand in hand met die van de
theorie.

Een voorbeeld van een dynamisch proces is ladingsoverdracht in botsingen tussen neutra-
le atomaire of moleculaire deeltjes en ionen. In dit proces worden elektronen die voor de bot-
sing gebonden zijn aan het neutrale deeltje overgedragen aan of ingevangen door het geladen
ion. Dit soort processen spelen een belangrijke rol in bijvoorbeeld fusieplasma’s, zoals die in
de toekomstige International Tokamak Experimental Reactor (ITER). De hoge temperaturen
die in de reactor nodig zijn om fusie te bereiken resulteren in de productie van (hooggeladen)
ionen. Botsingen tussen deze ionen en neutrale deeltjes leiden tot emissie van licht, waarvan
de golflengte specifiek is voor de deeltjes die aan het botsingsproces deelnemen. Dit wordt
gebruikt als diagnostiek voor wat er binnenin de reactor gaande is. Soortgelijke processen
komen ook voor in astrofysische omgevingen. Röntgenstraling is bijvoorbeeld het gevolg
van botsingen tussen ionen afkomstig van de zon (de zogenaamde ‘zonnewind’) en atomen
en moleculen in voorbijvliegende kometen. Kennis over ladingsoverdrachtprocessen is ook
hier de basis voor het bestuderen van zowel de eigenschappen van de zonnewind, en dus de
zon zelf, als die van de kometen.

Recoilspectroscopie...

Recoilionenimpulsspectroscopie, of kortgezegd recoilspectroscopie, iséén van de belangrijk-
ste technieken om atomaire en moleculaire botsingen in laboratoriumexperimenten te bestu-
deren. Deze methode is gebaseerd op het meten van de impuls van het ‘target’, het neutrale
atoom of molecule, na de botsing. Als het target na de botsing geladen is, kan het met een
zwak elektrisch veld uit het botsingscentrum worden geleid om vervolgens zijn impuls te
meten. Deze geı̈oniseerde targetdeeltjes worden ‘recoilionen’ genoemd. De term ‘recoil’
betekend letterlijk terugstoot, wat suggereert dat de impuls die het target krijgt in tegenge-
stelde richting van het projectielion is. Dit is niet altijd het geval, het target kan ook ‘met
het projectiel mee’ gestoten worden. De impulsverandering van het target bevat belangrijke
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Figuur 1: Het principe van recoilspectroscopie, zoals in ons experiment wordt toegepast.L INKS:
Op een wolkje koude natriumatomen wordt een ionenbundel geschoten.M IDDEN: Door een la-
dingsoverdrachtproces kan een natriumatoom elektronen verliezen aan een deeltje in de ionenbun-
del. Dit proces veroorzaakt een ‘recoil’ (terugstoot) van dit natriumdeeltje, dat nu zelf ook ion is
geworden, een zogenaamd ‘recoilion’.RECHTS: Een zwak elektrisch veld buigt het recoilion in de
richting van de detector. De impuls van dit recoilion wordt bepaald uit zijn positie op de detector
en de tijd die het nodig heeft om van het wolkje naar de detector te komen. Een voorbeeld van een
experimenteel bepaald spectrum is te zien in figuur 2.

informatie over het botsingsproces, namelijk in welke kwantumtoestanden van het projec-
tiel elektronen worden ingevangen en op welke afstand dit plaatsvindt. In feite betekent dit
dat wij experimenteel de volgende vragen kunnen beantwoorden: ‘welke processen gebeuren
er’ en ‘hoe en waar komen deze processen tot stand’. Figuur 1 illustreert het principe van
recoilspectroscopie.

De snelheid die de recoilionen door de ladingsoverdrachtprocessen krijgen, is meestal
veel minder dan 50 m/s (180 km/h), wat zeer laag is vergeleken met de snelheid van het
projectiel, van rond de 1.000.000 m/s. Om bepaalde processen te scheiden moet men de re-
coilsnelheden met een precisie van 5 m/s of beter kunnen meten. Dit legt beperkingen op aan
de eigenschappen van de targetdeeltjes. Hun initiële snelheidspreiding moet namelijk veel la-
ger zijn dan de gewenste snelheidsprecisie. Dit sluit een ‘gewoon’ gas op kamertemperatuur
uit, omdat daarin de deeltjes met een gemiddelde snelheid van ongeveer 500 m/s kris kras
door elkaar heen bewegen. We hebben dus een koudere omgeving nodig.

...met lasergekoelde atomen

De ontdekking dat met laserlicht atomen afgeremd en gevangen kunnen worden heeft een
ware revolutie in de atoomfysica veroorzaakt. Niet alleen werd het mogelijk een gas atomen
af te koelen tot zeer lage temperaturen nabij het absolute nulpunt, maar uiteindelijke ook
om een geheel nieuwe vorm van materie, namelijk Bose-Einstein-condensatie, te bereiken.
Wij maken gebruik van een inmiddels standaard geworden techniek, namelijk de magneto-
optische val. Atomen worden door zes laserbundels en een magnetisch veld afgekoeld en
vastgehouden in het vacuüm. Dit levert een ‘wolkje’ koude atomen op dat zelfs met het blote
oog te zien is. De temperatuur van het wolkje is slechts ongeveer 200 microKelvin boven het
absolute nulpunt (-273.15oC). Dit betekent dat gemiddeld de atomen een snelheid hebben
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van zo’n 0.5 m/s. Deze snelheid is laag genoeg om de recoilionen met hoge resolutie te
kunnen meten.

De toepassing van lasergekoelde atomen heeft nieuwe mogelijkheden geschapen ten op-
zichte van de standaard recoilspectroscopie, waar gebruik gemaakt wordt van supersonische
expansie van atomen of moleculen. In een magneto-optische val kunnen gassen met een
veel lagere temperatuur en dus kleinere snelheidsspreiding geprepareerd worden en kunnen
andere soorten van atomen als targets gebruikt worden.

In dit proefschrift

In ons experiment bestaat het koude wolkje uit natriumatomen (Na), dus dit betekent dat wij
botsingen tussen ionen en Na bestuderen. Het doel van dit proefschrift is het verbeteren en
uitbreiden van een prototype-experiment om de kwantumtoestanden van het projectiel waarin
elektronen worden ingevangen te kunnen scheiden en zo botsingsprocessen zeer precies te
bestuderen. Na een periode van computersimulaties, ontwerpen, bouwen en testen, kon de
vernieuwde opstelling in gebruik worden genomen en werd uiteindelijk een precisie gehaald
waarbij verschillende kwantumtoestanden gescheiden konden worden.

Figuur 2 laat een voorbeeld van een experimenteel bepaalde snelheidsverdeling van Na+

recoilionen zien, ontstaan door botsingen tussen C6+-ionen and Na-atomen. In deze botsin-
gen kunnen natriumelektronen worden ingevangen door C6+-ionen, waardoor er C5+-ionen
ontstaan. Uit de grafiek valt op te maken in welke kwantumtoestanden van het projectiel-ion,
aangegeven met het kwantumgetaln, de elektronen worden ingevangen. Elke eindtoestand
resulteert in een specifieke impuls of snelheid van het recoilion. De meting laat zien dat wij
de verschillende invangstprocessen goed kunnen scheiden. In dit geval hebben verreweg de
meeste recoilionen een negatieve snelheid: zij worden dus inderdaad ‘teruggestoten’. Hieruit
kan bijvoorbeeld direct geconcludeerd worden dat hier de ladingsoverdrachtprocessen exo-
therm zijn. Verder meten wij de meeste intensiteit bij een snelheid behorende bij invangst in
de C5+(n = 7)-toestand. Dit proces heeft dus de hoogste waarschijnlijkheid in deze botsin-
gen.

In het onderzoek beschreven in dit proefschrift zijn nieuwe resultaten geboekt voor la-
dingsoverdracht en ionisatie in botsingen van H+ (protonen), He2+ (alfadeeltjes), C6+ (kool-
stofkernen), of O6+-ionen met Na-atomen, in de grondtoestand of in de aangeslagen toestand.
Voor de overdracht vańeén enkel elektron zijn zeer nauwkeurige metingen verricht, die als
een belangrijke ‘test-case’ voor ‘state-of-the-art’ theoretische modellen zijn gebruikt. Over
het algemeen zijn goede tot uitstekende overeenkomsten tussen onze experimentele resulta-
ten en de theoretische voorspellingen gevonden. Eén van de meest opmerkelijke vondsten is
de observatie van zogenaamde binnenschilinvangstprocessen in H++Na-botsingen. Hierbij
wordt niet het zwakst gebonden buitenschilelektron van het natrium door het proton ingevan-
gen, het meest waarschijnlijke proces, maaréén van de sterk gebonden binnenschilelektro-
nen, iets wat tot nu toe alleen bij veel hogere botsingsenergieën was waargenomen. Dit proces
verschafte ons de mogelijkheid de wisselwerking tussen de binnen- en buitenschilelektronen
tijdens het botsingsproces te bestuderen.

Verder zijn er metingen verricht aan processen waarin meer danéén elektron van het target
naar het projectiel gaat. In He2++Na-botsingen werden naast de Na+-recoilionen ook spectra
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Figuur 2: Experimenteel bepaalde snelheidsverdeling van Na+ recoilionen, ontstaan door bot-
singen tussen C6+-ionen and Na-atomen. De verschillende pieken corresponderen met invangst in
verschillende kwantumtoestanden van het projectiel. De meting toont aan dat invangst in kwan-
tumtoestandn = 7 het meest waarschijnlijk is in deze botsingen.

van Na2+- en Na3+-recoilionen gemeten. Hier ontstaat Na2+ grotendeels door invangst van
één elektron door het He2+ projectiel en het tegelijkertijd uitzenden van een ander elektron.
Het veel zwakkere proces van twee-elektroneninvangst kon ook in het spectrum ontdekt wor-
den. De Na3+-recoilionen ontstaan door de invangst van twee binnenschilelektronen en het
uitzenden van het buitenschilelektron. Behoud van elektronenspin zorgt ervoor dat de resul-
terende Na3+-recoilionen niet in de grondtoestand, maar in een aanslagen toestand worden
achtergelaten. De metingen aan Na2+-recoilionen, ontstaan in O6++Na-botsingen, toonden
aan dat in deze botsingen twee-elektroneninvangst wel verreweg de grootste rol speelt. Twee
verschillende processen om Na2+ te crëeren konden worden geı̈dentificeerd, namelijk het in
één keer invangen van twee elektronen als de afstand tussen het target en het projectiel zeer
klein is of hetéén vooréén invangen op grotere afstand. Het laatste proces blijkt een grotere
waarschijnlijkheid te hebben.

Naast de nieuwe experimentele resultaten betekent dit proefschrift een verdere ontwikke-
ling in de mogelijkheden van recoilspectroscopie met lasergekoelde atomen. Verschillende
experimentele oplossingen zijn gevonden om de twee technieken, de magneto-optische val
en recoilionenimpulsspectroscopie, succesvol te combineren.
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[71] T. Kirchner, M. Horbatsch, E. Wagner, and H. J. Lüdde, J. Phys. B: At. Mol. Opt.
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6302, 024702 (2001).

[127] A. T. J. B. Eppink and D. H. Parker, Rev. Sci. Instr.68, 3477 (1997).

[128] B. J. Whitaker, editor,Imaging in Molecular Dynamics, Cambridge University Press,
Cambrigde, U.K, 2003.

[129] D. Townsend, W. Li, S. K. Lee, R. L. Gross, and A. G. Suits, J. Phys. Chem. A109,
8661 (2005).

[130] R. S. Schappe, T. Walker, L. W. Anderson, and C. C. Lin, Phys. Rev. Lett.76, 4328
(1996).

[131] M. L. Keeler, L. W. Anderson, and C. C. Lin, Phys. Rev. Lett.85, 3353 (2000).

[132] M. T. Huang, W. W. Wong, M. Inokuti, S. H. Southworth, and L. Young, Phys. Rev.
Lett. 90, 163201 (2003).

[133] L. J. Uhlmann, R. G. Dall, A. G. Truscott, M. D. Hoogerland, K. G. H. Baldwin, and
S. J. Buckman, Phys. Rev. Lett.94, 173201 (2005).



192 BIBLIOGRAPHY

[134] M. Lukomski, J. A. MacAskill, D. P. Seccombe, C. McGrath, S. Sutton, J. Teeuwen,
W. Kedzierski, T. J. Reddish, J. W. McConkey, and W. A. van Wijngaarden, J. Phys.
B: At. Mol. Opt. Phys.38, 3535 (2005).

[135] S. Wolf and H. Helm, Phys. Rev. A56, R4385 (1997).

[136] S. Wolf and H. Helm, Phys. Rev. A62, 043408 (2000).

[137] L. H. Coutinho, R. L. Cavasso, T. C. R. Rocha, M. G. P. Homem, D. S. L. Figueira,
P. T. Fonseca, F. C. Cruz, and A. N. de Brito, Phys. Rev. Lett.93, 183001 (2004).

[138] J. W. Turkstra, H. W. Wilschut, D. Meyer, R. Hoekstra, and R. Morgenstern, Hyperfine
Interactions127, 533 (2000).

[139] N. D. Scielzo, S. J. Freedman, B. K. Fujikawa, and P. A. Vetter, Phys. Rev. Lett.93,
102501 (2004).

[140] A. Gorelov, D. Melconian, W. P. Alford, D. Ashery, G. Ball, J. A. Behr, P. G. Bricault,
J. M. D’Auria, J. Deutsch, J. Dilling, M. Dombsky, P. Dube, J. Fingler, U. Giesen,
F. Gluck, S. Gu, O. Hausser, K. P. Jackson, B. K. Jennings, M. R. Pearson, T. J. Stocki,
T. B. Swanson, and M. Trinczek, Phys. Rev. Lett.94 (2005).

[141] K. P. Jungmann, Nucl. Phys. A751, 87C (2005).

[142] M. H. Shah, H. A. Camp, M. L. Trachy, X. Fléchard, M. A. Gearba, H. Nguyen,
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Phys. Rev. Lett.75, 1054 (1995).

[280] M. B. Shah, J. Geddes, B. M. McLaughlin, and H. B. Gilbody, J. Phys. B: At. Mol.
Opt. Phys.31, L757 (1998).

[281] W. Wu, E. F. Deveney, S. Datz, D. D. Desai, H. F. Krause, J. M. Sanders, C. R. Vane,
C. L. Cocke, and J. P. Giese, Phys. Rev. A53, 2367 (1996).

[282] A. Fischer and I. V. Hertel, Z. Phys. A304, 103 (1982).




