
Inelastic processes in atomic collisions
involving ground state and

laser-prepared atoms

W.G. Planje





Inelastic processes in atomic collisions
involving ground state and

laser-prepared atoms

W.G. Planje



Planje, W.G.

Inelastic processes in atomic collisions involving ground state and
laser-prepared atoms.
W.G. Planje. -Utrecht :
Universiteit Utrecht,
Faculteit Natuur -en Sterrenkunde
Thesis Universiteit Utrecht. -With a summary in Dutch.
ISBN 90-393-2030-6

Druk: Drukkerij Elinkwijk B.V., Utrecht



Inelastic processes in atomic collisions
involving ground state and

laser-prepared atoms

Inelastische processen in atoombotsingen met
grondtoestands- en laser-bewerkte atomen

(met een samenvatting in het Nederlands)

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit Utrecht, op gezag van

de rector magnificus Prof. Dr. H.O. Voorma
ingevolge het besluit van het College voor Promoties

in het openbaar te verdedigen op
maandag 1 november 1999 om 14.30 uur

door

Willem Gilles Planje

geboren op 30 maart 1971 te Leiden



Promotor: Prof. Dr. A. Niehaus
Co-promotor: Dr. W. B. Westerveld

Faculteit Natuur- en Sterrenkunde
Universiteit Utrecht

This work has been performed as part of the research program of ‘Stichting
voor Fundamenteel Onderzoek der Materie (FOM)’ and with the financial
support from ‘Nederlandse Organisatie voor Wetenschappelijk Onderzoek’
(NWO).







Contents

1 A general introduction 5

I Anisotropy of charge transfer in He++Na(3p) collisions 7

2 Charge transfer, an introduction 9

3 Theory of measurement 13
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 The system of He∗ atoms . . . . . . . . . . . . . . . . . . . . 15

3.2.1 The polarization matrix . . . . . . . . . . . . . . . . . 15
3.2.2 Expansion in multipoles . . . . . . . . . . . . . . . . . 17
3.2.3 System symmetries . . . . . . . . . . . . . . . . . . . . 18
3.2.4 The ‘magic’ angle . . . . . . . . . . . . . . . . . . . . 21

3.3 The system of prepared sodium atoms . . . . . . . . . . . . . 22
3.3.1 The fine- and hyperfine structure . . . . . . . . . . . . 22
3.3.2 Linear polarization . . . . . . . . . . . . . . . . . . . . 25
3.3.3 Circular polarization . . . . . . . . . . . . . . . . . . . 26
3.3.4 Fluorescence measurements . . . . . . . . . . . . . . . 27

3.4 Physical quantities . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Theoretical approach 31

5 Experimental setup 35
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 The beam of He+ ions . . . . . . . . . . . . . . . . . . . . . . 35
5.3 The beam of sodium atoms . . . . . . . . . . . . . . . . . . . 36
5.4 The laser field . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.4.1 External stabilization . . . . . . . . . . . . . . . . . . 37

1



Contents

5.4.2 The electro-optical modulator (EOM) . . . . . . . . . 40
5.4.3 The polarization of the laser beam . . . . . . . . . . . 42

5.5 Detection of XUV photons . . . . . . . . . . . . . . . . . . . . 42
5.6 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . 42

6 Results and discussion 45
6.1 The alignment and population of excited sodium . . . . . . . 45
6.2 Total cross sections and the anisotropy parameter . . . . . . . 47
6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

II Formation of negative ion states in He0-Ne0 collisions 55

7 Low keV He0-Ne0 collisions, an introduction 57

8 Experimental setup 59
8.1 Gas inlet and neutralization chamber . . . . . . . . . . . . . . 60
8.2 The electron spectrum analyser . . . . . . . . . . . . . . . . . 60

9 The excitation process 65
9.1 Radial and rotational coupling . . . . . . . . . . . . . . . . . 65
9.2 The use of correlation diagrams . . . . . . . . . . . . . . . . . 70

10 Results and discussion 75
10.1 The results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
10.2 Resonant charge transfer . . . . . . . . . . . . . . . . . . . . . 76
10.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
10.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

III Excitation of autoionizing sodium states in He+/0-Na(3s,3p)
collisions 89

11 Autoionizing states, an introduction 91

12 Experiment 93

13 Results and discussion 95
13.1 Autoionization in He+ - Na(3s), Na(3p) collisions . . . . . . . 95

13.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2



Contents

13.1.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 97
13.2 Autoionization in He0 - Na(3s), Na(3p) collisions . . . . . . . 100

13.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 100
13.2.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 101

13.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

A Spherical tensors and symmetries in collision systems 105
A.1 The density matrix expanded in spherical tensors . . . . . . . 105
A.2 The polarization matrix expanded in multipoles . . . . . . . . 107
A.3 System symmetries and multipoles . . . . . . . . . . . . . . . 109

3



Contents

4



Chapter 1

A general introduction

Over the past decades a large number of studies has been devoted to the
study of ion-atom and atom-atom collisions, i.e. atomic collisions. The ob-
served phenomena, appearing from these collision experiments, play an im-
portant role in atomic and molecular physics. But also in astrophysics, chem-
istry and plasma physics, for instance, there is an interest in the fundamental
investigation of collision processes. Of particular interest is the collision en-
ergy regime where a system shows features of a transient molecule, formed
upon close approach of the collision partners. The collisions are classified ac-
cording to the final products of the reaction. Elastic scattering, in which the
internal energies of the atoms are unchanged, occurs under all conditions.
Provided enough energy is available, also inelastic processes may be possi-
ble. We can distinguish roughly two types of inelastic processes: one-center
processes, in which one of the atomic particles, or both, become excited or
ionized, and two-center processes, in which transfer of one or more electrons
to the other nucleus takes place.

This latter type is considered in the first part of this thesis (chapter 2-6).
The investigated collision system and reaction products are summarized by:

He+(1s) +Na(2p63l) e−−→ He(1snl) +Na+(2p6). (1.1)

Herein the sodium targets can be modified by preparing the charge cloud of
the outer electron in shape, direction and rotation by using polarized laser
light. The effects of the alignment on the cross section of electron capture
in singlet helium states are investigated as a function of the collision energy
(0.5-6.0 keV) by detecting the intensity of XUV photons, emitted by the
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A general introduction

He(1snl) states.

The second part of this thesis (chapter 7-10) describes a remarkable in-
terference between two excited exit channels, observed in He0-Ne0 collisions.
The population of the considered exit channels, resulting in a negative ion
state of one of the collision particles, can be described by the reaction:

He0 +Ne0 −→
{
He−(1s2s2) +Ne+(2p5)
He+(1s) +Ne−(2p53s2)

(1.2)

The population rates of the short-living negative ion states are investigated
by detecting the intensity of the electrons emitted by these unstable nega-
tive ion states. It is shown that the negative ion states alternately appear
and disappear when the collision energy is changed between 0.35-6.0 keV.
This kind of oscillatory structures, due to interference of certain channels,
are most often observed in coincident experiments, where a specific impact
parameter regime is considered. It is striking that this feature occurs in this
non-coincident experiment, pointing to a special excitation mechanism of
the negative ion states.

In the third and last part (chapter 11-13) of the thesis the results of the
production of autoionizing sodium states, populated in He+-Na and He0-Na
collisions, are presented:

He+/0 +Na(2p63l) −→ He+/0 +Na∗∗(2p5n′l′n′′l′′)
−→ He+/0 +Na+(2p6) + e−. (1.3)

In this excitation process the influence of the laser excitation and preparation
of the sodium targets on the population of the autoionizing states has been
investigated for several collision energies.
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Part I

Anisotropy of charge transfer
in He++Na(3p) collisions
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Chapter 2

Charge transfer, an introduction

Charge transfer in atomic collisions means the transfer of one or several
electrons between the interacting particles. The study of electron transfer
processes is important, not only in order to obtain an understanding of the
basic mechanisms of this type of collisions, but also because these processes
play a vital role in astrophysical as well as laboratory plasmas.

The first electron transfer reactions were discovered by Henderson (1923) [1]
during experiments in which α-particles were absorbed by mica sheets. He+-
ions, as well as neutral He-atoms, were detected on the far side of the sheets.
This phenomenon was attributed to the capture of electrons by the He2+-
ions. Despite the development of ion accelerators in the 1930s, extensive
systematic measurements of total cross sections for ion-atom processes were
not carried out until the 1960s. With the availability of powerful lasers, col-
lision experiments were initiated with laser-prepared target atoms in which
the shape, direction and rotation of the charge cloud were modified by ab-
sorbed laser light. The effects in atomic collisions with aligned and oriented
particles have been investigated intensively in experimental and theoretical
work over the past 20 years.

Collisions involving simple or closed shell ions, such as H+, Li+ He2+, Na+

or K+, impacting on laser excited atoms like sodium and lithium can be
considered as quasi one-electron collision systems and have been studied by
Dowek et al [2], Roller-Lutz et al [3], Richter et al [4], Witte et al [5], Camp-
bell et al [6], Gieler et al [7, 8] and Schlatmann et al [9]. In the present
work, the process of electron transfer is investigated in a quasi two-electron
collision system involving laser-prepared sodium atoms as a function of the
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collision energy. The reaction can be summarized by:

He+(1s) +Na(2p63l) −→ He(1snl) +Na+(2p6) (2.1)

with keV helium ions impacting on thermal sodium atoms. The problem in
this system is complicated by singlet and triplet He exit channels.

A considerable amount of cross sectional data already exists for He+ col-
lisions with ground state sodium [10]. Recently also first results of He+ +
Na(3p) collisions have been presented by Houver et al [11] and Thomsen
et al [12]. In this latter paper relative total cross sections are determined,
summed over all exit channels. The results are well predicted by Nielsen
and Rod [13], who approach the problem within a model in which only the
sodium valence electron is active. Also predictions by Fritsch [14] based on a
two-electron molecular description at low energies and a two- electron atomic
description at higher energies are in fair agreement with the total transfer
measurements. A more stringent test of the used models can be achieved by
detecting a limited selection of exit channels, gaining new insights. In the
present experiment electron transfer into singlet helium states is considered,
in contrast to previous experiments, which included both singlet and triplet
exit channels.

By means of linearly polarized laser light a part of the isotropic 3s sodium
atoms is excited to 3p orbitals which possess a certain spatial alignment.
This alignment is controlled by variation of the laser polarization vector.
The aim of the experiment is to explore the effect of the spatial alignment of
the 3p charge cloud on the cross section of electron capture in singlet helium
exit channels as a function of the collision energy. The results are compared
with the calculations of Nielsen and Rod [13].

In the experiment the XUV emission of singlet He(1snl) states is detected.
By measuring the intensity of XUV photons, the total cross section of the
following processes, indistinguishable in the present experiment, is deter-
mined [15]:

He+ +Na(3s, 3p) −→ He(1s2p)(1P ) +Na+

0.556ns−→ He(1s2) +Na+ + hν (58.4 nm) (2.2)
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He+ +Na(3s, 3p) −→ He(1s3p)(1P ) +Na+

1.77ns−→ He(1s2) +Na+ + hν (53.7 nm) (2.3)

In addition, processes are measured in which excited helium states emit XUV
radiation indirectly via the He(1s2p) 1P state:

He+ +Na(3s, 3p) −→ He(1s3s)(1S) +Na+ (2.4)
55.2ns−→ He(1s2p)(1P ) +Na+ + hν1 (728.1 nm)
0.556ns−→ He(1s2)(1S) +Na+ + hν2 (58.4 nm)

He+ +Na(3s, 3p) −→ He(1s3d)(1D) +Na+ (2.5)
15.7ns−→ He(1s2p)(1P ) +Na+ + hν1 (667.8 nm)
0.556ns−→ He(1s2)(1S) +Na+ + hν2 (58.4 nm)

Most often electron transfer occurs at relatively large internuclear distances.
As a consequence reactions with a small internal energy defect are strongly
favored. For this reason charge transfer to orbitals with n ≥ 4 are supposed
to be relatively unimportant.

The measurements are performed in the collision velocity (vc) range 0.18 ≤
vc/ve ≤ 0.53, with ve = 0.47 a.u. the characteristic velocity of the Na(3p)
valence electron as estimated from the virial theorem. The velocity ve is
called the matching velocity within the velocity matching concept. This
concept states that the electron capture is favored when the ion and the
Na(3p) electron velocity vectors are of comparable magnitude and point in
the same direction [6, 16]. In our velocity range the lower part of the in-
termediate energy region, specified by vc/ve ≈ 1, is investigated so that the
theoretical simplifications implied by either an adiabatic (vc/ve � 1) or a
perturbative treatment (vc/ve � 1) do not hold. Instead, an often large set
of close-coupled equations has to be solved. The theoretical approach of the
collision system in this velocity range, as used by Rod and Nielsen [17], is
briefly described in chapter 4.

From the measured XUV photon intensities the ratio of the total cross sec-
tions of the considered electron transfer processes in He+ + Na(3s) and He+

+ Na(3p) can be extracted. Two main difficulties have to be faced. First,
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the XUV photons are emitted with a certain angular distribution. This dis-
tribution changes when the target alignment or the impact energy is varied.
In the second place the sodium targets are depolarized due to the existence
of hyperfine- and fine-couplings. However, it is appropriate to express total
relative cross sections for purely polarized targets so that the results are
easily compared with the theory. These two complications are discussed in
chapter 3. A short review of the theoretical approach used for the descrip-
tion of the collision system is given in chapter 4. The experimental setup
with its ion source, sodium oven, laser beam and XUV detector is described
in chapter 5. Finally, the experimental results are presented and compared
with the calculations of Rod and Nielsen in chapter 6.
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Chapter 3

Theory of measurement

3.1 Introduction

An energetic He+-ion beam is incident on thermal sodium atoms. Figure 3.1
shows the configuration in which the interaction zone is determined by the
crossing of the laser-, sodium- and ion-beam, which are directed along the
x-, y- and z-axis, respectively. The XUV photons, emitted from helium
singlet states, are detected at a certain angle. In keV ion-atom collisions
the interaction affects mainly the electron orbital angular momenta, while
interactions with nuclear spin and electron spin can be neglected. Therefore
the shape and orientation of the charge cloud of the active electron are im-
portant parameters in electron transfer processes.

The isotropic charge cloud of the sodium 3s electron becomes anisotropic
if polarized laser light excites the electron to the 3p orbital as sketched in
figure 3.1. The p electron can be oriented and aligned in a certain way de-
pending on the direction of the laser polarization vector. This gives us a
powerful tool to prepare specific p electron clouds and investigate the effects
on the electron transfer probability. For example, a charge cloud can be
aligned along the ion beam or perpendicular to it. However, the actually
realised alignment might be limited by the presence of fine and hyperfine
structures. As a consequence, the sodium state cannot be described by a
pure px, py or pz state in case of continuous laser excitation. This means
that the maximum alignment is reduced because the angular momentum of
an initial state, say px, is redistributed over the px, py and pz orbitals by
couplings between the orbital angular momentum and the electron and nu-
clear spin. However, if the steady state after redistribution is known, cross
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Figure 3.1 Schematic view of the configuration, defining the x-,y- and z-
axis and the spherical co-ordinates θ and φ. In the experiment as plotted
here, linearly polarized laser light along the y-axis is applied, providing a netto
alignment of a sodium 3p electron orbital in the y-direction. Photons are
detected at the so-called ‘magic’ angle

sections for electron capture can be determined as if only a single px, py or
pz orbital was populated. We carry out five sub-experiments, by varying the
preparation of the sodium atoms in a certain way. In one sub-experiment
only ground state sodium atoms are involved. In the other four also excited
sodium atoms are involved, characterized by a specific laser polarization: a
linear polarization along the ion beam, a linear polarization perpendicular
to the ion beam, a left circular polarization and a right circular polariza-
tion. Each sub-experiment results in a characteristic mixture of 3s, 3px,
3py and 3pz states as can be shown by considering the symmetries in the
laser-sodium system. The 3s state is always present because only a part of
the sodium atoms can be excited to the 3p orbital. The laser preparation of
sodium atoms is described in section 3.3.

To determine electron transfer cross sections in collisions between the pre-
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3.2 The system of He∗ atoms

pared sodium atoms and incident energetic He+ ions, the population rate
of the relevant helium neutral states must be measured. In our case we
select transfer into the XUV emitting singlet helium states. The He∗ elec-
tron distribution is in general not isotropic but contains a certain alignment
and orientation, depending on the different symmetries and dynamics of the
collision system. These symmetries depend on the specific sodium prepara-
tions in the several sub-experiments. Therefore the XUV photon intensity,
measured in a certain direction, is in general not simply proportional to the
population rate of corresponding He∗ states but contains also parameters
caused by the anisotropy. But when the photon intensity is detected at the
‘magic’ angle the influence of these parameters is excluded.

In the following the polarization matrix is introduced to express the re-
lation between the emitted XUV photons and the initial state of a singlet
helium atom. By using a spherical tensor expansion it is shown how the
emitted radiation depends on the population, the orientation and alignment
of the considered helium state. Afterwards the ‘magic’ angle is introduced
in section 3.2.4. The preparation of the sodium atoms is discussed in sec-
tion 3.3. Finally, expressions for relative total cross sections are presented
in section 3.4.

3.2 The system of He∗ atoms

3.2.1 The polarization matrix

We will focus on the production rate of He∗ singlet states as a function of
impact energy when Na(3p) atoms are prepared in different ways. The ques-
tion arises how the population of these states is linked to the intensity of the
emitted radiation.

Consider an ensemble of helium atoms in a certain singlet He∗ state with
principal quantum number n and total electron angular momentum L. This
ensemble can be completely described as an expansion in the magnetic sub-
states |nLM〉. The spin function is the same for all singlet states (S = 0)
and will be omitted in the following. The density operator of the state with
particular n and L can be written as:

ρhe =
∑

MM ′
|nLM〉〈nLM ′| (3.1)

15
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so that 〈nLM |ρhe|nLM〉 is equal to the density of helium atoms in the mag-
netic sub-state M .

Consider a radiating transition between an upper level |nuLuMu〉 and a
lower level |nlLlMl〉 due to the interaction Hamiltonian

V = −µ ·E(r) (3.2)

with µ the electric dipole moment of the atom and E the electric field
operator. The transition probability per unit time for decay from state
|nuLuMu〉 to state |nlLlMl〉, emitting a photon with polarization ε in a
solid angle dΩ can be deducted from the Golden Rule of Fermi. The result
reads [18]

a(Ml ←Mu; ε)dΩ =
ω3

0

8π2ε0h̄c3
|〈nuLuMu|µ · ε|nlLlMl〉|2dΩ (3.3)

with h̄ω0 the transition energy and ε0 the permittivity in vacuum. In the
absence of external magnetic and electric fields, the states |nuLuMu〉 and
|nlLlMl〉 are degenerate in their magnetic sub-states and the emitted pho-
tons do not reveal the values of Ml and Mu. The total intensity can be
determined by summing over the possible values Ml and taking the average
at the different Mu values with 〈nuLuMu|ρhe|nuLuMu〉 as weighting factors.
Off-diagonal elements 〈nuLuMu|ρhe|nuLuM

′
u〉 give rise to interference terms

so that the total power of the emitted radiaton per unit volume and unit
solid angle with a detected polarization ε becomes

I(ε) =
ω4

0

8π2ε0c3

∑
Ml

∑
Mu,M ′

u

〈nlLlMl|µ · ε|nuLuMu〉 ·

〈nuLuMu|ρhe|nuLuM
′
u〉〈nuLuM

′
u|µ · ε|nlLlMl〉

This expression can be rewritten in a compact form

I(ε) = ε∗ ·C · ε (3.4)

in which the 3× 3 Cartesian matrix C is called the polarization matrix.

Herein C is defined as

C ≡ ω4
0

8π2ε0c3
Trl µluρheµul (3.5)
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with Trl the trace over the sub-states |nlLlMl〉 and µul the electric-dipole
matrix with (2Lu + 1)× (2Ll + 1) electric dipole elements between the sub-
states. The distribution of the photon emission is determined by the polar-
ization matrix C [21]. In the present experimental setup the photons are
detected irrespective of their polarization. The intensity angular distribution
can be deduced from equation 3.4 as

I = Tr C − u ·C · u (3.6)

in which the unit vector u = (sin θ cos φ, sin θ sinφ, cos θ) specifies the direc-
tion of detection (see also fig. 3.1). The anisotropic distribution can vary as
a function of the collision energy and target preparation, so that the photon
intensity in a certain direction depends not only on the population rate but
also on anisotropy terms as presented in the next section.

3.2.2 Expansion in multipoles

In general an anisotropy of the polarization matrix arises from the anisotropy
of a density matrix ρhe according to equation 3.5. By expanding the density
matrix in spherical tensors T †

kq(LuLu) (see also appendix A.1)

ρhe =
∑
kq

ρkqT
†
kq(LuLu) q = −k,−k + 1, . . . , k (3.7)

k = 0, 1, . . . , 2Lu

important physical features as population, orientation and alignment are ex-
pressed.

The monopole ρ00 is proportional to the total population of the excited
He∗ state, while the dipole components ρ1σ are proportional to the expec-
tation values of the spherical components of angular momentum operator
Lu, defining the orientation of the ensemble. The five quadrupole moments
ρ2q are equal to the expectation values of the elements of a symmetrical
Cartesian matrix with zero trace, for instance [22]

LuLu − L2
u

3
I (3.8)

expressing the alignment of the state.

By substituting the expansion of a density matrix 3.7 in equation 3.5 and
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applying the Wigner-Eckhart theorem and some standard recoupling tech-
niques the polarization matrix can also be expanded as [23]

C =
∑
kq

ckqS
†
kq (3.9)

with k restricted to 0, 1 and 2. The operators Skq can be expressed as 3× 3
matrices on a Cartesian basis as given in table A.1 in appendix A. It turns
out that a component ckq is proportional to ρkq with a factor independent
of q. Therefore, the c00 parameter is a direct measure of the total popula-
tion of the He∗ magnetic sub-states, while the c1q parameters determine the
orientation and the c2q parameters express the alignment. The intensity dis-
tribution is completely determined by the components ρkq for k = 0, 1 and
2, thus multipoles with k > 2 do not influence the features of spontaneous
emission and do not appear in the polarization matrix. The polarization
matrix can be expanded in monopole, dipole and quadrupole terms

C = C0 + C1 + C2 (3.10)

which on a Cartesian basis are given by

C0 =


 1√

3
c00 0 0

0 1√
3
c00 0

0 0 1√
3
c00


 (3.11)

C1 =


 0 − i√

2
c10 − 1

2
(c11 + c1−1)

i√
2
c10 0 i

2
(c11 − c1−1)

1
2
(c11 + c1−1) − i

2
(c11 − c1−1) 0


 (3.12)

C2 =


 − 1

2
(c22 + c2−2) + 1√

6
c20

i
2
(c22 − c2−2)

1
2
(c21 − c2−1)

i
2
(c22 − c2−2)

1
2
(c22 + c2−2) + 1√

6
c20 − i

2
(c21 + c2−1)

1
2
(c21 − c2−1) − i

2
(c21 + c2−1) − 2√

6
c20


 (3.13)

in which C0 is proportional to the unit matrix determined by one para-
meter. C1 represents the antisymmetrical part of C and is determined by
three parameters. C2 represents the symmetrical part with zero trace and
is determined by five parameters.

3.2.3 System symmetries

As far as the determination of cross sections is concerned only the popula-
tion of neutralized helium states is of interest, i.e. the determination of the
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parameter c00. However, the anisotropy parameters influence the photon
intensity distribution. The question arises which anisotropy terms influence
the photon intensity distribution.

For our collision system a number of multipoles ckq, appearing in the po-
larization matrix, is interdependent or zero as a consequence of the system
symmetries. The detector is mounted at such a distance from the collision
zone that each created He∗ neutral is observed equally well, regardless of
its scattering angle. In addition the sodium atoms may be assumed homo-
geneously prepared in the collision volume. As a result the total collision
system He+-Na(3s, 3p) contains certain symmetries which are conserved
during the collision due to certain rotational and parity invariancies of the
interaction Hamiltonian. As a result the density operator of the excited
helium states ρhe contains at least the same symmetries as the initial total
system.

In the determination of the total system symmetries it is important how the
sodium charge cloud is aligned and oriented in each sub-experiment. The
initial situations of the several sub-experiments are sketched in figure 3.2 in
which the following total system symmetries can be distinguished:

I laser switched off, isotropic sodium charge cloud. Rotation symmetry
around z-axis, reflection symmetry in arbitrary plane containing the
z-axis.

II linearly polarized laser light along z-axis, sodium charge cloud aligned
along z-axis. Symmetries as in I

III linearly polarized laser light along y-axis, sodium charge cloud aligned
along y-axis. Reflection symmetry in x-z plane and y-z plane.

IV right circularly polarized laser light, sodium charge cloud rotating
right. Reflection symmetry in y-z plane.

V left circularly polarized laser light, sodium charge cloud rotating left.
Symmetries as in IV

The system symmetries characterizing the sub-experiments can be expressed
by the invariance of the density matrix in the corresponding symmetry op-
erations

Rez(α)ρheR†
ez

(α) = ρhe rotation α around z-axis (3.14)
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Figure 3.2 Collision systems for the five different sodium preparations: I. no
laser, Na(3s) II. linearly polarized laser light parallel to z-axis , Na(3p) III.
linearly polarized laser light parallel to y-axis, Na(3p) IV +V. right and left
circularly polarized laser light, Na(3p)

PRey(π)ρheR†
ey

(π)P = ρhe reflection in x-z plane (3.15)

PRex(π)ρheR†
ex

(π)P = ρhe reflection in y-z plane (3.16)

in which R and P are the rotation and parity operator. If these symme-
tries are taken into account the polarization matrices are simplified (see
appendix A.3):

CI,II =


 1√

3
c00 + 1√

6
c20 0 0

0 1√
3
c00 + 1√

6
c20 0

0 0 1√
3
c00 − 2√

6
c20


 (3.17)
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3.2 The system of He∗ atoms

CIII =


 1√

3
c00 − c22 + 1√

6
c20 0 0

0 1√
3
c00 + c22 + 1√

6
c20 0

0 0 1√
3
c00 − 2√

6
c20


 (3.18)

CIV,V =


 1√

3
c00 − c22 + 1√

6
c20 0 0

0 1√
3
c00 + c22 + 1√

6
c20 i(c11 − c21)

0 −i(c11 + c21)
1√
3
c00 − 2√

6
c20


 (3.19)

in which all coefficients are real except the pure imaginary c21 coefficient in
situation IV and V. It must be emphasized that a ckq coefficient can differ
for each sub-experiment and must actually be labelled to the considered sub-
experiment. Only the polarization matrix of situation IV is transformed into
the matrix of situation V by reflection in the x-z plane resulting in a change
of sign for the value of c21 and of c11, while the other coefficients remain the
same.

3.2.4 The ‘magic’ angle

Symmetry considerations limit the number of independent and non-zero mul-
tipoles. Nevertheless, still certain coefficients are present and influence the
measured intensities. According to equation 3.6 and matrices 3.17- 3.19, the
intensities for each situation become:

II,II =
2c00√

3
− c20√

6
(1− 3 cos2 θ)

IIII =
2c00√

3
− c20√

6
(1− 3 cos2 θ)− c22 sin2 θ(1− 2 cos2 φ) (3.20)

IIV,V =
2c00√

3
− c20√

6
(1− 3 cos2 θ)− c22 sin2 θ(1− 2 cos2 φ) +

ic21 sin 2θ sinφ

If the detector is placed such that radiation is observed at one of the ‘magic’
angles defined by cos θ = ± 1√

3
and cosφ = ± 1√

2
, then the intensities are

proportional to ρ00 in sub-experiment I, II and III, i.e. proportional to
the population of the excited helium atoms. In the experimental setup the
intensity is measured at one of these so-called ‘magic’ angles in the direction
1√
3
(−1, 1,−1). When intensities in situation IV or V are detected at this

magic angle, the quadrupole parameter is still present in the term ∓2ic21/3.
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3.3 The system of prepared sodium atoms

3.3.1 The fine- and hyperfine structure

Before discussing the effective density matrix of the ensemble of partly ex-
cited sodium atoms, we consider the relevant energy levels and transition
rules in a sodium atom.

Because of electron spin-orbit and electron-nucleus coupling the energy levels
exhibit fine and hyperfine structures as shown in figure 3.3 for the transitions
32S1/2 → 32P1/2 and 32S1/2 → 32P3/2. When electric dipole transitions are
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Figure 3.3 The hyperfine splitting of the 32S1/2, 32P1/2 and 32P3/2 levels of
Na.
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3.3 The system of prepared sodium atoms

considered the following rules must be obeyed:

∆F = 0,±1 but Fg = 0↔ Fe = 0 is forbidden (3.21)
∆MF = 0 absorption & stimulated emission linearly polarized light

∆MF = ±1 absorption & stimulated emission circularly polarized light

∆MF = 0,±1 spontaneous emission

In 3.21 the quantization axis is defined along the polarization vector in case
of linear radiation and parallel to the wave vector in case of circular ra-
diation. Using laser light from a single frequency dye laser with a typical
bandwidth of 1 MHz, the excitation is hyperfine sensitive. It turns out that
if linearly or circularly polarized light is used, at least three polarized beams
are needed in order to achieve a stationary excited-state population without
losing electrons to levels which are not involved in the excitation process.
This applies to all transitions except when the laser frequency is tuned to
the transition 2S1/2, Fg = 2 → 2P3/2, Fe = 3. In this case no electrons will
be trapped and a final stationary state is achieved as indicated in figure 3.3.
Remarkable is the circular case which leads to a pure two level system: only
left or right circularly polarized light is absorbed and emitted.

The density matrix can be described in the F -picture on the basis of hy-
perfine sub-states |FMF 〉 of the 2P3/2, 2P1/2 and 2S1/2 states. However, the
fine and hyperfine structure character of the sodium target will not affect
the electron transfer since the interactions with the nucleus and electron
spin are relatively small in the ion-atom interaction Hamiltonian. Besides,
the collision time (≈ 10−15 s) is much shorter than a precession period in
electron-nucleus coupling, characterized by the inverse of the frequency split-
tings between the hyperfine structure levels (≈ 10−9 s). It is even shorter
than a precession period in the electron spin-orbit coupling, characterized
by the inverse of the frequency splitting between the fine structure levels
(≈ 10−12 s), so that nuclear and electron spin can be assumed stationary
during the short interaction time.

Therefore the density matrix of the sodium targets is projected on the angu-
lar momentum states of the electron orbit |LML〉 in the L-picture. This can
be done by averaging over the angular momentum states of the nuclear spin
I and electron spin S, i.e. taking the trace of the density matrix over the
electron and nuclear spin states, resulting in a reduction of the polarization.
The result of this projection procedure can be clarified by considering the
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symmetries in the photon-atom system.

Due to the interaction Hamiltonian V = −µ · E(r) the photon states are
coupled with the free atomic sodium states. This leads to a complicated ex-
citation mechanism with absorption, stimulated emission and spontaneous
emission of radiation with transition probabilities proportional to |〈FiMFi |µ·
εl|FjMFj 〉|2 in which εl the polarization vector of the laser beam [24,25]. Af-
ter a short time (∼ 0.2µs) stationary conditions are achieved with maximum
population of the 3p orbital before a sodium atom enters the collision zone.
If we expand the reduced sodium density matrix in spherical tensors with
multipole coefficients ρkq

ρna =
∑

ρkqT
†
kq(LL), (3.22)

as we did before in case of ρhe, then symmetry considerations reduce here
also the number of independent and non-zero components. Figure 3.4 shows
the initial symmetries of the photon-atom system in case of linear excita-
tion and circular excitation. Symmetries of the initial total density matrix
of the photon-atom system will be conserved in time and hold in the re-
duced sodium density matrix in the L-picture. If the excited part of sodium

x

y

z

x

y

z

linear circular

Figure 3.4 The initial symmetries of the laser-sodium system in case of linear
and circular polarization.

atoms is considered, i.e. L = 1, then the spherical tensors Tkq(11) on the
‘Cartesian’ set of basis functions have exactly the same form as the matrices
Skq as presented in table A.1 (see also equation A.16 in appendix A). The
‘Cartesian’ basis functions are given as
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3.3 The system of prepared sodium atoms

〈θ, φ|px〉 = sin θ cos φ

〈θ, φ|py〉 = sin θ sinφ (3.23)

〈θ, φ|pz〉 = cos θ

The squared functions represent the directional probability density of the
sodium valence electron as pictured in figure 3.5.

x x x

y y y

z z z

p p pp p px y zx y z* * *

Figure 3.5 The directional probability densities of the outer sodium electron
for pure |px〉, |py〉 or |pz〉 states.

3.3.2 Linear polarization

In case of linear polarization along the z-axis (sub-experiment II) the rotation
symmetry around the z-axis and reflection symmetry in the x-z and y-z
plane imply a reduced density matrix for Na(3p) atoms (see table A.2 in
appendix A)

ρna;II =




1√
3
ρ00 + 1√

6
ρ20 0 0

0 1√
3
ρ00 + 1√

6
ρ20 0

0 0 1√
3
ρ00 − 2√

6
ρ20


 (3.24)

Normalizing this density matrix to the fraction of excited atoms
n3p/(n3p + n3s) = αl yields

ρna;II = αl


 r 0 0

0 r 0
0 0 1− 2r


 (3.25)
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with r a real parameter. A simple rotation transformation gives the matrix
for the situation in which the linear polarization is oriented along the y-axis,
yielding

ρna;III = αl


 r 0 0

0 1− 2r 0
0 0 r


 (3.26)

In case of optimal pumping on transition 3S1/2(F = 2) → 3P3/2(F = 3)
steady state conditions are evaluated for a linear polarization vector along
the z-axis by Fischer and Hertel [26]:

|px〉 : |py〉 : |pz〉 = 2
9

:
2
9

:
5
9

(3.27)

This implies a theoretical value r = 2
9 . In practice the alignment is not

optimal and 2
9 ≤ r ≤ 1

3 .

3.3.3 Circular polarization

In case of a circular polarization, rotation symmetry around the x-axis (ρ21 =
0, ρ22 = −1

2

√
6ρ20) and reflection symmetry in the y-z plane result in a

density matrix

ρna;IV,V =




1√
3
ρ00 + 4√

6
ρ20 0 0

0 1√
3
ρ00 − 2√

6
ρ20 iρ11

0 −iρ11
1√
3
ρ00 − 2√

6
ρ20


(3.28)

By pumping with circularly polarized light, mainly transitions between 2S3/2

MF = ±2 to 2P3/2 MF = ±3 occur, once the steady state is reached. The ab-
sorption and emission of photons with circular polarization in the x-direction
implies a density matrix of the form

ρna;IV,V = αc


 0 0 0

0 1
2 ∓ i

2
0 ± i

2
1
2


 (3.29)

where the matrix is normalized to the fraction of excited sodium atoms αc.
Computer simulations confirm the expression, even for such laser intensities
that only a small fraction of atoms is excited.
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3.4 Physical quantities

3.3.4 Fluorescence measurements

The fluorescence of the excited atoms is detected by a photodiode, placed
in the y-z plane (φ = 90◦), perpendicular to the laser beam. If linearly
polarized light is used the intensity is proportional to

αl(1− r sin2 θ − (1− 2r) cos2 θ) = αl(1 + f sin2 θ) (3.30)

according to equation 3.6. Herein θ is the angle between the linear polariza-
tion vector and the detection direction and f ≡ (1− 3r)/2r. By variation of
θ the maximum and minimum intensities can be determined and by division

Imax

Imin
= 1 + f =

1− r
2r

(3.31)

the parameter r can be derived. In the case of optimal r = 2
9 the theoretical

value for f becomes 3
4 . Measurements showed a parameter f = 0.69 ± 0.03,

slightly lower than the theoretical value.

The disadvantage of using a photodiode is that also light of the surrounding
region is measured. Therefore another method can be employed as described
in the next section.

3.4 Physical quantities

On the Cartesian basis, the excited sodium density matrices are diagonal
in situation I, II and III. The absence of off-diagonal interference terms
implies that the sub-system can be considered as an incoherent superposition
of the px, py and pz orbitals, with the diagonal terms as weight factors.
The remainig fraction of (1 − α) sodium atoms occupies the ground state
s. Therefore, the quantities σ0, σx, σy and σz are defined as the total cross
sections for electron capture in the considered helium states after collision
with Na in a pure s, px, py or pz state, respectively. However, no distinction
between σx and σy can be expected because they are physically the same
in the experimental setup so that σx = σy ≡ σx,y . Due to the incoherent
expansion of sodium p orbitals and the XUV detection at the ‘magic’ angle
the measured intensities are related to the cross section as follows:

II = Nσ0 (3.32)

III = N (αl(1− 2r)σz + αl2rσx,y + (1− αl)σ0) (3.33)
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IIII = N (αlrσz + αl(1− r)σx,y + (1− αl)σ0) (3.34)

The factor N depends on the flux of helium ions, density of sodium atoms,
the interaction volume and the efficiency of the XUV detector.

In situation IV and V off-diagonal elements are present in the reduced sodium
density matrices and as a consequence interference terms between the py and
pz states are involved in the transfer process. If we consider the situation in
which both left and right circularly polarized light excite the sodium ensem-
ble simultaneously, the reduced sodium density matrix is equal to the addi-
tion of the density matrices in case of sub-experiment IV and V according to
the superposition principle. This density matrix contains no off-diagonal el-
ements and describes the sodium state as an incoherent superposition of the
py and pz state. At the same time the added photon intensities depend only
on the population of He∗ states because the anisotropy c21 term vanishes,
according to equation 3.20. Therefore

IIV + IV = N (αcσz + αcσx,y + 2(1− αc)σ0) (3.35)

By measuring the different situations in succession for short periods (≈ 10
seconds) in several series (10-40) at a specific ion energy, the factor N can
be supposed to be equal for each sodium preparation.

From these equations an important energy-independent expression can be
derived

III + IIII − 2r(III + 2IIII)
IIV + IV

=
αl

αc
(1− 3r) (3.36)

with the condition that αl/αc ≈ 1. This condition is satisfied in case of
simultaneous pumping of the two hyperfine ground state levels (Fg = 1 and
Fg =2) as shown in the next chapter. The relationship makes it possible to
fit r without using the photodiode. The advantage is that the fitted r is only
related to the interaction region and not to the surrounding area. Also the
ratio αl/αc can be extracted, so that αl is estimated by calculating αc.

Furthermore, the expressions of the relative cross sections can be deduced:

σz

σ0
=

(r − 1)III + 2rIIII + (1− 3r)(1 − αl)II
(3r − 1)αlII

(3.37)

σx,y

σ0
=
rIII + (2r − 1)IIII + (1− 3r)(1− αl)II

(3r − 1)αlII
(3.38)
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3.4 Physical quantities

If the intensities IIV and IV are subtracted, only the c21 quadrupole term is
left

IIV − IV = −4ic21
3

. (3.39)

The physical interpretation of c21 follows from the expression (3.4) for I(ε)
where the polarization vector ε is expressed in Cartesian coordinates. The
c21 quadrupole moment is similar to the difference in intensity of emitted
radiation, each with its specific linear polarization, i.e.

I

[
1√
2
(0, 1, 1)

]
− I

[
1√
2
(0, 1,−1)

]
= −2ic21. (3.40)

Consequently, a non-zero c21 indicates a certain average tilt of the helium
electron cloud after collision. The tilt angle can be expressed by multi-
pole coefficients if the total density matrix can be determined. When the
He(1s3d)1D exit channel is neglected, the helium density matrices possess
tensors with maximum rank k = 2. Thus, if the complete polarization ma-
trix is measured, then the density matrix of each 1P helium exit channel is
determined (see 3.19):

ρ1P =




1√
3
ρ00 − ρ22 + 1√

6
ρ20 0 0

0 1√
3
ρ00 + ρ22 + 1√

6
ρ20 i(ρ11 − ρ21)

0 −i(ρ11 + ρ21) 1√
3
ρ00 − 2√

6
ρ20




The directional probability density of the p-electron becomes

P (θ, φ) = 〈ψ|θ, φ〉〈θ, φ|ψ〉 = Axxp
2
x +Ayyp

2
y +Azzp

2
z +Ayzpypz (3.41)

with

Axx =
1√
3
ρ00 − ρ22 +

1√
6
ρ20

Ayy =
1√
3
ρ00 + ρ22 +

1√
6
ρ20

Azz =
1√
3
ρ00 − 2√

6
ρ20

Ayz = 2iρ21 (3.42)

keeping in mind that ρ21 is an imaginary coefficient. A possible excited-
electron distribution in the He∗ atom is sketched in figure 3.6. The cloud is
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x x

y y

He He t+ * θv
v’

before interaction after interaction

Figure 3.6 An example of the directional probability density of the helium
p electron in the He(1s2p) or He(1s3p) states just after collision with sodium
atoms, which are prepared with circularly polarized laser light. In the y-z plane
the tilt angle θt is indicated.

tilted in the plane of reflection symmetry, defined by φ = 90◦. The tilt angle
can be derived by

∂P (θ, φ = 90◦)
∂θ

∣∣∣∣
θt

= (Ayy −Azz) sin 2θt +Ayz cos 2θt = 0 (3.43)

so that

tan 2θt = − 2iρ21

ρ22 + 3√
6
ρ20

. (3.44)

However, the quadrupoles c20 and c22 are not determined at the ‘magic’
angle, only the ratio

ic21
c00

= −
√

3
(
IIV − IV
IIV + IV

)
(3.45)

is measurable as a function of the collision energy.
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Chapter 4

Theoretical approach

The experimental results as presented in chapter 6 can be compared with
the theoretical computations presented in a paper by S.E. Nielsen and T.H.
Rod [13]. Integral cross sections of electron capture into the various sub-
shells of helium (singlet as well as triplet) are based on coupled-channel
calculations using a one-electron model for the He+-Na system [17]. A short
review of the theoretical background is given here.

Consider the system as composed of a single electron and two singly charged
ions He+ (indicated by A+) and Na+ (indicated by B+), see figure 4.1. The

A

C R

x
b

v

s r

+

B

e

+

-

Figure 4.1 The three-body system. The several coordinates are displayed. C
indicates the centre of masses of A+ and B+.

time independent Schrödinger equation for this three body system A+, B+

and e− is

HΨ = (T + V )Ψ = EΨ (4.1)
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where

T = − 1
2m
∇2

s −
1
µ
∇2

R (4.2)

V = VAe(x) + VBe(r) + VAB(R) (4.3)

with

m =
MA +MB

MA +MB + 1
≈ 1, µ =

MAMB

MA +MB
(4.4)

in which all quantities are expressed in atomic units. When the kinetic
energy of the heavy particle motion becomes large enough compared with
changes in electronic energy, an effective average potential W (R) for the
heavy particle motion can be introduced in place of various effective poten-
tials for each considered exit channel. Correspondingly a common trajectory
R(b, t) is employed to describe this motion. Without any approximation the
Schrödinger equation can be rewritten as

HΨ =
(
− 1

2µ
∇2

R +W (R) +He

)
Ψ = EΨ (4.5)

where He = − 1
2m∇2

s + V −W . The total wavefunction can be split in an
internuclear part and an electronic part:

Ψ(s, R) = F (R)ψ(s, R) (4.6)

where F (R) satisfies the Schrödinger equation(
− 1

2µ
∇2

R +W (R)− E
)
F (R) = 0 (4.7)

When the classical description of the heavy particle motion is considered,
the electronic part obeys the relationship [27]

i
∂ψ(s, t)
∂t

∣∣∣∣
s

= He(s, t)ψ(s, t). (4.8)

In this so-called ‘impact parameter’ model, b enters as a parameter. To
obtain an approximation of this time dependent Schrödinger equation a trial
function is introduced

ψ(s, t) =
N∑

j=1

Φj(s, t)Aj(b, t) +
N+M∑

k=N+1

Xk(s, t)Ak(b, t) (4.9)
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Herein two sets of orthogonal basis functions are employed, Φj(s, t) and
Xk(s, t), which express the arrangements A+ + (B+ + e−) and (A+ + e−)
+ B+ in the asymptotic limit. The variational principle leads to a set of
equations in which the different channel factors Aj are coupled with each
other. The boundary conditions

lim
t→−∞Aj(b, t) = δji lim

t→−∞Ak(b, t) = 0 (4.10)

have to be included implying an incident channel i. By solving these coupled
equations numerically, the probability amplitude for finding the system in
the final state j is

Aji(b) = lim
t→+∞Aj(b, t) (4.11)

and the total cross section for excitation or charge exchange from i to j is
obtained by integrating over the two-dimensional impact parameter space

σji =
∫
d2b|Aji(b)|2 (4.12)

Among the possible choices of basis functions are those of atomic and mole-
cular form. In this experiment it is appropriate to choose an atomic orbital
basis instead of a molecular basis, because the nearly adiabatic conditions
under which only a few molecular orbitals are expected to be coupled to-
gether do not apply. The electron can be considered to be attached to one
of the centers A or B throughout the collision. Only for a short time the
electron is shared between A and B. The basis functions are taken to be
identical to the asymptotic forms

Φj(s, t) = φj(r) exp[iαj(t)] (4.13)

Xk(s, t) = χk(x) exp[iβk(t)] (4.14)

where φj(r) and χk(x) are atomic eigenfunctions determined by the internal
Hamiltonians HB = (−1

2∇2
r + VBe(r)) and HA = (−1

2∇2
x + VAe(x)) with

eigenenergies εj and εk, respectively. Besides the term εj,kt the phases αj

and βk contain also plane-wave translational terms assuring that the theory
is independent of the choice of the reference frame.

The atomic set, used by Nielsen and Rod, includes 13 Na(nlm) orbitals in
the basis, namely the complete Na(n = 3) shell and the Na(n = 4, l = 0, 1)
sub-shells. For the singlet He(1snl 1L) channels 14 He orbitals are used,
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namely the complete n = 1, 2 and 3 shells. The triplet He(1snl 3L) channels
contain 13 He orbitals of the complete n = 2, 3 shells. The orbitals are de-
termined by using a model potential for VAe(x) and VBe(r), introduced by
Rapp and Chang [28]:

V (r) = −Zn − Zi

r

(
1 +

r

2α

)
e−r/α − Zi

r
(4.15)

where α an optimization parameter, Zn the nuclear charge and Zi the charge
of the ion core. Furthermore the relative motion of the heavy particles is
approximated by a straight line R(t) = vt+ b.

Using the assumptions as described above, the coupled channel equations
have been solved numerically and absolute total cross sections for charge
transfer from the different sodium states in singlet helium states

Na(3s) → He(1snl 1L)
Na(3pz) → He(1snl 1L) (4.16)

Na(3px,y) → He(1snl 1L)

have been obtained for nl = 2s, 2p and n = 3 [13].
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Chapter 5

Experimental setup

5.1 Overview

A schematic view of the main part of the experimental setup is shown in
figure 5.1 illustrating the basis elements. The collision experiment itself is
carried out in a vacuum chamber kept at 10−7 torr by permanent pumping.
An energetic collimated beam of He+ ions crosses the thermal flow of sodium
targets and the overlap of these two beams defines the interaction zone. The
particle flux of each beam is small enough to neglect multiple collisions of
one specific particle in its way through the interaction zone. A laser beam
can be applied, perpendicular to the sodium and He+ beam. The emitted
XUV photons are detected by a single-channel electron multiplier (SCEM)
at the ‘magic’ angle.

5.2 The beam of He+ ions

The He+ ions are produced in a hollow cathode ion source (SO55, High Volt-
age Eng.) and accelerated to a certain energy (0.3-6.0 keV). In the first part
of the trajectory the ions are manipulated by electrostatic lenses, a set of
electrostatic quadrupoles, and collimating apertures. Mainly He+ ions are
produced in the source, nevertheless the beam is slightly contaminated with
other ions. A dipole magnet is used as an ion mass selector. After a second
set of electrostatic quadrupoles, electrostatic lenses and apertures, the ions
pass a neutralization chamber in which it is possible to neutralize a part of
the ion beam by electron transfer with injected gas atoms. A pure beam of
neutrals of well defined energy can be obtained by deflecting the energetic

35



Experimental setup

ion source

electrostatic quadrupoles

water-cooled shield

neutralization chamber
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electrostatic lenses

sodium oven
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double    -metal shield

deflection plates

Faraday cup

-

Figure 5.1 Schematic top view of the vacuum chamber and its components.

ions further down the trajectory, before they enter the collision zone. Ener-
getic beams of neutrals are used in later experiments. Finally, a rectangular
aperture (dx × dy = 0.8 × 3 mm2), 1.5 cm in front of the interaction zone,
fixes the shape of the ion beam with a typical divergence dθ = 0.2◦ and
0.6◦. The forwardly scattered and unscattered particles are collected by a
Faraday cup, used to measure the current. A typical current, varying from
nano-amperes up to a few micro-amperes, is obtained at collision energies
varying from 0.5 to 6 keV.

5.3 The beam of sodium atoms

The sodium beam is produced by a heated oven assembly, keeping the liqui-
fied sodium at a temperature of 400 ◦C. The vapour effuses from the oven
with a mean velocity of 700 m/s through a 1 mm aperture and is collimated
by two heated skimmers reducing the divergence to 16 mrad. With a ca-
pacity of 6 cm3 sodium, the oven can operate for 20 hours before reloading
is needed. The sodium density in the collision zone is estimated to be 1011

atoms/cm3 so that radiation trapping is just avoided [26]. Most of the ef-
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5.4 The laser field

fusing atoms are reflected by the skimmers and trapped on a water-cooled
shield. In this way other elements in the setup are kept clean and a low
background pressure is maintained. The Earth’s magnetic field is minimized
by µ-metal shields (< 7 mGauss) because even weak magnetic fields influ-
ence the laser excitation mechanism strongly [30].

The production of sodium dimers, depending on the vapour pressure p in
the oven and the aperture diameter d, can be neglected because the product
p · d ( ∼ 0.01 cm· torr) is sufficiently low [31].

5.4 The laser field

The aim of the applied laser field is to ‘align’ or ‘orient’ as many sodium
atoms as possible. The cw single-mode ring dye laser (Spectra Physics 380D,
∆ν < 1 MHz, 0.8-1.0 W), pumped by an Ar+-ion laser (Spectra Physics
Stabilite 2017, 6.5 W all lines), is used for this purpose. The appropriate dye
is Rhodamine 6G with its maximum efficiency near the desired wavelength
of 589.0 nm.

5.4.1 External stabilization

The ring dye laser itself can not achieve a frequency stabilization for hours
within the natural bandwidth of sodium (10 MHz) due to a frequency drift
(102 MHz/hour) of the reference cavity. The drift can be corrected by adding
an extra experimental setup in which the hyperfine spectral lines of sodium
are used as reference. The method is based on saturation spectroscopy with
a sodium vapour cell, revealing the spectral lines, not hindered by Doppler
broadening [32, 33]. The setup is schematically shown in figure 5.2. About
one percent of the main beam (∼ 8 mW) is split off in the direction of a
thick glass plate and mirror M2. A beam expander reduces the divergence
and a λ/2 plate rotates the linear polarization 90◦ in order to achieve a
more favorable reflection of 10 % at the glass plate surfaces for the probe
and reference beam. The beam passing through serves as pump beam. Two
λ/4 plates enclose the vapour cell, producing circularly polarized light lead-
ing to a two level system as discussed at page 23. The Pyrex vapour cell
is fixed in a brass tube heated by twined resistance wires. A nearly homo-
geneous magnetic field can be applied by a solenoid which surrounds the
complete cell. The relatively weak probe and reference beam pass each with
an intensity of ∼ 20 mW/cm2 through the vapour cell, while the more in-
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Figure 5.2 A schematic view of the optical setup. EOM = electro-optical
modulator, PD = photodiode. At point A, B and C signals are observed as
respectively plotted in figure 5.3a, b, c when the frequency is scanned over the
D2-line.

tensive pump beam counterpropagates the probe beam with an intensity of
∼ 80 mW/cm2. After a fraction of 50% is split off by a beam-splitter, the
intensities of the reference and pump beam are detected by two photodiodes.

The concept of saturation spectroscopy is clarified on the basis of figure 5.3.
If the laser frequency is equal to ω then the reference beam is absorbed by
atoms with parallel velocity v‖ according to the relation ω ≈ ω0 + k · v in
which ω0 represents a certain spectral sodium line, k the wave vector of
the reference beam and v the velocity of an atom. By scanning the laser
frequency, the absorption profile of the reference beam reveals the velocity
distributions around the several spectral lines, i.e. the Doppler profiles. The
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frequency

Figure 5.3 The several signals versus the laser frequency for the D2-line. a:
The ‘bathtub’ absorption profile of the reference beam by scanning the laser
over 6.5 GHz. b: Absorption spectrum of the probe beam: the spectral lines
show up. c: Subtraction of the probe and reference beam intensities eliminates
the Doppler profile. d: The relevant Lambdip scanned over 0.57 GHz (solid
line). A magnetic field of∼ 40 Gauss smears out the peaks but with a netto shift
(dashed line). The indicated position at the shifted side is used as frequency
reference.
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result as measured by photodiode 2 is shown in figure a. Due to a cell tem-
perature of ∼ 200◦C each spectral line is Doppler-broadened by 1.4 GHz
(FWHM). Therefore, only the two ground state levels, separated by 1772
MHz, can be distinguished resulting in the typical ‘bathtub’ shape.

If the probe beam excites atoms with velocity v‖ then the counterpropa-
gating pump beam excites atoms with velocity −v‖. An effect of the pump
beam becomes visible in the probe absorption profile when both the probe
and the pump beam select atoms with the same v‖. This occurs if v‖ = 0,
which implies a laser frequency equal to one of the spectral lines. At this
frequency the probe beam experiences an increased transmission because
the ground state electrons are pumped to the excited state by the intensive
pump beam. The influence of the pump beam becomes visible in picture b,
which shows the probe absorption profile measured by photodiode 3. The
hyperfine levels of the ground state show up, in which the left and right
peak represent the Fg = 2 → Fe = 1, 2, 3 and Fg = 1 → Fe = 0, 1, 2 transi-
tions, respectively, while the dips in the middle show their cross-over signals.

Subtraction of the probe and reference signals eliminate the broad Doppler
profiles, leaving over the hyperfine spectral lines as presented in figure c (see
also C in figure 5.2). A closer look at the dips in the middle reveals the
cross-over transition Fg = 1 → Fe = 2 and Fg = 2 → Fe = 3 (figure d) at
which the laser frequency has to be stabilized for reasons explained below.
By applying a magnetic field the spectral lines are smeared out and shifted.
The position at the created slope, indicated by a dot, serves as reference
frequency. A control unit tunes the reference cavity in such a way that the
output voltage at C (fig. 5.2) is kept constant so that the laser frequency is
locked at this point. In combination with a Pockels cell, which maintains a
constant beam power, the frequency is stabilized within 2 MHz for hours.

5.4.2 The electro-optical modulator (EOM)

The main beam is coupled into a single mode glass fiber (York, type HB 600)
in which the polarization is conserved. A Faraday rotator avoids frequency
instability in the laser by rotating the polarization of reflected light over 90◦.
After propagation through the fiber the laser frequency ω0 is modulated in
a LiTaO3 crystal across which an oscillating electric field with frequency Ω
is applied [34,35]. This electro-optical modulator (EOM) produces symme-
trically sidebands located at the frequencies ω0 + nΩ and makes it possible
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to pump on two hyperfine transitions simultaneously as shown in figure 5.4.
If only the Fg = 2 → Fe = 3 transition is pumped, substantial trapping
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Figure 5.4 Two hyperfine transitions are simultaneously pumped by using
an EOM. The EOM output spectrum has been plotted. Each first order peak
contains ∼ 34 % of the total laser power.

into the Fg = 1 state occurs if the laser intensity becomes too high (>
30 mW/cm2) [29]. This is caused by the fact that the frequency difference
between Fe = 2 and Fe = 3 is 59 MHz, only six times the natural bandwidth,
so a small part of the atoms will be excited to the far wing of the transition
Fg = 2 → Fe = 2. Decay of the Fe = 2 states may take place to the Fg = 1
ground states, trapping these atoms from the Fg = 2→ Fe = 3 pump laser.
By pumping Fg = 1 → Fe = 2 as well as Fg = 2 → Fe = 3, the leak is
fixed and all ground state levels are involved in the optical pumping process.
As a result ∼ 45 % of the sodium atoms are excited instead of ∼ 10% [36].
Therefore, the laser has to be stabilized at ω0 = (ω12 + ω23)/2, equal to the
cross-over frequency as shown in figure 5.3d, and the modulation frequency
has to be tuned to 856.5 MHz.
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5.4.3 The polarization of the laser beam

After modulation by the EOM the beam passes through a Glan-Taylor prism
in order to achieve a high quality of linear polarization. A λ/2 plate, ro-
tatable by a stepper motor, and a fixed λ/4 plate provide the several po-
larizations. If the initial positions result in a linear polarization parallel to
the z-axis (ion beam) a rotation of the λ/2 plate over 22.5◦, 45◦ and 67.5◦

produces a circular, y-linear and opposite-circular polarization, respectively.
The beam is expanded to a waist of 10 mm so that the intensity distribu-
tion across the collision zone is approximately constant (∼ 60 mW/cm2 per
transition). A motorized shutter blocks the beam when ground state mea-
surements are carried out.

A photodiode at θ = 30◦ is used to detect the fluorescence intensity. From
these measurements the parameters r and f can be determined (see equa-
tion 3.31). Due to an intensive laser beam and active participation of the
Fe = 2 hyperfine level the f value decreases from 0.69± 0.03 to 0.52± 0.02.

5.5 Detection of XUV photons

The XUV photons with a wavelength of 58.4 nm and 53.7 nm can excellently
be detected by a single-channel electron multiplier (SCEM). We used one
with a circular funnel of 10 mm diameter and specified efficiencies of 0.24 and
0.16 counts/photon for 58.4 nm and 53.7 nm, respectively (Philips X919BL).
The SCEM is mounted in a grounded stainless steel box so that the collision
center is screened from the high operational cathode potential of the SCEM
(1.5 kV). The distance from the collision center to the funnel is about 40
mm. In order to prevent counts of metastables, ions and electrons the funnel
is shielded by a tin foil of about 80 nm thickness, deposited on a grid.
Secondary electrons from the backside of the foil are kept out by applying
a slight negative voltage on the funnel. Tin foils show good transmission
characteristics for photons between 52 and 80 nm with a maximum near
58 nm [37]. A foil with 80 nm thickness transmits about 30% for both
wavelengths [38].

5.6 Data processing

The data processing is presented in figure 5.5. The current of ions, incident
on the Faraday cup, is integrated by a charge integrator (Red Nun 8111).

42



5.6 Data processing

chargeFaraday cup

SCEM

digitizer

pre-amp.
delay line
amplifier.

stepper motor
control

stepper motor

shutter

stepper motor

discriminator

counter

counter

computer

Figure 5.5 Schematic view of the process of data acquisition.

The integrator gives one output pulse for every 100 pC of charge. The logic
pulses are stored in a counter. The signal from the SCEM is preamplified
(Canberra 2004) and shaped by a delay line amplifier (Ortec 460). After
passing a discriminator (Ortec 442) these pulses are accumulated in a second
counter. The counter card (Keithley, CTM-05/A) and the stepper motors
are controlled by a computer program, which executes the procedure for the
several sub-experiments at a certain ion energy. Finally the ratios of total
SCEM counts to ion counts are determined for each sub-experiment. These
ratios are proportional to the intensities as presented in equations 3.32-3.35.
Before heating the sodium oven, background measurements are carried out at
the various ion energies. Each sub-experiment, as described at page 19, takes
about 10 seconds. The five sub-experiments are repeated successively and
the series is repeated until at least 10.000 photon counts have been recorded
for each situation. The number of repetitions varies between 10 and 40,
strongly depending on the applied ion energy. During the measurements the
fluorescence intensity is observed and fluctuates with 3%.
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Chapter 6

Results and discussion

In this chapter the measurements of the relative integral cross sections are
presented. The transfer probabilities of the sodium valence electron into
XUV-radiating singlet helium states are plotted as a function of the col-
lision energy, ranging from 0.5-6 keV. This energy range corresponds to a
velocity below the characteristic orbital velocity of the Na(3p) electron.

The He+-Na(3s, 3p) system is described reasonably well by the quasi one-
electron approach of Nielsen and Rod [13] as confirmed by the experimental
total electron transfer processes examined by Thomsen et al [12]. In contrast
to the present experiment, Thomsen et al measured cross sections of electron
capture in both singlet as triplet states. By detecting transfer into XUV-
radiating singlet states the test of the used models becomes more stringent,
because the influence of the dominant triplet states and singlet He(1s2s)
state are excluded. Until now, only Nielsen and Rod have published the-
oretical results separately for singlet and triplet channels with which our
findings can be compared.

6.1 The alignment and population of excited sodium

In section 3.4 cross sections for total capture from a p sodium state, aligned
parallel or perpendicular to the ion beam, are described relatively to the
probability for capture from an isotropic s state. In the expressions 3.37- 3.38
the parameter r specifies the distribution over the px, py and pz orbitals,
while αl determines the fraction of excited atoms in case of linear laser
polarization. Both parameters contribute to the determination of σz/σ0 and
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σx,y/σ0 and must be determined first. The parameter r is obtained by a
linear fit procedure employing the energy independent relationship 3.36:

G(r) ≡ III + IIII − 2r(III + 2IIII)
IIV + IV

=
αl

αc
(1− 3r) (6.1)
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Figure 6.1 A linear fit procedure, using relationship 6.1, returns a r = 0.227±
0.006 and αl/αc = 0.95± 0.06

As shown in figure 6.1 the desired horizontal line is produced by r = 0.227±
0.006 which approaches the ideal r = 2

9 = 0.222. The horizontal line cuts
the y- axis at (αl/αc)(1 − 3r). As a result αl/αc = 0.95 ± 0.06 and the
condition αl/αc ≈ 1 is satisfied. There is a discrepancy between the fitted r
and the r, determined from the sodium fluorescence measurements. By ro-
tating the linear laser polarization the maximum and minimum fluorescence
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are detected and f = 0.52 ± 0.02 is found, i.e. r = 0.248 ± 0.003. However,
the parameters obtained from the fluorescence measurements are considered
less reliable because the photodiode detects also the fluorescence from the
surrounding area of the interaction volume in contrast to the fit, which deals
only with the r in the interaction volume.

The time development of the sodium density matrix is simulated by com-
puter calculations for the considered sodium preparations [25]. These sim-
ulations show an αc = 0.465 and αl = 0.442 when steady state conditions
are achieved. By division αc/αl = 0.95, which seems to be in good agree-
ment with the measured ratio. These fractions are of comparable magnitude
with values, established experimentally by Thomsen et al. In the following
αl = 0.44 ± 0.02 is used.

6.2 Total cross sections and the anisotropy parameter

The main reactions in He+-Na(3s,3p) collisions occur at relatively large in-
ternuclear distances. Therefore reactions with a small energy defect are
strongly favored. The main reactions and their energy defects are listed
below:

He+ +Na(3s)→



He(1s2p)(1P ) +Na+ ∆E = +1.82 eV
He(1s3s)(1S) +Na+ ∆E = +3.53 eV
He(1s3p)(1P ) +Na+ ∆E = +3.69 eV
He(1s3d)(1D) +Na+ ∆E = +3.70 eV

(6.2)

and with laser excited sodium atoms:

He+ +Na(3p)→



He(1s2p)(1P ) +Na+ ∆E = −0.29 eV
He(1s3s)(1S) +Na+ ∆E = +1.42 eV
He(1s3p)(1P ) +Na+ ∆E = +1.58 eV
He(1s3d)(1D) +Na+ ∆E = +1.59 eV

(6.3)

First we will consider only measurements with sodium atoms in the ground
state. After subtracting the background intensity, the measurements of XUV
photons for He+-Na(3s) collisions are directly proportional to σ0. The re-
sults are shown in figure 6.2. After a relatively steep rise the curve tends to
level between 2 and 4 keV after which another increase is observed. These
features agree reasonably well with the theoretical curve, multiplied by an
appropriate common factor [13]. In order to overlap the measurements the
factor N has been choosen about 8 times smaller than the estimated factor
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based on the considered XUV efficiencies, interaction volume, sodium den-
sity and ion flux. The errors are mainly caused by the uncertainty in the

0.5 1 10

energy (keV)

Figure 6.2 The typical shape of σ0 (◦) in comparison with the theoretical
curve (•) according to Nielsen and Rod [13], multiplied by an appropriate
common factor.

background measurements.

The measurements with excited and ground state sodium atoms give to-
tal cross section ratios σz/σ0 and σx,y/σ0. Nielsen’s and Rod’s theoretical
AO-CC calculations are plotted in corresponding filled marks [13]. The most
striking feature is seen at the lower ion velocities at which the electron cap-
ture from Na(3p) is far more preferred than capture from Na(3s) targets,
irrespective of the alignment. The fact that electron transfer reactions with
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Figure 6.3 The measured cross section ratios σz/σ0 (◦) and σx,y/σ0 (2)
are shown in figure 6.3. Nielsen’s and Rod’s theoretical values are plotted in
corresponding filled marks [13].

a small energy defect are in general favored explains qualitatively this effect.
As far as the different alignments are concerned, a significant distinction
between σz and σx,y exists. Electron capture from pz orbitals is preferred
above px,y orbitals up to 2 keV, while at higher collision energies capture
from the px,y is more probable. Both curves decrease with increasing energy
but transfer processes from Na(3p) atoms remain in favour in relation to
processes from Na(3s) atoms. Comparison with Nielsen’s and Rod’s data
shows that the AO-CC calculations fit the measurements almost entirely.
However, at the lower velocity range the computations seem to underesti-
mate the σx,y/σ0.
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The error in these values originates mainly from uncertainties in the fraction
of excited atoms αl and the σ0 intensity measurements, which are strongly
affected by background fluctuations. A more critical comparison with the
theory can be acquired by calculating the anisotropy parameter

A =
σz − σx,y

σz + σx,y
(6.4)

which is a measurement of the relative capture probabilities between the pz

and px,y orbitals independently of the Na(3s) cross section [39]. The results
are shown in figure 6.4 and the errors are reduced so that relevant dissimilari-
ties between theory and experiment appear. The experimental A varies from
+0.23 to -0.22 with increasing collision energy. The theoretical data predict
a larger anisotropy than the measured values at the lower velocities, while
it is just the other way around at higher velocities. At 2 keV the anisotropy
parameter changes sign. Around this energy the theoretical predictions and
experimental values overlap quite well. Overall, the measurements and the-
ory agree qualitatively well.

The theoretical A is constructed from the channel selective anisotropy pa-
rameters A(nl) with weight factors W (nl):

A =
∑
nl

W (nl)A(nl) (6.5)

with

A(nl) =
σz(nl)− σx,y(nl)
σz(nl) + σx,y(nl)

, W (nl) =
σz(nl) + σx,y(nl)∑

n′l′ [σz(n′l′) + σx,y(n′l′)]

The several W (nl)A(nl) terms, as displayed in figure 6.4 by dotted lines,
show that the most resonant reaction, namely transfer into the He(1s2p)
exit channel, dominates the anisotropy parameter. An experimental con-
firmation requires a selective observation of each channel, which could be
accomplished by coincidence experiments based on TOF flight experiments
and XUV detection.

Finally, the ratio ic21/c00, as expressed in equation 3.45, is obtained from
measurements with sodium, excited with circularly polarized light as in sub-
experiment IV and V. The results are plotted in figure 6.5 for the various
collision energies. The non-zero c21 coefficient indicates a tilt of the he-
lium electron cloud in the y-z plane just after collision. Dowek et al [40]
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Figure 6.4 The experimental (2) and theoretical (•) anisotropy parameter A
as a function of the collision energy [13]. The theoretical values are constructed
from several weighted A(nl) as plotted. It is directly seen that, according to
the theoretical approach, the He(1s2p) exit channel dominates in this energy
range.

and J.C. Houver et al [41] showed already asymmetries of detection intensi-
ties of H atoms as function of the scattering angle in H+-Na(3p) collisions
with oriented sodium atoms. Because the parameters c20 and c22 are not
determined nothing else can be said about the tilt angle except that it is
significant. However, according to equation 3.44 the tilt angle switches sign
at 1.4 keV if c22+3c20/

√
6 remains positive or negative in this energy region.

The |ic21/c00| ratio shows a local maximum at 3.5 keV. Unfortunately, no
theoretical data are available for comparison.
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Figure 6.5 The ratio ic21/c00 as function of the collision energy. A non-zero
c21 parameter indicates a tilt angle of the helium electron cloud in the y-z
plane.

6.3 Conclusions

Qualitatively, the theoretical predictions based on the one-electron model
[13] explain the experimental results for total electron transfer properly.
Quantitatively, significant discrepancies exist, which become clear when the
anisotropy parameter A is considered. A changes sign at 2 keV which is in
good agreement with the calculations. However the theory seems to estimate
a larger anisotropy parameter than the measured one for lower collision
energies and predicts a smaller one for higher energies. In case of oriented
Na(3p) targets, the measured ratio ic21/c00 indicates that the helium electron
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clouds are tilted after collision.
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Part II

Formation of negative ion
states in He0-Ne0 collisions
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Chapter 7

Low keV He0-Ne0 collisions, an

introduction

In the preceding part, one type of mechanism has been considered, namely
single electron transfer between sodium atoms and helium ions. At the same
time other kind of reactions may take place: e.g. the excitation of autoion-
izing sodium states in He+/0-Na(3s,3p) collisions. In preparation of these
experiments, He0-Ne0 collisions have been carried out to examine the per-
formance of an electron spectrum analyser and a neutralization chamber.
Electrons, emitted from the interaction region, were detected energetically
by means of this analyser, so that an electron spectrum could be measured.
Remarkable intensity oscillations showed up for two peak structures in the
obtained electron spectra when the collision energy was varied. This phe-
nomenon will be the subject of discussion in this part of the thesis.

It turns out that the electron energy spectrum, arising from collision en-
ergies in the range 0.35 keV - 6.0 keV, is dominated by spectral features
at 16.15 eV and 19.37 eV. Gerber et al [42] already analysed the energies
of emitted electrons in He0-Ne0 collisions for 500 eV helium atoms. They
attributed the observed peaks to the decay of negative ion states [43,44]:

He0 +Ne0 −→ He−(1s2s2) +Ne+(2p5)
3·10−14s−→ He0(1s2) +Ne+ + e− ( 19.37 eV) (7.1)

He0 +Ne0 −→ He+(1s) +Ne−(2p53s2)
2.5·10−13s−→ He+(1s) +Ne0(2p6) + e− (16.15 eV) (7.2)
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Our present measurements show that, when the energy of the helium pro-
jectiles varies from 0.35 keV to 6.0 keV, the two peaks alternately appear
and disappear, a feature apparently not noticed before.

In general, this kind of oscillatory behaviour indicates the interference be-
tween two or more wave functions, which correspond to certain molecular
channels. Lockwood and Everhart [45] already showed this kind of oscilla-
tions in 1962 in the resonant electron transfer reaction H+ + H(1s)−→ H(1s)
+ H+ as a function of the scattering angle. Comparable studies were per-
formed for He+-He and Li+-Li systems [46,47]. Also quasi-resonant electron
capture in heteronuclear collisions such as the H+-Ne system [48] showed
oscillatory characteristics. In all these collision systems the oscillations ap-
peared in the differential cross section. In the present case, in contrast, we
observe oscillations in the total cross section. Only a few other studies of
collision experiments are known where a comparable behaviour of the total
cross sections as a function of the collision energy is observed, see for example
the experimental studies of Tolk et al and Rosenthal et al [49, 50]. There-
fore, the observations in the total cross section are especially interesting and
indicate a specific excitation mechanism of the considered negative ion states.

The typical oscillation can be explained by approaching the two-electron
transfer between the nearly degenerate potential curves of the molecular
states [He−+Ne+] and [He++Ne−] (∆E = 0.19 eV) as being resonant as
described in chapter 10.

The fact that the oscillations in the present experiment are observed in
the total cross section, requires a more detailed study of the formation of
the considered negative ion exit channels. Therefore, the state correlation
diagram is introduced, which exhibits the qualitative features of the relative
energies of the orbitals as a function of the internuclear distance. In con-
structing this diagram the knowledge of other processes, occuring in He-Ne
collisions, is important. The excitation mechanism is described in detail in
chapter 9.

To be able to measure electron spectra in atom-atom collisions some ele-
ments of the experimental setup have been modified as described in the next
chapter.
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Chapter 8

Experimental setup

In order to perform the He0-Ne0 collisions and analyse the emitted electrons
energetically, three components are modified: First, the XUV photon detec-
tor is replaced by an electron spectrum analyser. Second, a small gas tube
for target atoms is mounted and aligned to the collision center. Finally, a
neutralization chamber is introduced to convert ions to neutrals by resonant
charge exchange. The configuration is schematically given in figure 8.1.

o

electron spectrum
analyser

neon gas inlet

xHe 
 b

ea
m

y

z

e-

Figure 8.1 The schematic view of the experimental situation. Electrons are
detected by the electron spectrum analyser at θ = 90◦ in the x-z plane.
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8.1 Gas inlet and neutralization chamber

A teflon hose connects the exterior gas supply with a narrow and short brass
pipe, 1.5 cm long and 0.5 mm in diameter. The tip of this gas inlet is
mounted about 1 cm from the collision center. A 1 mm circular diaphragm,
mounted 1.5 cm in front of the collision center, collimates the beam with a
divergence of dθ = 0.2◦. The density of target neon atoms in the interaction
zone is controlled by regulating the neon flow by means of a needle valve.
The thermally effusing neon atoms interact with the energetic helium atoms
in the collision zone. The helium atoms are produced by neutralization of
keV helium ions in the neutralization chamber (see fig. 5.1) via resonant
charge transfer with helium atoms [46]. The ions, which pass through the
neutralization chamber without electron capture, are deflected by a static
electric field between two plates, so that only neutrals enter the collision
center. The particle current, measured by the Faraday cup, reduces about
30%-50% after neutralization and deflection. The electron emission current
at the Faraday cup surface is proportional to the particle current and is in-
tegrated during the experiment as described in chapter 5, so that an average
particle current is obtained.

8.2 The electron spectrum analyser

The electron spectrum analyser, as shown in figure 8.2, can be divided in
three parts, each having its own task. The first part is a set of 7 electro-
static lenses with specific imaging characteristics. The second part is the
180◦ hemispherical electrostatic deflector [51], in which the electrons are ac-
tually dispersed. The last part is the position sensitive detector, mapping
the location of the electrons after deflection, so that a certain range of the
electron spectrum is observed.

By chosing proper voltages of the 7 electrostatic titanium lenses, certain
properties of electron transmittance are controlled:

1. the fraction of the interaction volume entering the 1 mm deflector
entrance, i.e. the magnification.

2. the retardation or acceleration of the electrons.

3. the angle distribution of electrons at the deflector entrance.
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Figure 8.2 Schematic view of the electron spectrum analyser. Three parts
can be distinguished: the set of electrostatic elements with specific imaging
characteristics, the hemispherical deflector and the position sensitive detector.
The micro-channel plates are indicated as MCP. WSZ = wedge, strip and zig-
zag.

The optimal settings are determined by computer simulations.

The hemispherical deflector consists of an inner and an outer titanium hemi-
sphere with radii of 40 mm and 60 mm, respectively. The 1 mm entrance is
located at the 50 mm radius. At the exit plane of the deflector two wedge-
shaped silicium slices are connected electrically to the outer and inner sphere.
They provide a termination of the radial field of the deflector to minimize
perturbations. The two slices form a rectangular slit of 20 mm × 2-3 mm.
The length of the slit determines an energy range of about 20% of the kinetic
energy E0 of electrons, which follow the middle trajectory (R0 = 50 mm).
The location of focus Re in the exit plane depends on the energy Ee of the
electrons entering the deflector tangentially as [52]:

Re

R0
=

Ee

2E0 − Ee
(8.1)
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If the relative shift of the final position, (Re − R0)/R0, is expanded as a
function of the relative energy difference (Ee − E0)/E0 then:

∆R
R0

= 2
∆E
E0

+ 2
(

∆E
E0

)2

+ . . . (8.2)

The maximum ∆E/E0 is ∼ 0.1 so that ∆R is about proportional to ∆E.
The energy resolution dEe/Ee is 3% because of a certain estimated maxi-
mum entrance angle and a finite entrance aperture.

After passing through the rectangular exit slit, the electrons enter the position-
sensitive detector. The electrons are accelerated and hit the first microchan-
nel plate (MCP, Ø25 mm) [53], which serves as an electron multiplier without
losing positional information. After electron amplification by a second MCP
the charge cloud consists of 106-107 electrons due to one electron hit. This
cloud is collected at a coordinate encoding wedge, strip and zig-zag (WSZ)
anode as shown schematically in figure 8.3 [54,55]. The WSZ anode consists
actually of three different isolated electrodes, each with its specific wedge,
strip or zig-zag shape. The wedge anode increases linearly in area in the
y direction, while the strip electrode increases linearly in area in the x di-
rection. The zig-zag anode fills the space in between. The location of the
center of the charge cloud can be expressed as

X =
QS

QW +QS +QZ

Y =
QW

QW +QS +QZ
(8.3)

in which Q is equal to the charge collected at the specific anode. Before
this positional procedure is performed, the electrode signals are amplified
by charge-sensitive amplifiers (Canberra 2004) and shaped by delay line am-
plifiers (Ortec 460). The three signals are digitized by an ADC (Analogic
FAST 12-1-1-4S acquisition board). The small voltage drop of the second
MCP, caused by a sudden electron amplification, is extracted (time pick off
unit) and delayed for a specific time to trigger the ADC to read in the anode
signals. After digitizing, the electron position is calculated and added to a
two-dimensional electron intensity distribution. Summation of the intensity
distribution in the y direction gives the electron energy spectrum for the
considered energy range. An example of a one-dimensional intensity spec-
trum is given in figure 8.4 for He-Ne collisions with a collision energy of 850
eV and a detection angle θ = 90◦. The spectrum covers an energy range of
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Figure 8.3 The position decoding electronics are shown, together with the
two microchannel plates (MCP) and the wedge (W), strip (S) and zig-zag (Z)
anode. The anologue-digital converter (ADC) is triggered on the voltage drop
of the second MCP. A one-dimensional plot is achieved by summing the two-
dimensional intensity plot in the y-direction.

∼ 7.5 eV. The two peaks correspond to the negative ion states of He∗− and
Ne∗−. The spectrum is calibrated on the autoionizing Ne(2p43s2) 1D state
decaying by electron emission with a kinetic energy of 23.55 eV in He+-Ne
collisions [56].
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Figure 8.4 A one-dimensional intensity plot, showing a part of the electron
energy spectrum in He0-Ne0 collisions with an energy range of 7.4 eV. The
helium projectile energy is 850 eV, the detection angle θ is 90◦. The peak
structures belong to the indicated negative ion states.
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Chapter 9

The excitation process

A qualitative explanation of the formation of negative ion states Ne∗− and
He∗− in He-Ne collisions can be given by using a state correlation diagram.
A state correlation diagram is drawn in order to analyse the behaviour of
the potential curves of the diatomic He-Ne ‘molecule’, when the internu-
clear distance R varies. It exhibits the qualitative features of the relative
energies of the orbitals as a function of R. Relevant excitation mechanisms,
leading to specific exit channels, can be indicated in this diagram. Before
the correlation diagram is introduced in section 9.2, the various types of
coupling mechanisms will be described in a semiclassical approach: radial
coupling, leading to transitions between states with the same Λ (Λ is the
projection of the total electron angular momentum on the internuclear axis)
and rotational coupling, leading to transitions between different Λ.

9.1 Radial and rotational coupling

Coupling mechanisms are treated in many textbooks. Here we will only give
a brief outline, for further information the reader is referred to e.g. B. H.
Bransden [57]

The diatomic molecules can be described properly in a frame of reference
fixed in space if an atomic basis is used (see e.g. chapter 4). However, molec-
ular orbitals are usually calculated in a frame of reference fixed with respect
to the internuclear axis AB, which is taken as the axis of quantization as
shown in figure 9.1. The heavy particle motion can be treated classically
because the De Broglie wavelengths of the nuclei are short. In contrast, the

65



The excitation process

electronic motion must be treated quantum mechanically. The time depen-
dent Schrödinger equation for the electronic molecular wave function reads:

∂ψ([si], R(t))
∂t

∣∣∣∣
[si]

= He([si], t)ψ([si], R(t)) (9.1)

with

He = Te + V (9.2)

Te = −
∑

i

1
2m
∇2

si
(9.3)

V =
ZAZB

R
−
∑

i

(
ZA

xi
+
ZB

ri

)
+
∑
i6=j

1
2|xi − xj| (9.4)

with the reduced mass

m =
MA +MB

MA +MB + 1
≈ 1 (9.5)

with all quantities in atomic units (a.u.). The square brackets [si] imply
position vectors s1, s2, . . . , sN as illustrated in figure 9.1. Expanding the

A
C R

x x1 2
1 2

1

N-1 N

21

2

v

s s

r
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z

e

e e

e

-

- -

-

Figure 9.1 The collision system and its coordinates. The internulcear line
AB is defined as the z-axis. C indicates the centre of masses of A and B.

wave function ψ in some complete set of electronic wave functions ϕk yields

ψ([si], R) =
∑
k

ck(t)ϕk([si], t). (9.6)

66
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The coefficients follow from the Schrödinger equation 9.1 :

i
∂ck(t)
∂t

=
∑

l

(
〈ϕk|He|ϕl〉 − i〈ϕk| ∂

∂t
|ϕl〉

)
cl(t) (9.7)

The time differentiation of the wave functions ϕl, which depend only impli-
citly on t via R(t), can be separated as

∂

∂t
=
(
dR

dt

)
d

dR
+
(
dϑ

dt

)
d

dϑ
(9.8)

with R(t) expressed in its polar coordinates R(t) and ϑ(t) (see figure 9.2).
The quantum mechanical operators PR and L⊥ can be introduced:

v(t)

b
(t)

R(t)

Figure 9.2 System of polar coordinates R(t) and ϑ(t) in which the rotation
of the internuclear axis is described.

PR = −i d
dR

L⊥ = −i d
dϑ

(9.9)

with L⊥ the component of L perpendicular to the plane of scattering. As a
result the differential equation becomes

i∂ck(t)
∂t =

∑
l

(〈ϕk|He|ϕl〉+ dR
dt 〈ϕk|PR|ϕl〉+ dϑ

dt 〈ϕk|L⊥|ϕl〉
)
cl(t) (9.10)

We distinguish the adiabatic basis φk and the diabatic basis χk.
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The adiabatic basis φk:

The wave functions φk are the eigenfunctions of the electronic Hamilto-
nian He for fixed internuclear distance R. Since the line AB is an axis of
symmetry for He, the φk are also eigenfunctions of the component Lz of the
electronic orbital angular momentum in the direction of the z-axis:

Lzφk = ±Λkφk (9.11)

If only one electron is considered then the projection is expressed by the
small letter λ. The eigenvalues of Λ and λ are expressed as Σ, Π, ∆, Φ . . .
or σ, π, δ, φ . . ., corresponding to the eigenvalues 0, 1, 2, 3, . . ..

The matrix 〈φk|He|φl〉 in equation 9.10 becomes diagonal on this adiabatic
basis set. This basis set is convenient when the relative velocity is low, so that
the electrons can adapt adiabatically. However, at internuclear distances
where the energy difference ∆Ekl between the adiabatic wave functions is
small, transitions may take place via the dR

dt 〈ϕk|PR|ϕl〉 or dϑ
dt 〈ϕk|L⊥|ϕl〉 cou-

pling terms. The first coupling term describes radial coupling because of
the weight factor dR/dt. Since PR is a scalar operator, the electron angular
momentum projection Λ is conserved. As a result radial coupling describes
only transitions between states with the same Λ.

The second coupling term describes rotational coupling because of the weight
factor dϑ/dt. L⊥ can be expressed in terms of the lowering and raising op-
erator L± with respect to the internuclear axis, so that the matrix elements
of L⊥ can only be non-zero if Λk − Λl = ±1. Therefore rotational coupling
occurs only between states which differ in Λ by one.

Radial coupling will in general occur at relatively large R because of a large
value of dR/dt, in contrast to rotational coupling, which becomes increas-
ingly important for R→ 0 where dϑ/dt is dominant. The adiabatic potential
curves are described by

Wk(R) = 〈φk|He|φk〉, (9.12)

with Wk(R) the eigenvalue of the electronic Hamiltonian He in which R en-
ters parametrically. In general two adiabatic potential curves of the same
Λ do not cross according to the Wigner non-crossing rule as illustrated in
figure 9.3.
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Figure 9.3 The adiabatic (solid line) and diabatic (dashed line) potential
curves.

The diabatic basis χk:

Near an avoided crossing the radial coupling term becomes large and changes
very rapidly. Because of these features, it is often better to make an uni-
tary transformation of the adiabatic basis functions to a new basis, called
a diabatic basis, in which the radial coupling term is smoothly varying or
zero. However, the transformation will be chosen so that symmetries are
preserved; a σ orbital transforms to a mixture of σ orbitals, a π orbital to
a mixture of π orbitals and so on. In the new basis the electronic Hamilto-
nian is not diagonal, but it is possible to ensure that it becomes diagonal in
the limit of R → ∞, with elements equal to the energies of the asymptotic
atomic levels. A suitable diabatic basis χk is obtained when the diabatic
potential curves are interpolations of the adiabatic potential curves in the
considered crossing region. Therefore diabatic potential curves of the same
Λ do cross as indicated in figure 9.3. It should be mentioned that φk and
χk only differ in the coupling region. An example of a set of diabatic wave
functions is the set of atomic eigenstates described in the body-fixed frame.
A diabatic presentation is useful in case of fast collisions, in which the elec-
trons are too slow with respect to dR/dt, so that the electrons have no time
to adapt to the changing internuclear vector R.
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9.2 The use of correlation diagrams

The population of exit channels in atom-atom collisions can be understood
by considering the possible transitions between the involved channels. Tran-
sitions occur at internuclear distances where potential curves become nearly
degenerate with or cross the incident potential curve. By correlating the
molecular states in the separated-atom limit with molecular states in the
united-atom limit a state correlation diagram is obtained. Such a state cor-
relation diagram exhibits the excitation mechanisms of the considered exit
channels. A state correlation diagram can be constructed from a one-electron
correlation diagram.

In a one-electron correlation diagram the one-electron molecular orbitals
are sketched as a function of R. Diabatic potential curves with the same
λ, i.e. the same symmetry, can cross each other, while in case of adiabatic
potential curves the ‘non-crossing rule’ is valid. Fano and Lichten [58] dis-
cussed a model of the behaviour of molecular one-electron orbitals in the H+

2

system based on diabatic potential energy curves. For asymmetrical systems
the model was modified by Barat and Lichten [59]. For hetero-nuclear sys-
tems, as He-Ne, the one-electron diabatic correlation diagram is shown in
figure 9.4. This diabatic one-electron correlation diagram is constructed by
relating the most strongly bound state in one limit with the strongest bound
state in the other limit with the following restrictions:

1. The angular momentum projection λ is conserved.

2. The number of radial nodes nR = n− l−1 of the radial wave functions
is in both limits the same.

3. In case of homonuclear collision systems a third restriction holds: the
parity must be conserved.

The state correlation diagram can be constructed by filling the considered
molecular states with the relevant one-electron orbitals for R = 0 or R→∞,
taking into account the Pauli exclusion principle. This means that each
σ orbital may contain maximum two electrons, and each π, δ, φ, . . . or-
bital maximum four electrons. Consider for example the incident He(1s2)-
Ne(2p6) channel. According to the diagram this channel corresponds to
the one-electron diabatic state configuration: He[(1sσ)2] + Ne[(1sσ)2(2sσ)2

(2pσ)2(2pπ)4]. This states correlates with the united atom state: Mg∗∗(1s2-
2s22p63d2) corresponding to the configuration Mg[(1sσ)2(2sσ)2 (2pσ)2(2pπ)4
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Figure 9.4 The diabatic one-electron correlation diagram for a hetero-nuclear
system according to Barat and Lichten [59]. The nuclei in the separated atom
limit are labelled as A and B, which become nucleus C in the united atom
limit. The nuclear charge ZA is supposed to be larger than ZB. The circled
crossings indicate avoided crossings in case of adiabatic potential curves.

(3dσ)2]. In order to explain the formation of negative ion states by using a
state correlation diagram, it is important to know which other processes play
a role. In the energy loss spectra measured in the time of flight experiments
of Brenot et al [60] the following main processes are distinguished:

a. Elastic scattering: He + Ne.

b. One-electron excitations of helium or neon: He∗ + Ne or He + Ne∗.
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c. Simultaneous excitations of helium and neon: He∗ + Ne∗.

d. Simultaneous ionization of helium and neon: He+ + Ne+.

e. Single helium ionization (weakly): He+ + Ne.

Autoionizing states are not observed in the electron spectra, as confirmed by
Gerber et al [42]. However, the channels, corresponding to the autoionizing
neon states in the separated-atom limit, play a vital role in the excitation of
the negative ion exit channels and are therefore considered.

For the various possible exit channels the corresponding relevant diabatic
state correlation lines, that describe the possible evolution of the collision
system, can be obtained. These state correlation lines comprise the so called
state correlation diagram. For the He-Ne system it is shown in figure 9.5.
The A-series dissociate into He + Ne∗; the B-series into He∗ + Ne; the
C series into He + Ne∗∗; the D series into He∗ + Ne∗. The exit channels
containing the negative ion states He−(1s2s2) + Ne+(2p5) and He+(1s) +
Ne−(2p53s2) are energetically located in the range of simultaneously excited
states He∗ + Ne∗. The negative ion exit channels are nearly degenerate in
the asymptotic region with ∆E = 0.19 eV. The crossings between the in-
cident channel and the two ‘crossed bands’ of the A and C series induce
a double electron promotion for two 2pσ neon electrons. Brenot et al es-
timated that the multicrossing pattern ranges between 1.2 < R < 1.5 a.u.
Between 3 < R < 4 a.u. the C and D series cross each other, leading to
simultaneously excited He∗ + Ne∗ states. In the same region the diabatic
orbitals leading to the negative ion states, cross the C series.

According to the one-electron correlation diagram both exit channels [He−(1s2s2)
(2S) +Ne+(2p5)] and [He+(1s)(2S) + Ne−(2p53s2)] can be characterized as Σ
or Π states, depending on the configuration of the neon 2p5 subshell. The Σ
states possess a (2pσ)(2pπ4) configuration, and couple with Mg(2p53l3l′3l′′)
in the united atom limit. The Π states possess a (2pσ2)(2pπ3) configuration
and unite to Mg(2p43l3l′3l′′3l′′′) when R → 0. If rotational coupling is as-
sumed to be small for R > 3 a.u. two mechanisms are conceivable in forming
the negative ion states:

1. The incident He-Ne Σ channel couples radially with the Σ channels in
the C-series between R = 1.2-1.5 a.u. A second radial coupling occurs
for R > 3 a.u., leading to the considered Σ exit channels.
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Figure 9.5 A diabatic state correlation diagram for the He-Ne system. The
energy levels are presented schematically. The circled crossings indicate radial
coupling transitions. The A, B, C and D-series dissociate into He + Ne∗; He∗

+ Ne; He + Ne∗∗; He∗ + Ne∗, respectively. The exit channels containing the
negative ion states He−(1s2s2) + Ne+(2p5) and He+(1s) + Ne−(2p53s2) are
energetically located in the range of simultaneously excited states He∗ + Ne∗.
In the determination of the relative positions of some energy levels the studies
of N. Andersen and J. Østgaard Olsen [56] and S. Mengali and R. Moccia [61]
are used.
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2. Another possible mechanism is that the Σ incident channel couples
rotationally with a Π state in the C series, after which the Π negative
ion exit channels can be populated by radial coupling for R > 3 a.u.

In both mechanisms the promotion of two 2pσ neon electrons is crucial.
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Chapter 10

Results and discussion

Measurements of the population of negative ion states in He-Ne collisions as a
function of the collision energy show an oscillatory structure in the intensity
of both states as will be shown in the next section. Qualitatively, this os-
cillatory structure can be explained by ascribing it to quasi-resonant charge
transfer between the negative ion exit channels, as discussed in section 10.2
and section 10.3. At the end of this chapter some concluding remarks are
made.

10.1 The results

The electron spectrum for electron energies between 5 eV and 35 eV is given
in figure 10.1 for 850 eV helium atoms. The emitted electrons are detected
in the x-z plane at θ = 90◦. It is shown that, besides a continuous distri-
bution at the lower electron energies, two peaks at 16.15 eV and 19.37 eV
are observed, corresponding to the negative ion states Ne−(2p53s2) 2P1/2,3/2

and He−(1s2s2) 2S. The electron spectrum of the negative ion states is mea-
sured for several collision energies, varying from 0.35 to 6.00 keV. The areas
below the peaks, normalized to the average helium atom current, express
the population rate of these states. The results are presented in figure 10.2,
which show oscillations of the intensities of the two negative ion states in
almost antiphase. This rather remarkable result in non-coincident collisions
can qualitatively be explained by considering the mechanism as a resonant
charge transfer between the nearly degenerate potential curves of the [He∗−

+ Ne+] and [He+ + Ne∗−] exit channels. In this charge exchange process
two electrons are transferred simultaneously.
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Figure 10.1 The electron spectrum arising from He-Ne collisions with a col-
lision energy of 850 eV and detection angle θ = 90◦. The spectrum shows
only two peak structures, which are attributed to the negative ion states
Ne∗−(2p53s2) and He∗−(1s2s2) [42].

10.2 Resonant charge transfer

When two possible molecular states are considered, the total wave function
can be described on a diabatic basis as a superposition of the two atomic
eigenstates X1 and X2:

ψ([si], t) = c1(b, t)X1 + c2(b, t)X2 (10.1)

defined in the body-fixed frame. The diabatic wave functions do not depend
explicitly on time and the differential equations for the time dependent am-
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0.2 1 10

Collision energy (keV)

Figure 10.2 The occurence of the negative ion states Ne∗− (•) and He∗−(◦)
as a function of the collision energy. An oscillation of the intensities in almost
antiphase is observed.

plitudes become:

i
dc1
dt

= H11c1 +H12c2 (10.2)

i
dc2
dt

= H21c1 +H22c2

in which Hij represent the elements of the Hermitian coupling matrix

Hij(b, t) = 〈Xi|He|Xj〉 (10.3)

with He the electronic Hamiltonian 9.2.
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For clarity, also the relation between the adiabatic and diabatic presenta-
tion is described. The adiabatic, i.e molecular, eigenstates and the adiabatic
energies W (R) may be expressed on the diabatic as:

φ = d1(R)X1 + d2(R)X2 (10.4)

with

Heφk([si], R) = Wk(R)φk([si], R) (10.5)

and

W1,2(R) =
1
2

[
H11 +H22 ±

√
(H11 −H22)2 + 4|H12|2

]
. (10.6)

In case of resonance then

|H22 −H11| = 0 (10.7)

so that W (R) = 1
2(H11 + H22) ± |H12| for internuclear distances where

H12/|H11 − H22| � 1. In this region the molecular functions can be ap-
proximated as symmetric and antisymmetric combinations of the atomic
functions, i.e. quasi gerade (φg) and quasi ungerade (φu) molecular func-
tions with (d1, d2) = (1/

√
2,±1/

√
2). The potential curves described on the

diabatic as well as the adiabatic basis are illustrated in figure 10.3. With
the above relations the total wave function 10.1 can be rewritten in this
approximation as

ψ([si], t) =
1√
2
(c1 + c2)φg([si], R) +

1√
2
(c1 − c2)φu([si], R) (10.8)

≡ A+(b, t)φg +A−(b, t)φu

Because the operation [si]→ −[si] commutes with the operator (H−i∂/∂t),
the states of definite parity propagate independently, and the functions con-
taining A+φg and A−φu do not mix. In the limit of resonance the H11

and H22 terms in 10.2 can be chosen to be zero and H12 real, so that the
equations decouple as

i
dA+

dt
= H12A+

i
dA−
dt

= −H12A− (10.9)

The solutions read

A±(b, t) = A0
±(b) exp[i(γ± ±

∫ t

t0
H12dt

′)], (10.10)
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Figure 10.3 Sketch of the resonant electron transfer between two exit chan-
nels. The exit channels are formed at R(b, t) = R(b, t0) when the nuclei sepa-
rate. The diabatic as well as the adiabatic potential curves are indicated.

satisfying the boundary conditions

A±(b, t0) = A0
± exp[iγ±] (10.11)

where A0± and γ± are real constants and t0 the time of formation ‘on the
way out’ of the two considered degenerate exit channels. The probabilities
of populating the atomic eigenfunctions at t → ∞ for a certain impact
parameter b are:

|c1(b, t =∞)|2 =
1
2

(
(A0

+)2 + (A0
−)2 + 2A0

+A
0
− cos(∆γ + 2

∫ ∞

t0

H12dt
′)
)

|c2(b, t =∞)|2 =
1
2

(
(A0

+)2 + (A0
−)2 − 2A0

+A
0
− cos(∆γ + 2

∫ ∞

t0

H12dt
′)
)

with ∆γ = γ+ − γ−. If the considered region around a certain Rp is far
enough from the distance of closest approach, the local radial velocity vp is
approximately constant, so that

R(t) ≈ Rp + vpt (10.12)

and ∫ ∞

t0
H12dt

′ ≈ (1/vp)
∫ ∞

R(t0)
H12dR (10.13)
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If a rectilinear trajectory is considered for which

R(t) ≈ [b2 + v2
0(t− tc)2]1/2, (10.14)

where t = tc is the time of closest approach, then vp is approximately

vp(b) ≈ v0
(

1− b2

R2
p

)1/2

. (10.15)

The total cross sections σ1,2(v0) are obtained by integration over the two-
dimensional impact parameter space:

σ1,2(v0) = 2π
∫ ∞

0
bdb|c1,2(b, t =∞)|2. (10.16)

Most often the cosine, appearing in |c1,2(b, t = ∞)|2, may be replaced by
its average, zero, because of rapid oscillations of the integrand. Usually, the
oscillatory structures as a function of the collision energy v0 are only observed
in experiments if a certain b±∆b is considered, i.e. a certain scattering angle
θ±∆θ. If, however, Rp � bmax, with bmax the maximum impact parameter
for which the considered exit channels are formed, then vp ≈ v0. And if, in
addition, ∆γ varies slowly as a function of b then oscillatory structures may
be detectable in the total cross section:

σ1,2(v0) ≈ πb2
max · 1

2

(
(A0

+)2 + (A0
−)2 ± 2A0

+A0
− cos [∆γ + δ/v0]

)
(10.17)

where

δ ≡ 2
∫ ∞

R(t0)
H12dR

′ (10.18)

10.3 Discussion

The electron transfer process of two correlated electrons

He∗− +Ne+
2e−←→ He+ +Ne∗− (10.19)

between the nearly degenerate negative ion channels [He∗− + Ne+] and [He+

+ Ne∗−] can be considered resonant if the Heisenberg uncertainty in the
energy of the potential curves is large enough to bridge the energy difference
|H11 −H22| for large R. The ‘minimum uncertainty’ arising from the time-
energy uncertainty relations is estimated by [62]:

∆Emin ≈
(∣∣∣∣d[W1(R)−W2(R)]

dR
vp

∣∣∣∣
)1/2

(10.20)
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Figure 10.4 Sketch of the quasi-resonant electron transfer between the nega-
tive ion exit channels. The exit channels are formed at R(b, t) = R(b, t0) when
the nuclei separate. The minimum energy uncertainty according equation 10.20
is shaded along the adiabatic potential curves. The internuclear distance Rmax

limits the region where the approach of resonance is valid.

The situation is sketched in figure 10.4. We describe the coupling mechanism
between the negative ion exit channels as resonant in the region between
R(t0) and Rmax, where Rmax is rougly derived by the equation

∆Emin ≈ |W1(Rmax)−W2(Rmax)|. (10.21)

This theoretical model implies a transformation of the molecular ‘gerade’
or ‘ungerade’ character of the wave functions into an atomic character in
the region around the internuclear distance Rmax. We impose the condition
that the proposed theory of resonance describes the measurements well if
90% of the δ interaction parameter, as defined by 10.18, is contributed by
H12 between R(t0) and Rmax, i.e.

∫ Rmax

R(t0)
H12dR

′ ≥ 0.9
∫ ∞

R(t0)
H12dR

′ (10.22)

For relatively large internuclear distances the interaction H12 can be esti-
mated. In this limit H12 decreases exponentially as e−

√
2I·R, due to the

overlap of the exponential tails of the radial part of the wave functions.
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Herein I is the ionization potential of one of the outer electrons of the neg-
ative ion state (R and I in a.u.) [63, 64]. The ionization potential of both
negative ion states is about the same (∼ 0.5 eV), so H12 reads:

H12(R) = Ae−
√

2I·R (10.23)

with I = 0.018 a.u.
In addition, the Coulomb interaction between the singly charged negative
and positive ions yields

H11(R) = H22(R) + ∆ = E∞ − 1/R (10.24)

with ∆ = 0.19 eV and E∞ the sum of the ionic energies He− and Ne+ in
the separated atom limit.

By substituting the matrix element H12 in the imposed condition 10.22 and
using R(t0) = 3 a.u. the minimum value of Rmax is determined:

Rmax > R(t0) +
ln 10√

2I
≈ 15 a.u. (10.25)

Whether this relation is satisfied or not depends on the strength parameter
A. Before applying the fit function 10.17 and extracting the strength factor
from the measurements, we point out the following relevant conditions for
our experiment:

1. The negative ion channels can only be populated by the crossing of
the incident He-Ne channel with the autoionization channels in the C
series, leading to electron promotion of the neon 2p electrons. Brenot
et al showed that the crossing is located at an internuclear distance be-
tween 1.2 < R < 1.5 a.u., so that collisions with an impact parameter
b > bmax ≈ 1.5 a.u. produce no negative ions at all when a rectilinear
trajectory is assumed. By a second radial coupling, at R > 3 a.u., the
negative ion exit channels are formed. As a result vp ≈ v0 according
to equation 10.15.

2. As can be seen from figure 10.2 the electron intensity profiles of the
negative ion states touch the zero-axis for a collision energy of 1.0
keV and 2.0 keV. This implies that the negative ion exit channels are
equally populated, i.e. A0

+ ≈ A0− as follows from equation 10.17. We
will apply this relation for the whole collision energy range.
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3. The initial total population of the negative ion exit channels at t = t0
is (A0

+)2 + (A0−)2 = |c1(t0)|2 + |c2(t0)|2 and is determined by the exci-
tation process as sketched in figure 10.5. The circled crossings indicate
the necessary transitions to populate the exit channels. This type of
transition crossings are described by the Landau-Zener-Stueckelberg
approximation [27]. Travelling once through the local crossing region
the transition probability of one diabatic potential curve to the other
is about P (b, v0) = 1 − e−ε/vp with ε a real and positive parameter,
characterized by the local features of the Hamiltonian. In the present
situation the three circled crossings, as shown in figure 10.5, are con-
sidered, each with a specific ε indicated by α, β2 and β1. Only the first
crossing transition is passed twice. By using these transition probabil-
ities P (b, v0), the initial populations at t0 are proportional to

|c2(b, t0)|2 ∝ 2e−α/vp(1− e−α/vp)(1− e−β2/vp)
|c1(b, t0)|2 ∝ 2e−α/vp(1− e−α/vp)e−β2/vp(1− e−β1/vp). (10.26)

Because A0
+ ≈ A0− then β1 ≈ β2 ≡ β and β/vp � 1. It is assumed

that, after integration over the impact parameter space, the initial
populations still depend on the velocity by

2(A0
+)2 ≈ 2(A0

−)2 ∝ 2e−α′/v0(1− e−α′/v0)(1− e−β′/v0) (10.27)

where α′ and β′ represent effective parameters.

4. The detection probability of the negative ion states may differ because
of a possible anisotropy of the intensity distribution of electron emis-
sion of the negative neon ion state. This distribution can even change
as a function of the collision energy, a situation alike the XUV emis-
sion in He+-Na(3s, 3p) collisions as discussed in part I. To account
for different detection probabilities we introduce different pre-factors,
independent of the collision energy.

Consequently, the data will be fitted by the formula:

I1,2(v0) = D1,2e
−α/v0(1− e−α/v0)(1− e−β/v0) (1± cos(∆γ + δ/v0)) (10.28)

with δ ≡ 2
∫∞
R(t0)H12dR

′. In figure 10.6 the measurements are replotted as a
function of 1/v0 in atomic units. Each exit channel shows clearly one period
which are both equal to ∆(1/v0) = 5.2 ± 0.2 a.u., so that δ = 2π/5.2 =
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Figure 10.5 The excitation mechanism of the negative ion exit channels is
illustrated. The transition probabilities in the encircled crossing regions are
described by the Landua-Zener- Stueckelberg approximation [27].

1.21 ± 0.04. The Ne∗− exit channel is fitted reasonably well as presented
by the solid line for ∆γ = −(0.33 ± 0.02) · 2π rad, α′ = 0.32 ± 0.01 a.u.
and β′ = 0.010 ± 0.005 a.u. In contrast, the fit of the He∗− exit channel
shows discrepancies mainly caused by a phase shift of (0.26 ± 0.01) · 2π
rad as illustrated by the shifted dashed curve. This shift is possibly due
to the imperfect resonance but may also indicate the involvement of other
channels. The D factors are of comparable size, namely Dhe−/Dne− ≈ 0.67±
0.03. The estimation of the interaction Hamiltonian H12 follows from the
equations 10.18 and 10.23. This yields

A =
1
2

√
2Ie

√
2IR(t0)δ ≈ 0.21 a.u. (10.29)

By using the relation 10.6,10.23 and 10.24 the adiabatic curves W1,2(R)
can be determined with a corresponding uncertainty according to equa-
tion 10.20. The curves are plotted in figure 10.7 for helium energies of 350
eV, 1000 eV and 3000 eV. There exists no internuclear distance Rmax for
which ∆Emin ≈ |W1(Rmax)−W2(Rmax)| is satisfied in case of an energy of
350 eV. But for collision energies of 500 eV and larger then Rmax ≥ 23 a.u.,
which amply satisfies the condition ( 10.25) Rmax > 15 a.u. As a result, our
theoretical approach, consisting of a description of the collision system as
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Figure 10.6 The occurence of the negative ion states Ne∗−(•) and He∗−(◦)
as a function of 1/v0. The solid lines represent the fitted probabilities if the
process is described by resonant charge transfer with δ = 1.21 a.u. The dashed
curve fits the He∗− states quite well if a phase shift of 0.26 ·2π rad is applied
to the proposed fit function (solid line).

a two-state resonant system in the relevant region of distances ‘on the way
out’, is justified.

10.4 Conclusions

Negative ion states He∗−(1s2s2) and Ne∗−(2p53s2) are produced in low keV
He-Ne collisions as observed in the electron spectra. These negative ion
states are produced by electron promotion of two neon 2pσ electrons. The
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Figure 10.7 The adiabatic curves and their minimum uncertainties according
to equation 10.6 and 10.20 for 350 eV, 1000 eV and 3000 eV helium atoms.
∆Emin ≈ |W1 −W2| can be satisfied from 500 eV.

occurence of the states shows equidistant maxima and minima in a 1/v0 plot.
This phenomenon can qualitatively be explained within the resonant charge
transfer model. Consequently, the interaction Hamiltonian between these
two negative ion exit channels can rougly be estimated. The interaction leads
to a charge transfer of two correlated electrons. The fact that oscillatory
structures are observed without selecting a certain scattering angle range,
i.e. impact parameter range, indicates a specific excitation mechanism of the
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negative ion states. It turns out that two sequential transitions are necessary
to populate the negative ion exit channels. The second transition takes
place ‘on the way out’ at a internuclear distance larger than the maximum
impact parameter, for which negative ion exit channels are populated. As
a result the velocity in the coupling region is approximately independent of
the impact parameter, so that oscillations become observable in the total
cross section.
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Excitation of autoionizing
sodium states in

He+/0-Na(3s,3p) collisions
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Chapter 11

Autoionizing states, an introduction

Atoms and ions may be excited in various processes to states which in turn
spontaneously decay by electron emission. Such a radiationless transition
mechanism is called autoionization. An autoionizing state lies energetically
above the lowest ionization treshold, embedded in the electron-continuum.
For example, the simultaneous excitation of two loosely bound outer-shell
electrons, will satisfy this energy requirement. Excitation of doubly excited
electron systems has been extensively studied in case of rare gases [65]. How-
ever, also excitation of one inner-shell electron into an empty orbital leads to
an autoionizing state [66]. It is the latter process, which is known as core ex-
citation. For instance, sodium autoionizing states such as 2p53s2 or 2p53s3p,
involve the excitation of a 2p core-electron into the 3s or 3p orbitals. The
electron, emitted in the autoionization process, has a kinetic energy equal to
the difference in binding energies of the initial autoionization state and that
of the final state of the residual ion Na+(2p6). The first studies of core exci-
tation in the alkali metals were made by Beutler and Guggenheimer [67,68]
in the 1930’s. The Na autoionizing states were extensively investigated in
photoabsorption experiments by Wolff et al [69] and Connerade et al [70]
while a laser-excitation technique has been used by Sugar et al [71] during
the seventies. Ejected-electron spectra, following from excitation by electron
impact, have been obtained by Pegg et al [72], Ross et al [73], Breuckmann
et al [74] and recently by Dorn et al [75].

In ion-atom collisions the electronic structure of the interacting particles
is of vital importance in the collision process, in contrast to collisions with
electrons. Slow ion-atom collisions are of particular interest if excitations
occur via electron promotion through quasi-molecular states during the in-
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teraction. In this way, direct information on the inner structure of the colli-
sion system can be obtained. Only a few ion-atom collision experiments, in
which the population of autoionizing sodium states are studied, have been
carried out for Na atoms, namely H+-Na collisions by Theodosiou et al [76]
and Ziem et al [77], and He+-Na collisions by Schneider et al [78].

We have performed experiments in which the autoionizing sodium states
are detected by electron spectroscopy in He+-Na and He0-Na collisions:

He+/0 +Na(2p63l) −→ He+/0 +Na∗∗(2p5n′l′n′′l′′)
−→ He+/0 +Na+(2p6) + e−. (11.1)

The excited Na(2p63p) target atoms are formed by laser excitation. We
want to investigate the influence on the population of autoionizing states
when the sodium valence electron is excited from 3s to 3p. In addition, also
the effects of the spatial alignment of the excited 3p-electron is investigated.
The results are presented and discussed in chapter 13. The experimental
approach is discussed in the next chapter.
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Chapter 12

Experiment

The experimental set-up consists of a laser beam, an energetic ion- or neu-
tral beam, and a thermal sodium beam, crossing each other perpendicularly
in the collision center as shown in figure 12.1. The autoionizing states are

o

sodium beam

laser beam

electron spectrum
analyser

xat
om

/io
n 

 b
ea

m

y

z

e-

Figure 12.1 Schematic view of the configuration. Electrons are detected by
the electron spectrum analyser at θ = 135◦ in the x-z plane.

observed by detecting the emitted electrons energy-resolved by means of the
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electron spectrum analyser. The sodium oven, the laser, and ion source
have already been described in chapter 5. For a description of the electron
spectrum analyser and the neutralization chamber the reader is referred to
chapter 8. The electron spectrum analyser is rotated to θ = 135◦ to avoid
interception of the ion- and laser beam.

In case of excitation of the sodium atoms, two linear polarizations of the
laser are considered in distinct experiments: the polarization vector perpen-
dicular and parallel to the ion beam. About 45% of the sodium atoms are
excited to the 3p orbital. In case of atomic collisions the projection of the
angular momentum on the internuclear axis is an important parameter as
pointed out in chapter 9. Therefore, it is suitable to express the populations
of the one-electron orbitals 3pσ and 3pπ separately. In case of optimal pump-
ing on transition 3S1/2(F = 2) → 3P3/2(F = 3) the steady state conditions
for a linear polarization vector along the z-axis are [26]:

|px〉 : |py〉 : |pz〉 = 2
9

:
2
9

:
5
9

(12.1)

As a result the fractions of the orbital populations of the sodium valence
electron for the several laser preparations

become:

1. laser off: 100% Na(3s)

2. laser on, linear polarization along the ion beam:
∼ 55% Na(3s), ∼ 25% Na(3pσ), ∼ 20% Na(3pπ)

3. laser on, linear polarization perpendicular to the ion beam:
∼ 55% Na(3s), ∼ 10% Na(3pσ), 35% Na(3pπ)

Each specific preparation lasts for 60 seconds during which the measure-
ments are added to the corresponding spectrum. After storage, the next
preparation is set and the next corresponding spectrum is loaded. Fluctua-
tions of e.g. the sodium density due to temperature variations are excluded
in this way.
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Chapter 13

Results and discussion

In this chapter the effects of sodium excitation and sodium alignment on
autoionization spectra in He+/0 - Na collisions are presented. Possible mech-
anisms are discussed by using the diabatic one-electron correlation diagram
in explaining the results. The chapter is ended with some conclusions.

13.1 Autoionization in He+ - Na(3s), Na(3p) collisions

13.1.1 Results

Measurements for the three different preparations of the sodium target, de-
scribed in the previous chapter, were carried out for He+ as projectile. The
results are shown in figure 13.1 for a collision energy of 3 keV. First, we
point out that the countrates at the electron spectrum analyser are rather
low (< 10 cps). This is expected for collisions below the 10 keV as follows
from calculations of Theodosiou [79] for excitation cross sections of the au-
toionizing states Na(2p53s2) 2P3/2, 2P1/2 in He+-Na collisions. Therefore
a detection window of 5 eV is used so that the transmittance of the elec-
tron spectrum analyser is relatively large. Consequently, the resolution is
low, about ∼ 0.8 eV. The observed peak structures correspond to the la-
belled autoionizing sodium states Na∗∗(2p5nln′l′) which are identified by
using results of Mehlhorn et al [80] and Zatsarinny and Bandurina [81]. The
dominant structures are due to the 2p53s2 and 2p53s3p autoionizing states.
Determination of the blurred structures between 30.5 eV and 33 eV is diffi-
cult, because energetically possible autoionizing states overlap in this region.

We notice that, when the sodium atoms are partly excited by the laser
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Figure 13.1 The electron spectrum between 24 eV and 34 eV in He+ (3.0
keV) - Na(3s), Na(3p) collisions at θ = 135◦. Three sodium preparations are
considered: laser off (solid line), laser on with polarization along the ion beam
(dotted line), laser on with polarization perpendicular to the ion beam (dashed
line).

radiation, an overall probability reduction of the population of autoionizing
states is observed. More specifically, the areas below the first three peaks
decrease about 40%, 31% and 24%, respectively. The small structures be-
tween 30.5 and 33 eV show less significant differences. Further, it is evident
that the direction of the polarization vector has no significant effect on the
electron spectra. This yields two conclusions. First, the alignment of the
3p orbital does not strongly influence the creation of certain autoionizing
states. Secondly, possible anisotropy terms in the angular electron emission
distribution [82] turn out to remain undetected at the chosen detection angle.

The intensity of the first three peak structures were measured for several
collision energies. The results are plotted in figure 13.3. It turned out that
for all collision energies the spectra are insensitive to the direction of the
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Figure 13.2 The structures between 30 and 34 eV for the three sodium
preparations. No significant effects are observed when the sodium atoms are
partly excited.

applied laser polarization. All dominant autoionization processes decrease
strongly for collision energies higher than 3 keV.

13.1.2 Discussion

To gain insight into the results it is instructive to know which electrons are
active during the interaction leading to possible main excitation channels.
Therefore, the diabatic one-electron correlation diagram for hetero-nuclear
collision systems will be used as described by Barat and Lichten [59], dis-
cussed in section 9.2. By using this one-electron correlation diagram the
relevant part of the state correlation diagram can be constructed as shown
in figure 13.4. The thick lines represent the possible incident channels, where
the He+-Na(3p) channel branches in a Π- or Σ-molecular state. Depending
on the direction of the polarization vector the 3s, 3pσ and 3pπ orbitals are
populated with a certain probability as specified in the preceding chapter.
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Figure 13.3 The intensity of the Na(3s2) (•), Na(3s3p) (◦ and4) peak struc-
tures as function of the collision energy in He+-Na collisions. The intensities
corresponding to ground state Na targets are presented by solid lines. The ones
corresponding to laser excited Na are presented by dotted lines.

The state correlation diagram shows that only one transition is necessary to
populate an autoionizing state in the B-series. A strong competition may be
expected with the quasi-resonant charge transfer reactions, corresponding to
the channels in the A-series.

Because no influence of the alignment of the polarization vector is observed
it may be assumed that the sodium valence electron is not actively involved
in the excitation process, i.e. it acts as a ‘spectator’. Keeping this in mind,
the formation of the dominant 2p53s2 and 2p53s3p autoionizing states can be
understood by considering the one-electron correlation diagram as shown in
figure 13.5. Figure 13.5a shows the promotion of the sodium 2pσ electron to
the sodium 3s orbital by radial coupling, producing the autoionizing 2p53s2

states. In this excitation mechanism the sodium valence electron is assumed
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Figure 13.4 The diabatic state correlation diagram for the He+-Na(3s),
Na(3p) collision system, in which the quasi-resonant charge transfer exit chan-
nels and autoionizing exit channels are indicated.

to act as a ‘spectator’.

The autoionizing 2p53s3p states can be excited by two succesive transitions
of a sodium 2pσ electron as illustrated in figure 13.5b: First, the 2pσ elec-
tron tranfers to the π orbital in the united atom limit by rotational coupling,
after which it occupies the sodium 3pπ orbital in the separated atom limit
by radial coupling. Again, the sodium 3s electron is assumed to act as a
‘spectator’.

Our measurements show that if 40%-45% of the sodium atoms is excited,
the population of the Na(3s2) states is reduced by the same amount. This
can be explained by the fact that all sodium 3p-orbitals are ‘lost’ for 3s2

formation in this ‘spectator’ model. The Na(3s3p) peak structures should
decrease less than 40% as observed, because Na(3s3p) states can still be
formed in He+-Na(3p) collisions via promotion of one of the 2pσ electrons
to the 3s orbital.

This excitation model suggests that the population of the Na(2p5 3p2) states
increases in intensity when the sodium targets are excited by laser radia-
tion. However, no relevant effects are detected in the range of 31.9 eV to
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Figure 13.5 The relevant part of the diabatic one-electron correlation dia-
gram is given, in which the promotion of the sodium 2p electron is indicated,
leading to a: the Na(2p53s2) and b: Na(2p53s3p) autoionization states when
the sodium valence electron acts as a ‘spectator’.

32.4 eV [81] as shown in figure 13.2. A possible explanation is that electron
transfer and ionization prevent the formation of 3p2 configurations. Infor-
mation on the role of electon transfer from Na to He+ can be obtained by
comparing the present results with results for collisions of Na with neutral
He where the electron transfer processes are suppressed.

13.2 Autoionization in He0 - Na(3s), Na(3p) collisions

13.2.1 Results

The electron spectrum for He0-Na(3s), Na(3p) collisions is presented in fig-
ure 13.6 for electron energies between 24 eV and 34 eV. The collision energy
is 3 keV, the detection angle θ = 135◦. The relation between the neutral
flux and ion flux has been taken into account so that the intensity scales of
figure 13.6 and figure 13.1 are equal. It is remarkable that the intensity of
the 3s2 peak in the He0-Na(3s) measurements increases one order of magni-
tude in comparison with the He+-Na(3s) measurements, while the two 3s3p
peaks appear with equal intensities. The structures of the electon spectrum
between the 30.5 and 33 eV are clearly more intense. In case of laser exci-
tation the production rate of the 3s2 states decreases with 33%, while the
low energetic as well as the high energetic 3s3p states prove to be almost
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Figure 13.6 The electron spectrum between 24 eV and 34 eV in He0 (3.0
keV) - Na(3s), Na(3p) collisions. Three sodium preparations are considered:
laser off (solid line), laser on with polarization along the ion beam (dotted
line), laser on with polarization perpendicular to the ion beam (dashed line).
θ = 135◦.

insensitive to target excitation (4% decrease and 13% increase, respectively).
The structures between 30.5 and 33 eV exhibit an increase which becomes
more significant towards the 3p2 energy region as shown in figure 13.7. Also
here, no relevant effects of the polarization vector on the electron spectrum
are observed for the various collision energies. The intensities of the first
three peak structures are measured for several collision energies. The results
are plotted in figure 13.8 and show that formation of 3s3p is favored above
the formation of 3s2 with increasing collision energy.

13.2.2 Discussion

When He0 atoms are used as projectiles instead of He+ ions, the population
of the Na(3s2) autoionizing states increases while the Na(3s3p) states seem
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electron energy (eV)
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He (3 keV) +  Na(3s), Na(3p)
0

Figure 13.7 The structures between 30 and 34 eV for the several sodium
preparations. A slight increase in the 3p2 area can be distinguished.

to be unaffected. The fact that radial coupling occurs only between states
with the same Λ possibly explains this phenomenon. When the He+-Na(3s)
system is considered, the [He+(1s) + Na(2p53s2)] channels are Σ states while
the [He+(1s) + Na(2p53s3p)] channels are Π states. In addition to these ‘ex-
citation’ channels also ‘electron transfer’ channels are populated in He+-Na
collisions. Mainly transfer into the [He(1s2s) + Na+(2p6)] Σ-channel occurs
in this range of collision energies as follows from a theoretical study of S.E.
Nielsen and T.H. Rod [13]. When the two nuclei separate, the Σ channel,
resulting in autoionization of the Na(3s2) state, can couple to the Σ channel,
resulting in electron capture in the He(1s2s) state. In contrast, the Π chan-
nel, leading to the population of Na(3s3p), does not couple with this state.
Therefore, only a ‘leak’ exists for the autoionizing 3s2 states in He+-Na(3s)
collisions, which can be fixed by using He0 projectiles, resulting in a popu-
lation increase of 3s2 states, as observed.

102
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1 2 3 4 5 6 7

collision energy (keV)

laser on:laser off:

3s3p  I
3s3p  II

3s2

3s3p  I
3s3p  II

3s

He  - Na(3s), Na(3p)+

  2

Figure 13.8 The appearance of the Na(3s2) (•), Na(3s3p) (◦ + 4) peak
structures as a function of the collision energy in He0-Na collisions. The colli-
sions with ground state sodium are presented by solid lines, the collisions with
laser excited sodium are presented by dotted lines

A measured decrease of 33% of the 3s2 peak in case of laser excitation is
smaller than the expected 40%-45% but still suggests that the main part
of excited sodium valence electrons are ‘lost’ for producing 3s2 autoionizing
states. The small effects of laser excitation on the population of the 3s3p
states implies that a gain of 3s3p states, due to 2pσ promotion to the 3s
orbital, turns out to be similar to the loss of 3s3p states to e.g. 3p2 states in
case of laser excited sodium atoms. The population of the 3p2 autoionizing
states increases in case of laser excitation as shown in figure 13.7.

While all intensities of the autoionizing states reduce when the energy of
the He+ projectiles increases as shown in figure 13.3, these intensities re-
main about constant in case of He0 projectiles (figure 13.8). This effect can
be attributed to the fact that the electron transfer processes are suppressed

103



Results and discussion

in He0-Na collisions.

13.3 Conclusions

From the measurements and the discussion above we may conclude the fol-
lowing. In low keV He+/0-Na(3s), Na(3p) collisions mainly the autoioniz-
ing states Na(2p53s2) and Na(2p53s3p) states are populated. Because no
influence of the direction of the polarization vector on the autoionization
spectrum is measured, it is assumed that the sodium valence electron acts
as a ‘spectator’ in the formation of the autoionizing states. This means that
the valence electron makes no adiabatic transitions and follows the diabatic
correlation line ‘on the way in’ and ‘on the way out’. By using the one-
electron correlation diagram, the effects of laser excitation can be explained
reasonably well within this ‘spectator’ model. The measurements with He0

projectiles show a large increase in the population of Na(3s2). This may
be attributed to the fact that coupling to the electron transfer channels
is suppressed in He0-Na collisions, in particular the dominant [He(1s2s) +
Na+(2p6)] channel.
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Appendix A

Spherical tensors and symmetries in

collision systems

A.1 The density matrix expanded in spherical tensors

Consider a certain wave function |ψα,L〉 described by a certain electron an-
gular momentum L and other quantum numbers α. Assume that the energy
levels are degenerate in the magnetic sub-states M . The wave function ψ
can be expanded as:

|ψα,L〉 =
∑
M

|αLM〉〈αLM |ψα,L〉. (A.1)

The density operator

ρ = |ψα,L〉〈ψα,L| (A.2)

can be expressed on a basis of the magnetic sub-states |αLM〉. The matrix
elements express the distribution and coupling terms between these sub-
states. Expansion of the density matrix in spherical tensors separates the
anisotropy in multipoles exposing the population (monopole), orientation
(dipoles), alignment (quadrupoles) and higher multipoles.

First the spherical tensor will be introduced. An irreducible spherical tensor
Fk of rank k, consisting of 2k+ 1 elements Fkq (−k ≤ q ≤ k), transforms by
rotation in the same way as the spherical harmonic functions Ykq(θ, φ) [19]:

Ykq(θ, φ) = Θkq(θ)Φq(φ) (A.3)
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with

Θkq(θ) = (−1)q
[
(2k + 1)(k − q)!

2(k + q)

]1/2

P q
k (cos θ), q ≥ 0

= (−1)qΘk|q|(θ), q < 0

and

Φq(φ) = (2π)−1/2 exp(iqφ).

Using Wigner-Eckhart’s theorema the matrix elements of a spherical tensor
Fkq(LL′) can be written as

〈αLM |Fkq(LL′)|α′L′M ′〉 =

(−1)2k

√
2L+ 1

〈αL‖Fk‖α′L′〉〈LM |L′M ′; kq〉 = (A.4)

(−1)L−M 〈L‖Fk‖L′〉
(

L k L′

−M q M ′

)
(A.5)

where α and α′ express the remaining quantum numbers of the considered
states. In the last line the Wigner’s 3j-symbol is introduced. A tensor of
rank k can couple only states with angular momentum L and L′ if
k = L+L′,L+ L′ − 1,. . . , |L−L′| so that the total number of tensor elements
becomes

L+L′∑
k=|L−L′|

(2k + 1) = (2L+ 1)(2L′ + 1) (A.6)

Furthermore, the coefficients 〈LM |L′M ′; kq〉 are only non-zero when q =
M −M ′. A complete orthonormal set of tensor elements is defined by the
introduction of a spherical tensor Tk specified by

〈αL‖Tk‖α′L′〉 = √2k + 1 (A.7)

As a result of completeness and orthogonality the density matrix, as ex-
pressed in A.2, can be expanded [20]

ρ =
∑
kq

ρkqT
†
kq(LL) (A.8)
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A.2 The polarization matrix expanded in multipoles

with

ρkq = Tru ρTkq(LL) = Tkq(LL) (A.9)

the expectation value of tensor element Tkq(LL).

The density matrix of state L is described by (2L + 1)2 multipole elements
according to equation A.6. The monopole

ρ00 =
1√

2L+ 1
Tr ρ (A.10)

is proportional to the density of excited states, while the dipole components
ρ1σ are proportional to the expectation values of the spherical components
of an arbitrary vector operator. The angular momentum operator L is a
convenient choice yielding [19]

ρ1σ =
1
h̄

(
3

L(L+ 1)(2L + 1)

) 1
2

Lσ (A.11)

The vector L = TrρL is the expectation value of the angular momentum
operator L defining the orientation of the upper state. The five quadrupole
moments ρ2q are equal to the expectation values of the elements of a sym-
metrical Cartesian matrix with zero trace, for instance [22]

LL− 1
3
I(L2) (A.12)

expressing the alignment of the state.

A.2 The polarization matrix expanded in multipoles

If an upper state |u〉 with a certain Lu decays spontaneously to a lower state
|l〉 with Ll then the polarization-dependent distribution of emitted radia-
tion is described by the polarization matrix as shown in section 3.2.1. The
density matrix ρu, describing the distribution over the magnetic substates
|αuLuMu〉, determines the polarization matrix as

C ≡ ω4
0

8π2ε0c3
Trl µluρuµul. (A.13)
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By substituting the multipole expansion of the density matrix ρu accord-
ing to A.8 and applying the Wigner-Eckhart theorem and some standard
recoupling techniques the polarization matrix can be written as [23]

C =
∑
kq

ckqS
†
kq (A.14)

for k = 0, 1 and 2. Herein the operators Skq are represented as a complete
orthonormal set of nine irreducible matrices

Skq =
∑
σ,σ′

(
2k + 1

3

)1/2

uσ′〈1σ′|1σ; kq〉u∗
σ (A.15)

with uσ the three spherical unit vectors, given by

u0 = ez

u±1 = 2−1/2(∓ex − iey) (A.16)

The multipole components ckq are proportional to the multipole components
of the density matrix with a factor independent on q:

ckq =
ω4

0

8π2ε0c3
(−1)Lu+Ll+k+1|〈u‖µ‖l〉|2

{
1 k 1
Lu Ll Lu

}
ρkq (A.17)

where Wigner’s 6j-symbol is introduced.

As a consequence the polarization and intensity of the emitted dipole radia-
tion are completely determined by the multipole components ρkq for k = 0, 1
and 2, i.e. the population, the orientation and the alignment of the state |u〉.
Multipoles with k > 2 do not influence the features of spontaneous emission
and do not appear in the polarization matrix.

It proves to be that the operator Skq on a basis of spherical unit vectors
is equivalent to the matrix elements of Tkq(11) between the angular momen-
tum states |1σ〉.

u∗
σ′ · Skq · uσ = 〈1σ′|Tkq(11)|1σ〉 (A.18)

This relation defines the 3×3 matrices Skq on a spherical basis. The expres-
sions for the matrices Skq on a Cartesian basis [20] are shown in table A.1.
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Table A.1 The 3× 3 matrices Skq on a cartesian basis [20]

A.3 System symmetries and multipoles

Consideration of symmetries of the density matrix ρu reduces the number of
non-zero and independent multipole moments appearing in the density and
polarization matrix. The following symmetries will be viewed: rotation sym-
metry around the z-axis, reflection symmetry in the x-z plane and reflection
symmetry in the y-z plane. By using the rotation and parity operator the
symmetry invariancies of ρu become:

Rez(φ)ρuR†
ez

(φ) = ρu rotation φ around z-axis (A.19)

PRey(π)ρuR†
ey

(π)P = ρu reflection in x-z plane (A.20)

PRex(π)ρuR†
ex

(π)P = ρu reflection in y-z plane (A.21)
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Combined with the identities

P|αLM〉 = (−1)L|αLM〉 (A.22)

Rez(φ)|αLM〉 = e−iφLz/h̄|αLM〉 = e−iφM |αLM〉 (A.23)

Rey(π)|αLM〉 = e−iπLy/h̄|αLM〉 = (−1)L−M |αL−M〉 (A.24)

Rex(π)|αLM〉 = e−iπLx/h̄|αLM〉 = (−1)L|αL−M〉 (A.25)

and the rewritten equation A.9

ρkq =
∑

Mu,M ′
u

〈αuLuMu|ρu|αuLuM
′
u〉〈αuLuM

′
u|Tkq(LuLu)|αuLuMu〉 (A.26)

=
∑

Mu,M ′
u

〈αuLuMu|ρu|αuLuM
′
u〉(−1)Lu−M ′

u

√
2k + 1

(
Lu k Lu

−M ′
u q Mu

)
(A.27)

it follows from A.19-A.21 subsequently that

ρkq = 0 if q 6= 0 rotation symmetry z-axis (A.28)
ρkq = (−1)k−qρk−q reflection symmetry x-z plane (A.29)
ρkq = (−1)kρk−q reflection symmetry y-z plane. (A.30)

Besides, the density operator is Hermitian yielding

ρkq = (−1)qρ∗k−q (A.31)

Application of the above relationships leads to the results presented in ta-
ble A.2 for k ≤ 2. The same relations hold for the multipole coefficients of
the polarization matrices according relation A.17.
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symmetry coefficients feature
rot. symm. z-axis ρ1±1 = ρ2±1 = ρ2±2 = 0
refl. symm. x-z plane ρ10 = 0

ρ11 = ρ1−1 imaginary
ρ21 = −ρ2−1 real
ρ22 = ρ2−2 real

refl. symm. y-z plane ρ10 = 0
ρ11 = −ρ1−1 real
ρ21 = ρ2−1 imaginary
ρ22 = ρ2−2 real

Table A.2 The appearance of multipole coefficients for several system sym-
metries for k ≤ 2.
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[7] M. Gieler, F. Aumayr, M. Hütteneder, H. Winter, J. Phys. B: At. Mol.
Opt. Phys. 24, 4419 (1991)

[8] M. Gieler, F. Aumayr, R. Gagg, C. Neureiter, L. Windholz, J. Phys. B:
At. Mol. Opt. Phys. 26, 297 (1993)

[9] R. A. Schlatmann, R. Hoekstra, R. Morgenstern, R. E. Olson, J. Pas-
cale, Phys. Rev. Lett. 71, 513 (1993)

[10] F. Aumayr, G. Lakits, H. Winter, Z. Phys. D 6 145-53 (1987)

[11] J. C. Houver, D. Dowek, J. Pommier and C. Richter, J. Phys. B: At.
Mol. Opt. Phys. 22 L585-9 (1989)

[12] J. W. Thomsen, N. Andersen, D. Dowek, J. C. Houver, M. Larsson,
J. H. V. Lauritsen, U. Müller, J. O. P. Pedersen, J. Salgado and A.
Svensson, J. Phys. B: At. Mol. Phys. 28 L93-9 (1995)

[13] S. E. Nielsen, T. H. Rod, J. Phys. B: At. Mol. Opt. Phys. 30, 3833-54
(1997)

[14] W. Fritsch, Can. J. Phys. 74, 944 (1996)

[15] W. L. Wiese, M. W. Smith, B. M. Glennon, Atomic Transition Proba-
bilities, Volume I Hydrogen through Neon, Washington, D.C. (1966)

112



References

[16] G. A. Kohring, A. E. Wetmore, R. E. Olson, Phys. Rev. A 28, 2526
(1983)

[17] T. H. Rod, S. E. Nielsen, J. Phys. B: At. Mol. Opt. Phys. 28, L607-14
(1995)

[18] I. C. Percival, M. J. Seaton, Phil. Trans. Royal Soc. London A, 251,
113-38 (1958)

[19] R. N. Zare, Angular Momentum, John Wiley & Sons, Inc. (1988)

[20] C. G. Carrington, J. Phys. B: At. Mol. Phys. 4, 1222-29 (1971)

[21] G. Nienhuis, Coherence and correlation in atomic collisions, editted
by H. Kleinpoppen and J. F. Williams, Plenum Press, New York and
London, 121-132 (1980)

[22] G. Nienhuis, Theorie van polarisatie-effecten van atomen en moleculen,
internal report, Department of Atomic and Interface Physics, Utrecht
University

[23] G. Nienhuis, Physica 81C, 381-91 (1976)

[24] W. Heitler, The quantum theory of radiation, Oxford (1954)

[25] E. Savelsbergh, Optisch pompen van LSI-gekoppelde atomiare toes-
tanden met meerder laserbundels toegepast op natrium, internal report,
Department of Atomic and Interface Physics, Utrecht University (1993)

[26] A. Fischer, I. V. Hertel, Z. Phys. A 304, 103 (1982)

[27] B. H. Bransden, M. R. C. McDowell, Charge Exchange and the Theory
of Ion-Atom Collisions, Clarendon Press, Oxford (1992)

[28] D. Rapp, C. Chang, J. Chem. Phys. 57, 4283-6, (1972)

[29] H. A. J. Meijer, Associative ionization of two laser excited Na atoms,
Thesis, Utrecht University (1988)

[30] S. Slijkhuis, G. Nienhuis, R. Morgenstern, Phys. Rev. A 33, 3977 (1986)

[31] K. Bergmann, U. Hefter, P. Hering, Chem. Phys. 32, 329 (1978)
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Samenvatting

In dit proefschrift worden experimenten beschreven waarbij ionen of atomen
met een bepaalde snelheid op een ensemble van doelwitatomen worden gericht.
Wanneer twee deeltjes elkaar voldoende genaderd hebben, vindt er wissel-
werking plaats waarbij allerlei processen kunnen optreden. Deze processen
resulteren in specifieke eindproducten. Kennis over de interactie tussen
twee botsingspartners wordt verkregen door te bekijken welke eindproducten
ontstaan, en in welke mate. Een belangrijke grootheid die van invloed is op
mogelijke processen is de onderlinge snelheid van de twee kernen, oftewel
de botsingssnelheid. Wanneer de botsingssnelheid voldoende klein is dan
kunnen de verschillende reactiemechanismen zowel kwalitatief als kwanti-
tatief vaak goed voorspeld worden door het systeem te beschouwen als een
kort-stondig molecuul, opgebouwd uit de twee botsende deeltjes. De ver-
schillende processen die kunnen optreden worden gekwalificeerd afhankelijk
van de vorming van bepaalde eindproducten. Ruwweg de volgende indeling
kan gemaakt worden:

1. de interne structuur van de eindproducten zijn identiek aan die van de
beginproducten. We spreken dan van een elastische botsing.

2. één van de deeltjes of beiden worden in een aangeslagen toestand ge-
bracht (of gëıoniseerd). Dit zijn processen waarbij de herschikte elek-
tronen zich bij de oorspronkelijke kern bevinden. We spreken dan van
excitatie of ionisatie.

3. één of meerdere elektronen bevinden zich bij de andere kern na de
botsing (eventueel in aangeslagen toestand). We spreken dan van elek-
tronenoverdracht.

In het eerste deel van deze dissertatie worden botsingsexperimenten tussen
heliumionen en natriumatomen beschreven waarbij het proces van elek-
tronenoverdracht wordt onderzocht. Bij dit mechanisme is het buitenste
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natriumelektron betrokken. Deze kan relatief gemakkelijk ‘overspringen’
naar het heliumion wanneer deze zich dicht in de buurt van het natrium-
atoom bevindt. Het elektron kan hierbij een bepaalde (aangeslagen) toe-
stand bezetten. Wij meten de bezetting van d́ıe heliumtoestanden die onder
uitzending van XUV licht (∼ 58 nm) vervallen naar de heliumgrondtoe-
stand. Door de lichtintensiteit te meten onderzoeken we de mate van elek-
tronenoverdracht naar een selecte groep van singlet helium‘eind’toestanden,
namelijk He∗(1s2p), He∗(1s3s), He∗(1s3p) en He∗(1s3d). In een reactie-
vergelijking ziet het mechanisme er als volgt uit:

He+(1s) +

{
Na(3s)
Na(3p)

e−−→ He∗ +Na+

−→ He(1s2) + hν(58 nm) +Na+

Het experiment kent een extra dimensie door het feit dat het, in beginsel bol-
symmetrische, natriumatoom een bepaalde ruimtelijk uitlijning kan worden
meegegeven. Met behulp van laserlicht van een specifieke frequentie en po-
larisatie, wordt het buitenste natriumelektron in een aangeslagen p toestand
gebracht. Het aanslaan naar deze toestand heeft als gevolg dat het valentie-
elektron zich op grotere afstand van zijn kern bevindt dan voorheen. Daar-
naast kan, afhankelijk van de gebruikte laserpolarisatie, het buitenste elek-
tron zich nu rond de natriumkern bewegen volgens een bepaalde anisotrope
verdeling, de bolsymmetrie is doorbroken. De effecten van de excitatie en
ruimtelijk verdeling van dit natriumelektron op het proces van elektronen-
overdracht zijn onderzocht voor botsingsenergieën variërend van 0.5 keV tot
6.0 keV.

De metingen laten zien dat het effect van laserexcitatie een bezettingstoe-
name van de beschouwde singlet heliumtoestanden betekent, ongeacht de
uitlijning van het natrium 3p elektron. Dit is simpelweg te begrijpen uit
het feit dat het 3p natrium elektron minder sterk gebonden is en elektro-
nenoverdracht makkelijker gaat. Daarnaast is de uitlijning van het aanges-
lagen elektron van invloed op de elektronenoverdracht. De resultaten zijn
vergeleken met berekeningen van S.E. Nielsen en T.H. Rod [13], die de elek-
tronoverdracht beschrijven in een model waarbij het betrokken elektron zich
beweegt in bepaalde effectieve potentiaalvelden. De goede overeenkomsten
van onze metingen met de berekeningen rechtvaardigen de theoretische be-
nadering van Nielsen en Rod.
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In het tweede gedeelte van het proefschrift worden botsingen beschouwd
tussen helium- en neonatomen. Hierbij wordt nu niet gekeken naar bots-
ingsproducten die zich manifesteren door bepaald licht uit te zenden, maar
een elektron emitteren met een bepaalde energie. Verschillende soorten
‘eind’producten kunnen elektronen uitzenden, waaronder de negatieve ion-
toestanden. Het elektronenspectrum, gemeten voor dit botsingssysteem,
vertoont twee pieken die het spectrum domineren bij 16.2 eV en 19.4 eV
voor verschillende botsingsenergieën tussen de 0.35 keV en 6.0 keV. Deze
piekstructuren wijzen op de vorming van de kort-levende, negatieve iontoe-
standen Ne−(2p53s2) en He−(1s2s2) ten gevolge van de overdracht van één
elektron:

He0 +Ne0 −→ He−(1s2s2) +Ne+(2p5)
3·10−14s−→ He0(1s2) +Ne+ + e− (19.37 eV)

He0 +Ne0 −→ He+(1s) +Ne−(2p53s2)
2.5·10−13s−→ He+(1s) +Ne0(2p6) + e− (16.15 eV)

De meetresultaten vertonen een fenomeen waarbij de bezettingen van de
negatieve iontoestanden een oscillerend gedrag vertonen als functie van de
botsingssnelheid. Dit duidt op interferentie tussen de twee bijna-ontaarde
moleculaire toestanden [He− + Ne+] en [He+ + Ne−]. Het is echter zeer op-
merkelijk dat deze oscillatie wordt waargenomen in een experiment als deze,
waarin de uitgezonden elektronen worden gemeten ongeacht de afbuighoek
van het heliumatoom. Dit impliceert een specifiek aanslagmechanisme van
de moleculaire negatieve iontoestanden. Nader beschouwing van het bots-
ingssysteem laat zien dat het instantane molecuul twee overgangen moet
ondergaan voordat de negatieve iontoestanden gevormd worden. Als gevolg
hiervan is de snelheid waarmee het negatieve en positieve ion uit elkaar be-
wegen nagenoeg onafhankelijk van de afbuighoek van het helium projectiel
en is oscillatie mogelijk waarneembaar. De wisselwerking tussen de twee
beschouwde moleculaire toestanden impliceert gecorreleerde overdracht van
twee elektronen:

He− +Ne+
2e−←→ He+ +Ne−

Door het quasi-resonante systeem als resonant te beschouwen kan het fenomeen
kwalitatief goed verklaard worden.
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In het laatste deel wordt de bevolking van autöıoniserende natriumtoestanden
bekeken in He+/0 + Na botsingen. In tegenstelling tot de voorgaande exper-
imenten waarin elektronenoverdracht beschouwd werd, betreft het hier een
excitatiemechanisme. De beschouwde ‘eind’producten, i.e. de autöıoniserende
natriumtoestanden, bestaan in het algemeen kort en gaan over naar een
stabiele iontoestand onder uitzending van een elektron met een toestands-
karakteristieke kinetische energie. Door de elektronenspectra te meten bij
verschillende botsingsenergieën, wordt de bezetting van de autöıoniserende
toestanden onderzocht. Ook hier wordt het effect van laserexcitatie en laser-
polarisatie van het natriumatoom op de vorming van deze toestanden, en de
mate waarin, bekeken.

De metingen laten zien dat zowel in He+-Na als in He0-Na botsingen de
invloed van de ruimtelijk uitlijning van het buitenste natriumelektron op
de elektronenspectra nihil is. Dit impliceert dat het betrokken 3p elektron
hoofdzakelijk een passieve rol speelt in de vorming van autöıoniserende toe-
standen: het blijft hoofdzakelijk de 3p toestand bezetten als een ‘toeschouwer’
zonder een overgang te maken naar een andere toestand. Dit wordt boven-
dien bevestigd door het feit dat wanneer een fractie natriumatomen aange-
slagen wordt naar de p toestand dit een even grote reductie betekent van
onder meer de populatie van de autöıoniserende toestand Na(2p53s2). De
verwachte grote toename van Na(2p53p2) toestanden, in geval van Na(3p)
doelwitten, is niet waargenomen.
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Nawoord

In oktober 1994 maakte ik voor het eerst kennis met C.E.E.S. (Collisionally
Emitted Electron Spectroscopy). Een grote vacuümpot stond in het midden
van kamer 513, met een indrukwekkend groot aantal doorvoerkanalen en
een wirwar aan slangen en coaxkabels. De opstelling werd aan de ene kant
geflankeerd door rekken, gevuld met elektronische apparatuur, aan de andere
kant bevond zich het optische gedeelte met twee lasers, een glasvezel en
verschillende spiegeltjes en polarisatiefilters. Gedurende het onderzoek heeft
de opstelling op sommige punten flink moeten inboeten aan die eerste goede
indruk, met als resultaat dat er nog heel wat werk verricht moest worden om
uiteindelijk de beöogde experimenten uit te kunnen voeren. De resultaten
van dit experimentele werk zijn samengevat in dit proefschrift. Iets wat
onmogelijk tot stand was gekomen zonder de betrokkenheid van anderen.

Ten eerste wil ik graag mijn promotor Arend Niehaus en co-promotor
Wim Westerveld bedanken voor hun inbreng in de fysische interpretatie van
de metingen. In het bijzonder heb ik het als prettig ervaren dat de deur
altijd open stond voor vragen en problemen (trouwens, alle deuren staan
altijd open op de vakgroep!). Wim, naast de fysica op zich, bleek je ook een
grote ondersteuning op het experimentele vlak, waarbij de ontwikkeling van
de elektronenspectrometer met een plaatsgevoelige uitlezing onontbeerlijk
was.

Cees Zwakhals, ik vond het altijd erg gezellig om met zijn tweeën aan
het onderzoek te werken. Bedankt voor je aandeel in het project en dat je
me de kneepjes van de opstelling hebt geleerd.

Bert Crielaard, Kees-Jan den Adel en Jitse van der Weg, altijd kon ik
rekenen op jullie technische ondersteuning en goede adviezen op het gebied
van respectievelijk de elektronica, informatica en vacuümtechnische zaken.
In het bijzonder waren de discussies tijdens de koffiepauzes erg leuk, vooral
als het ging over de alledaagse ergernissen als: parkeer- en fileproblemen,
ZOAB bij vorst, openbaar vervoer in de spits, etc. Helaas zijn met het
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verdwijnen van de kantine in het Buys Ballot Laboratorium ook die gemeen-
schappelijke koffiepauzes verdwenen.

Hans Wisman en Frits Ditewig, zonder de ontwikkeling van de stabilisatie
unit voor de dye-laser en de elektro-optische modulator waren de metingen
onmogelijk geweest. Mijn dank voor jullie inbreng. Ook de tips wat betreft
de uitlijning en stabilisatie van de dye-lasers waren altijd welkom.

Veel werk is verzet door de instrumentengroep. Speciaal wil ik be-
danken: Rob Klöpping, Mari Hanegraaf, Lou Kok, Gerard van Voorts,
Gerard Höchner, Willem Tijben en Bep Verwoerd voor hun inspanningen
ten aanzien van het onderzoek. Daarnaast wil ik Paul van Haren, Mieke
Denkema en Tom Slegter bedanken voor de snelle ontwikkeling van de nog
snellere programmatuur voor de elektronenspectrometer.

Daarnaast wil ik de verschillende studenten bedanken voor hun hulp aan
dit project: Steven Bokhove, Joost van Nimwegen, Roland Ferwerda, Mar-
jon Engelbarts, Edwin van der Wal, Jasper Nederbragt, Mostapha Skefati,
Erik van Lith en Raymond Elferink. Allemaal hartelijk bedankt voor jullie
bijdrage en gezelligheid.

I want to thank especially Jan Thomsen and Morten Lunsgaard for
their ideas about the experiments. Jan, your experience in saturation spec-
troscopy was very useful to overcome the problems in our stabilization setup.
Morten, your idea of doing electron transfer experiments worked out well,
as you can see.

I would like to thank S.E. Nielsen of the University of Copenhagen for
sending me their theoretical results for comparison with our measurements
of the electron transfer experiments in He+-Na(3s, 3p) collisions.

Henk Heideman, Kees Andriesse, Pedro Zeijlmans van Emmichoven, Pe-
ter van der Straten en Henrik Rudolph, bedankt voor jullie belangstelling
en adviezen.

Daarnaast wil ik mijn collega’s bedanken voor de onderlinge goede samen-
werking, maar nog belangrijker voor de (on)zinnige kletspraat: Peter Mole-
naar, Jan-Jette Blangé, Geert Spierings, Bob van Someren, Tycho Sonne-
mans, Arnaud Kok, Geraldine Woestenenk, Arjen Amelink, Tonnis Nuver,
Michael Benndorf, Michiel van Rijnbach en Mark Pieksma.

De liefde, steun en zorg van mijn ouders stonden aan de basis van mijn
keuzes. Lieve ma, daarom wil ik dit proefschrift aan jullie opdragen... met
een knipoog omhoog.

Lieve Anita, jouw warmte en liefde zijn van onschatbare waarde. Bedankt
voor alles. Ruben, je mooie lachjes zijn als zonnestralen.
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