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Abstract

This thesis presents experimental results from the synchrotron cooler and
storage ring CRYRING on charge transfer processes in fast electron transfer
collision processes using high momentum resolution cold target recoil-ion-
momentum spectroscopy. The main focus of these studies has been to investi-
gate one of the inherently fundamental, key concepts of quantum mechanics:
the wave-particle duality.

One series of experiments has been dedicated to the study of heavy particle
de Broglie wave interference due to scattering on a molecular ’double slit’.
This is a fundamental manifestation of the wave properties of matter. The in-
terfering components in this experiment are two spatially separated parts of
the de Broglie wave emanating from two fixed-in-space nuclei in H2 of the
fast hydrogen atom formed in the electron capture to an incoming (almost)
equally fast proton. Quantum interference effects – manifested as variations
of electron capture cross sections with the orientation of the target molecule
which may be explained by taking the wave properties of the incident ion into
account – were observed in single- and double-electron capture fromH2 to
1.3 MeV protons and to 1.2 and 2.0 MeVHe2+ ions. In the proton projectile
case, we were in addition able to observe molecular-orientation dependent in-
terference effects in the distribution of neutral H-atoms on a position sensitive
detector 3.2 m downstream of the interaction region. At this position the inter-
fering de Broglie wave components have propagated a distance corresponding
to 1.1·1014 times their wavelength since the collision.

Another study, included in this work, is a series of angular differential cross
section measurements for single-electron capture to 1.3-12.5 MeV kinetic en-
ergy protons from He that enabled us to systematically investigate the clas-
sically allowed non-radiative electron capture process in fast collisions pre-
dicted by L. H. Thomas in 1927 and first identified experimentally by E.
Horsdal-Pedersen et al. in 1983. In the classical picture of this process, the
transfer of an electron from the target atom onto the projectile ion takes place
as two sequential, binary collisions; first between the projectile ion and the
active target electron and then between this electron and the target nucleus.
Momentum and energy conservation then dictates a projectile scattering an-
gle independent of velocity and equal to 0.47 mrad. The cross section for this
process is expected to have a nonrelativistic, asymptotic dependence on the
projectile velocity,vp, of v−11

p . This prediction (from 1927) was verified ex-
perimentally for the first time through the present measurements and at our
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highest collision velocity we found the Thomas mechanism to be responsible
for 13.5% of the total non-radiative single-electron capture cross section.

Using the above mentioned experimental data in addition to measurements
of double electron capture by 6.0 MeVHe2+ from He, we have also studied
the dominating, central part of the angular differential cross section,dσ/dΩ,
which peaks atθ = 0◦. Surprisingly, the shapes and widths of theseθ =
0◦ peaks are very similar regardless of projectile energy and the number of
captured electrons. Taking into account that electron capture in this velocity
regime is much more likely at small impact parameters, we can understand
this observation as a result of diffraction phenomena. This reasoning does not
only account for the non-varying widths of these central peaks but also for
the appearances of what appears to be second and third diffraction maxima.
From these peak shapes and the magnitudes of the total electron capture cross
sections, we derive electron transfer probabilities, P, as functions of impact
parameter, b.

We have on one hand established very strong experimental support for the
picture suggested by Thomas in 1927 in which electrons and protons are de-
scribed as classical particles. This includes the clear identification of the corre-
sponding characteristic projectile scattering angle at 0.47 mrad independent of
the collision energy and the corresponding,v−11

p , velocity dependence of the
cross section. On the other hand, the diffraction picture describes the shapes of
theθ = 0◦ peaks quite well, and nicely explains appearances of second and a
third maxima in the angular differential cross sectiondσ/dΩ. It is hard to see
how these seemingly contradicting results can be explained through comple-
mentary classical and quantum descriptions of the same underlying physical
processes.
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Sammanfattning

I den här avhandlingen presenteras mätningar av elektronöverföringspro-
cesser i snabba kollisioner som utförts med hjälp av en speciell mätteknik,
COLTRIMS (cold target recoil ion momentum spectroscopy), som
kännetecknas av hög rörelsemängdsupplösning. Målet med dessa studier
är att undersöka en av kvantmekanikens fundamentala koncept, nämligen
våg-partikel dualiteten hos materia.

En serie experiment behandlar tvåspaltsinterferens med de Broglievågor
för 1.04 MeV och 1.3 MeV protoner och för 1.2 MeV och 2.0 MeV
He2+-joner som fångar en respektive två elektroner från en diatomär gas.
De interfererande vågorna motsvarar de Broglievågor som utgår från de
(små) områden kring atomkärnorna där elektroninfångningen väsentligen
sker. Vi observerar dels variationer av tvärsnitten för elektroninfångning och
dels skillnader i vinkelfördelningar för neutraliserade projektiler beroende
på molekylens orientering relativt den infallande projektilens riktning.
Både tvärsnittsvariationen och vinkelfördelningen för de neutraliserade
projektilerna kan förklaras kvantitativt genom en analogi till Youngs
klassiska tvåspaltsexperiment där den tunga snabba partikeln beskrivs som
en våg. Men här är ’spalterna’ ersatta av molekylens kärnor.

Vi har även undersökt den så kallade Thomas processen för elektron-
infångning. Den processen kan beskrivas klassiskt med partiklar som
växelverkar genom binära stötar likt biljardbollar. Här har vi använt protoner
med fem olika energier i området 1.3-12.5 MeV som fångar en elektron
från en heliumatom och har därigenom verifierat Thomas förutsägelse från
1927 att tvärsnittet ska variera med projektilens hastighet,vp, somv−11

p vid
tillräckligt högavp och att spridningsvinkeln alltid blirθ = 0.47 mrad (för
protoner) oavsett hastighet.

Genom dessa H+ + He mätningar, samt mätningar av infångning av två
elektroner till alfapartiklar (He2+) med 6.0 MeV energi från helium, har vi
även kunnat undersöka den process som dominerar det totala tvärsnittet för
neutralisation av projektiler i det aktuella hastighetsområdet. Motsvarande
elektroninfångningsprocesser kännetecknas av mycket små spridningsvinklar
med intensitetsmaxima kring projektilspridningsvinkelnθ = 0◦ i dσ/dΩ.
Spridningen i vinklar runtθ = 0◦ visade sig oväntat vara huvudsakligen
oberoende av både projektilhastigheten och antal infångade elektroner.
Detta i kombination med vetskapen om att elektroninfångning vid aktuella
projektilhastigheter domineras av kollisioner med små stötparametrar, gjorde
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att vi kunde förstå och modellera fenomenet genom att betrakta diffraktion av
projektilens de Broglievågor - ett fenomen som även förklarar förekomsten
av ett andra och ett tredje intensitetsmaximum idσ/dΩ vid så pass stora
spridningsvinklar somθ ≈ 0.8 mrad.

Detta innebär att vi har en klassisk modell för elektroninfångning som förk-
larar det hastighetsberoende tvärsnitt vi mätt för Thomas processen, samt en
kvantmekanisk beskrivning av diffraktion av de Broglievågor som förklarar
den dominerande delen av elektroninfångningstvärsnittet vidθ = 0◦, ett andra
maximum nära Thomas processens maximum, och ett tredje maximum. Det
är svårt att se hur dessa båda förklaringsmodeller - den klassiska Thomas pro-
cessen och kvantmekanisk spridning av de Broglievågor - skulle kunna vara
komplementära beskrivningar av en och samma underliggande fysikaliska
process.

8



List of papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.

I Evidence of Wave-Particle Duality for Single Fast Hydrogen
Atoms, H. T. Schmidt, D. Fischer, Z. Berényi, C. L. Cocke, M.
Gudmundsson, N. Haag, H. A. B. Johansson, A. Källberg, S. B.
Levin, P. Reinhed, U. Sassenberg, R. Schuch, A. Simonsson,
K.Støchkel, and H. Cederquist, Phys. Rev. Lett.101, 083201
(2008)

II Two-center Double-Capture Interference in fast He2+ + H2

collisions, D. Misra, H.T. Schmidt, M. Gudmundsson, D. Fischer,
N. Haag, H.A.B. Johansson, A. Källberg, B. Najjari, P. Rein-
hed, R. Schuch, M. Schöffler, A. Simonsson, A.B. Voitkiv, and
H. Cederquist, Phys. Rev. Lett.102, 153201 (2009)

III Orientation-dependent charge transfer cross section in 1.04
MeV p-N2 collisions, M. Gudmundsson, D. Fischer, D. Misra,
A. Källberg, A. Simonsson, K. Støchkel, H. Cederquist, and H.T.
Schmidt, to be submitted to J. Phys. B.

IV Importance of Thomas single-electron transfer in fast p-He
collisions, D. Fischer, M. Gudmundsson, Z. Berényi, N. Haag,
H.A.B. Johansson, D. Misra, P. Reinhed, A. Källberg, A. Simon-
sson, K. Støchkel, H. Cederquist, and H.T. Schmidt, Phys. Rev.
A 81, 012714 (2010)

V Angular scattering in fast ion-atom electron-transfer
collisions: Projectile wave diffraction and Thomas
mechanisms, M. Gudmundsson, D. Fischer, N. Haag, H.A.B.
Johansson, D. Misra, P. Reinhed, H. Schmidt-Böcking, R.
Schuch, M. Schöffler, K. Støchkel, H. T. Schmidt, and H.
Cederquist, J. Phys. B43, 185209 (2010)

Reprints were made with permission from the publishers.

9





Contents

1 General Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2 Author’s contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3 COLTRIMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Recoil-ion Momentum Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 Implementations of RIMS - COLTRIMS . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 The projectile ions; ion source and storage ring . . . . . . . . . . . . . . . . . . . . . 27
4.3 The supersonic gas-jet target . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.4 RIMS setup and detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4.1 Time switching the spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.5 Data-Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.6 Performing the experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.6.1 p-H2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.6.2 He2+-H2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.6.3 p-N2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.6.4 p-He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.6.5 He2+-He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.7 Calculating the recoil momenta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1 Paper I: Projectile-wave interference in p-H2 collisions . . . . . . . . . . . . . . . . 41
5.2 Paper II: Projectile-wave interference in He2+-H2 collisions . . . . . . . . . . . . . 47
5.3 Paper III: Orientation dependence in fast p-N2 collisions . . . . . . . . . . . . . . . 53
5.4 Paper IV: The Thomas process in p-He collisions . . . . . . . . . . . . . . . . . . . . 59
5.5 Paper V: de Broglie wave diffraction and the Thomas process . . . . . . . . . . . 63

6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73





1. General Introduction

The understanding of the mechanisms behind electron transfer reactions be-
tween atoms and/or molecules and ions is of fundamental importance. Such
processes are, e.g., often important steps in chemical reactions and these as-
pects have been studied intensively in both chemistry and physics for over a
century. Nonetheless, many aspects still remain unclear due to the large com-
plexities of reactions involving many particles but recently it has become pos-
sible to investigate also such processes through new and powerful experimen-
tal techniques such as for examples ion storage and cooling devices and recoil
ion momentum spectroscopy. The latter technique allows for precise measure-
ments of the full three-dimensional momentum vectors of many outgoing par-
ticles (ions and electrons) from a reaction, while the former has been used
for studies of e.g. interactions between free electrons and atomic or molecular
ions.

The probability for an electron to make a transition between two interact-
ing atomic systems depends on the collision velocity and the charge states
of the collision partners. At intermediate center-of-mass collision energies,
ranging from a few electron Volts (eV) to tens or hundreds of keV, the abso-
lute cross section for electron transfer does typically not change much with
energy. For still lower energies, however, electron-transfer cross sections in
general increase with decreasing velocities and for, e.g., mutual neutralisation
reactions in very slow collisions between positive and negative ions, the cross
section is inversely proportional to the center-of-mass energy. The intermedi-
ate energy regime is characterized by the fact that electron capture processes
dominate strongly over pure ionization processes as the corresponding colli-
sion velocities are too low for even a direct hit between a heavy projectile and
a target electron to transfer enough momentum for the electron to be ejected
to the continuum. Still, it is well known especially for collisions with multi-
ply charged ions that ionization is important and proceeds through multiple-
electron transfer to intermediate autoionizing multiply excited states. Here, a
simple classical over-the-barrier model may be used to estimate single and
multiple electron transfer cross sections with surprisingly good results. The
physics describing the over-the-barrier model for atomic targets interacting
with positive ions is extremely simple as the cross sections are basically given
by the largest distance at which the potential barrier between the two collision
partners is sufficiently low for an electron to be classically allowed to make
a transition. Such a picture is useful when the collision velocity is lower than
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the orbital velocities of the active (usually valence) electrons as, then, the col-
lision complex may be described as a quasi-molecule governing the balance
between various electron transfer processes.

For high collision velocities this picture is no longer valid and in the ex-
treme case of very high velocities the opposite situation prevails as electrons
hardly have time to move during the very swift passage of the projectile. This
leads to interaction times in the attosecond regime and also means that mo-
mentum transfers for direct head-on hits between the fast projectile and an
electron in the target is easily sufficient to knock the electron into the contin-
uum and it becomes increasingly less likely that a target electron interacting
with the projectile will end up in a bound quantum state on this projectile. In
this thesis, we will discuss electron transfer processes in simple (few particle)
systems at high velocities, the mechanisms behind these processes and how
one best describes them - through classical particle models and/or quantum
mechanical models relying on wave descriptions of the same phenomenon.
Theoretical descriptions of these capture processes can for example be found
in the review papers by Shakeshaft et al. [37] and Belkíc et al. [4]. As already
indicated, electron transfer probabilities are very low at high velocities and
therefore the aspects mentioned here require the most powerful experimental
techniques available. Here, we present such results using a recoil ion momen-
tum spectrometer mounted at an internal gas-jet target inside the ion storage
and cooler ring CRYRING at Stockholm University. The ion storage ring was
important to obtain high luminosities in the experiments and the gas-jet and
the recoil-ion momentum spectrometer was important for precise measure-
ments of projectile scattering distributions.

In a simple picture, the capture of an electron at very high velocities re-
lies on the rare case in which a target electron happens to be moving at a very
high speed at the instant when the projectile is passing and, likewise, the small
phase space available for this electron to reach a bound projectile state when
it has a high relative velocity, cf. figure1.1a,. This is reflected by the fact that
the electron capture cross section at asymptotically high velocities,v, should
scale asv−12. This is a single scattering process that gives small projectile
scattering angles and will be referred to in the following as forward scatter-
ing electron capture. In 1927, Thomas suggested another, classically allowed,
two-step binary collision electron-capture mechanism in which the projectile,
p, (massMp) first hits the active electron,e, (massme) so that it is scattered at
60◦ in the forward direction, and then scatters on the target nucleus,N, such
that it goes out in the same direction as the projectile and becomes bound to
it, cf figure 1.1b,. The angle of the initial scattering decides the velocity of
the scattered electron, and scattering by60◦ is the only binary collision where
the final velocity of an electron initially at rest is equal to that of the projec-
tile. The specific angle of the initial electron scattering in thisp-e-NThomas
single-electron capture process results in a constant velocity independent scat-
tering angle of the projectile according toθp−e−N =

√
3me

2Mp
which is 0.47 mrad
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60˚
a) b)

Figure 1.1: Schematic descriptions of capture processes. a) Single scattering of the
forward scattering process relying on phase space overlapsbetween target and projec-
tile bound states. b) Sequential double scattering of the Thomasp-e-N process. The
first scattering between the projectile and the active electron at an angle of 60◦ ensures
equal velocities of projectile and electron so that the electron may become bound after
the second scattering on the target nucleus which aligns thetrajectories of the electron
with that of the projectile.

for protons. The Thomas process was first identified experimentally in 1983
by Erik Horsdal-Pedersen et al. [21] in fast single-electron capture by pro-
tons from helium, and in a later measurement by Fischer et al. [19] using
a COLTRIMS (Cold Target Recoil Ion Momentum Spectroscopy) apparatus
enabling higher momentum resolution. In the latter case, the Thomas process
was completely isolated from the forward scattering capture in the differential
cross section. Thep-e-N Thomas process is predicted to scale with veloc-
ity as v−11 and should then at sufficiently high velocities dominate over the
electron capture process relying solely on phase space overlap between the
target and projectile bound states (figure1.1 a,). In section5.4 we report on
measurements of the velocity scalings for these processes. In addition to the
single capturep-e-N process there are other similar binary collision capture
processes for double-electron capture (p-e-e-N) where the scattered electron
interacts with the second active target electron so that both may become bound
to the projectile. No clear evidence of such processes have been observed. In
section5.5 we report on measurements of the differential cross sections in-
volving, in principle, the three above mentioned capture processes. However,
the p-e-e-Nprocess could not be identified under the present experimental
conditions - He2+ + He at 6.0 MeV.

One thing that needs to be taken into consideration when discussing elec-
tron capture processes relying on phase space overlap is the consequences
imposed by the fundamental quantum mechanical limitations due to diffrac-
tion. Here, this is manifested as diffraction of the projectile de Broglie waves
as they propagate through the small ’aperture’ defining the electron capture
region. The shape of the resulting diffraction pattern is a measure of the mo-
mentum spread of the projectiles and thus contains information regarding
the size of the active volume of electron capture. The high resolution of the
COLTRIMS technique is ideally suited to study such effects, as also shown by
van der Poel et al. for electron capture by Li+ from Na in the keV regime [45]
and more recently by Schöffler et al. [31]. In section5.5 we show the dif-
ferential cross sectionsdσ/dΩ for single- and double-electron capture and
discuss these results in terms of seemingly contradicting particle- and wave
like properties of fast heavy projectiles capturing electrons.
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Besides diffraction by a single object, wave properties are displayed by
interferences between waves from two (or more) objects. One of the most
conceptually simple and illustrative ways of showing interference is to per-
form a two slit experiment as the one by Thomas Young [50], who shone
quasi-monochromatic light on a screen with two pinholes and observed the
resulting interference on a screen and thus managed to produce definite ev-
idence of the wave nature of light. Louis-Victor-Pierre-Raymond,7th duc de
Broglie proposed that moving particles with finite mass also may be described
as propagating waves [13]. This enabled Davisson and Germer to correctly un-
derstand a measurement result first produced in 1919 of electron scattering on
a nickel crystal where interference effects had been manifested from the mul-
tiple scattering centers of the crystal [12]. This was the first experimental ev-
idence for the wave nature of the electron. Since then, experimental evidence
for the wave nature of matter by scattering particles on periodic structures has
been presented for heavier and more complex aggregates of matter, as e.g., the
fluorofullerenes C60F48 with a weight of 1632 amu [20].

Richard Feynman formulated an electron double slit Gedankenexperiment
[18] similar to Young’s optical experiment [50] that, in his view, would be the
purest and most convincing demonstration of particle-wave duality for mat-
ter. The idea behind this experiment is to transmit single electrons through
an apparatus with two spatially separated possible paths from point A (the
source) to point B (the observation screen). The intensity registrered at B will
then be the squaredcoherentsum of the amplitudes of two wave components
and would be related to the phase relation between them. This experiment was
actually performed with propagating electrons as early as 1961 by Claus Jöns-
son [23], but later repeated by Merli et al. [26] at lower electron intensities.
In [26], the intensity was set sufficiently low to ensure that the probability of
finding two particles simultaneously in the double slit apparatus was negligi-
ble ensuring that the electron passing through the double slits interferes with
itself and not with other electrons - a key aspect of Feynman’s Gedankenex-
periment. This interference effect has also been demonstrated for other prop-
agating particles besides electrons. Zeilinger et al. have demonstrated the ef-
fect using neutrons [51], and Carnal and Mlynek with metastable helium [6].
More recently, interference effects manifested in the energy spectrum of re-
leased electrons in collisions between ions and H2 have been identified by
Stolterfoht et al. [40] and later confirmed by Misra et al. [29], and Frémont
et al. [8]. Measurements of de Broglie wave interference manifested more
closely to the conceptual idea of Feynman’s Gedankenexperiment have also
been reported recently, by L. Ph. Schmidt et al. who observed two-slit in-
terference effects in collisions between 10 keV H+

2 and He [33]. Schulz and
coworkers reported oscillations in the scattering angle differential cross sec-
tion of 75 keV proton - H2 collisions [16]. A recent theoretical investigation
incorporating second-order Born components of the differential cross sections
of proton H2 collisions can be found in [3]. In sections5.1and5.2we present
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measurements of projectile de Broglie wave interference effects in fast single-
and double-electron capture collisions with H2 and discuss the findings within
the framework of Richard Feynman’s double slit Gedankenexperiment.

This thesis is organized in the following way. In chapter3, the general prin-
ciples of the COLTRIMS technique are described along with a derivation of
the momentum transfer components between projectile and target in fast pure
electron capture collisions. Chapter4 contains the detailed description of our
experimental setup inlcuding ion sources, the storage ring, our in-ring super-
sonic gas-jet target and the recoil ion momentum spectrometer, detectors and
the data acquisition system. Specific parameters related to the individual ex-
periments, along with a section describing how the momentum components
of the recoil ions are calculated are also available in chaper4. In chapter5,
we present the results and related discussions for the collision systems: p-H2,
He2+-H2, p-N2, p-He, He2+-He. A summarizing discussion of all results is
available in chapter6.
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2. Author’s contribution

The publications that form the basis of this thesis are the result of efforts of the
research group lead by professors Henrik Cederquist and Henning Schmidt.
However, as I was the graduate student mainly responsible for the fast col-
lision experiments at the gas-jet target in CRYRING, I will elaborate on my
specific contributions to the work that resulted in the publications attached
here.

In all the measurements presented as a part of this work I was heavily in-
volved in preparing the experiments, mainly working together with former
post doc. Daniel Fischer, or alone, setting up, calibrating and optimizing the
measurement electronics, working with the detectors, changing foils and mi-
cro channel plates when necessary, maintaining the vacuum system etc. When
performing the measurements I again took an active role as the main respon-
sible PhD student, when optimizing the experimental conditions during the
measurements.

With regards to the processing and analysis of the measured data, I initially
worked together with Daniel Fischer, but soon became solely responsible for
the data analysis. I have been responsible for producing the figures to all pa-
pers included in this thesis, a work which has been most wortwhile since this
not only requires an understanding of the physics involved but also gives in-
sights on how to best communicate the result and conclusion.

I have taken an active part in the writing process behind the papers presented
here. Although the writing process most accurately should be described as an
iterative process between the coauthors and thus a joint and mostly enjoyable
effort, I was the main author of papers III, and V.
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3. COLTRIMS

3.1 Introduction
The aim of this thesis is the detailed investigation of properties of electron
transfer between atomic systems in fast collisions, where the projectile ion
velocity is above the Bohr velocity and substantially higher than any active
target electron velocity. Depending on the use of molecular or atomic targets in
our measurements, we have been able to study how the electron capture cross
sections depend on both molecular orientations compared to the projectile
direction (Papers I - III), as well as mesauring differential cross sections for
electron capture from atomic targets ( papers IV- V).

We have applied the technique of recoil-ion momentum spectroscopy
(RIMS), in which we measure the momentum components of the recoiling
ionized target atoms or molecules and/or the momenta of molecular
dissociation products. The magnitude of these momentum components are
usually very small and of the same order of magnitude as typical thermal
momenta at room temperature for the atomic targets. In order for the thermal
motion not to limit the resolution in our measurements, the target atoms (or
molecules) are cooled and selected by collimation of a supersonic gas-jet. The
use of this added cooling feature of the target atoms (or molecules) in RIMS is
commonly referred to as COLd-Target-Recoil-Ion-Momentum-Spectroscopy,
COLTRIMS.

3.2 Recoil-ion Momentum Spectroscopy
Recoil-ion Momentum Spectroscopy, RIMS, is a method to measure the mo-
mentum transfer to a target atom, molecule or cluster etc. in collisions with
ions, photons electrons etc. The introduction of this technique was largely
motivated by the need to measure projectile-ion scattering angles with higher
resolution than what could be achieved by earlier methods where the scatter-
ing angles of projectiles were measured directly. Such direct masurements are
limited in resolution by projectile beam size and divergence, and although this
is not a principal limitation, it is in practice very difficult to obtain a resolu-
tion better than, say, 0.1 mrad in such experiments [44]. However, by mea-
suring the momenta of the target ions after the collision one can deduce the
transversal momentum transfer to the projectile through the overall conserva-
tion of momentum and energy and for a pure electron transfer reaction this
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Figure 3.1: Illustration of the momentum vectors involved in a pure electron capture
process where a projectile ion with initial momentumpi

p collides with a target recoil
atom initially at restpi

r = 0. The projectile scattering angle,θ , is shown along with
projectile and recoil ion momenta after the collision,pf

p and pf
r respectively. The fi-

nal momentum vectors are decomposed into components (grey vectors) parallel and
perpendicular to the initial projectile velocity.

directly gives the projectile scattering angle. A detailed review describing the
COLTRIMS technique can be found in Ref. [43].

As the COLTRIMS method is used for the experiments in this thesis we
will first present some basic aspects. For some of the experiments it has been
necessary to complement the standard method with specialized solutions to
deal e.g. with the problem of very high background yields. Now, however,
we will start by deriving the expressions for the final recoil ion momentum
perpendicular and parallel to the velocity vector of the incident projectile and
relate them to projectile scattering angle,θ , and the Q-value for capture ofn
electrons from the target to the projectile defined as the internal energy of the
initial state minus that of the final state. Momentum conservation of a reaction
in which electrons are transferred and emitted from the collision system can
in general be expressed as

pi
p+pi

r = p f
p+p f

r +
k

∑
j=1

pe, j , (3.1)

wherepp andpr denote the momentum vectors of the projectile and recoil ion
before (superscripti) and after (superscriptf ) the collision respectively. The
momentum vectors in the sum,pe, j , denote the momentum vectors of any con-
tinuum electrons which may be emitted in the collision. Here we will mainly
deal with pure electron transfer reactions and in the present discussion we will
ignore excitations of electrons into the continuum. For pure electron capture
processes with just two particles moving independently after the reaction, the
general three-dimensional momentum transfer relation (3.1) reduces to a vec-
tor relation in two dimensions defining a scattering plane like in figure3.1.
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When the above momentum relation is defined for the lab frame and we as-
sume that the target atom is at rest before the collision,pi

r = 0, the projectile
momentum alone defines the initial momentum condition. The corresponding
energy conservation equation,

Ei
p+Ei

r = E f
p +E f

r −Q, (3.2)

states that the sum of the kinetic energy of the projectile,Ep and targetEr

(=0 sincepi
r = 0) before the collision (superscripti) is equal to the sum of the

kinetic energies of the projectile and target after the collision (superscriptf )
and the Q-value.

By defining a coordinate system in which the initial projectile momentum,
pi

p, is longitudinal and using the fact thatpi
r = 0, we may write equation3.1

as two independent equations for the two components with a longitudinal part
parallel to the projectile beam and a transverse part perpendicular to this beam:

pi
p‖ = pf

p‖+ pf
r‖ (3.3)

and
0= pf

p⊥+ pf
r⊥. (3.4)

From (3.4) it is obvious that the transverse momenta will be equal in mag-
nitude and opposite in direction for pure electron capture processes. Given
that the transferred momentum is small compared to the initial projectile mo-
mentum, such thatpi

p ≈ pf
p, the scattering angle,θ , can be calculated through

the following relation wheremi
p,v

i
p are the mass and velocity of the projectile

before the collision
∣

∣

∣
pf

r⊥

∣

∣

∣
=
∣

∣

∣
pf

p⊥

∣

∣

∣
= mi

p vi
p sinθ . (3.5)

In order to derive the corresponding relation for the longitudinal recoil ion
momentum after the collision (for pure electron capture), we use (3.3) and
E = p2/(2m) to get:

Ei
p =

1
2mi

p

(

pf 2
p‖ +2pf

p‖pf
r‖+ pf 2

r‖

)

(3.6)

E f
p =

1

2mf
p

(

pf 2
p‖ + pf 2

p⊥

)

(3.7)

E f
r =

1

2mf
r

(

pf 2
r‖ + pf 2

r⊥

)

, (3.8)

where we so far have not introduced the approximations leading to (3.5). In-
serting (3.6), (3.7), and (3.8) in (3.2), and separating longitudinal and transver-
sal momenta, and rewriting momenta in terms of mass and velocity products
we get
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+
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2vf
p‖

− Q

vf
p‖

(3.9)

after dividing by the final longitudinal projectile velocity vectorvf
p‖ . This

can be simplified whenvi
p‖ andvf

p‖ are much larger than the velocity com-

ponents resulting from the momentum transfer of the collision:vi
p‖ ≈ vf

p‖ ≫
vf

r‖,v
f
r⊥,v

f
p⊥. This is the case for the fast collisions which we are dealing with

here as the Coulomb interaction between the projectile and recoil acts for a
very short time such that the recoil ion may be accelerated to small velocities
only. Usingvf

p‖ ≫ vf
r‖,v

f
p⊥,v

f
r⊥ in equation (3.9) we disregard terms of 2nd

order or higher in
vf

r‖
vf

p‖
, vf

r⊥
vf

p‖
and

vf
p⊥

vf
p‖

and arrive at:

(

mf
p−mi

p

) mf
p

2mi
p
vf

p‖+mf
r

mf
p

mi
p
vf

r‖ =− Q

vf
p‖

(3.10)

Identifying the difference in initial and final mass of the projectile with the
summed mass of the transferred electrons:mf

p − mi
p = n · me, and using

mf
p/mi

p ≈ 1, we arrive at the following expression for the recoil momentum
of the target ion for pure electron transfer reactions:

pf
r‖ =−n·me

vp‖
2

− Q
vp‖

(3.11)

3.3 Implementations of RIMS - COLTRIMS
The objective of RIMS is to measure the longitudinal and transversal momen-
tum transfer components as accurately as possible in order to enable detailed
studies of electron transfer processes in ion-atom collisions.

A conventional way to construct a recoil ion momentum spectrometer is to
divide it into two regions; an extraction region where a small electric field is
applied in the interaction region where the ion-beam overlaps with the target,
and a field-free drift region after which the recoil ions are post accelerated and
detected on a position sensitive detector. The direction of the electric fieldof
the extraction region defines the axis of the spectrometer and can be oriented
either parallel- (longitudinal extraction) or perpendicular (transverse extrac-
tion) to the ion-beam. The momentum vectors of the recoil ions after the col-
lision, p f

r , can then be calculated from the position on the detector, recoil ion
time-of-flight, extraction voltage, and spectrometer geometry.
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There are many aspects of a RIMS setup that affect the ultimate momen-
tum resolution. One very important factor is the temperature of the target. As
can be seen in section3.2 where we defined the initial target momentum in
the lab frame aspi

r = 0, any initial uncertainty or momentum spread in the
target,∆pi

r , will be superimposed on the measured momentum after collision
sincepi

r‖ and pi
r⊥ in equations (3.3) and (3.4) will not be zero. Usually, the

recoil-ion momentum resolution of interest is well below the typical thermal
momentum spreads of a target gas at room temperature. A helium gas at room
temperature, for example, has a typical momentum spread of about 4.5 atomic
units, whereas the desired momentum definition typically is at least one or-
der of magnitude lower. Thus, cooling the target before the measurement is
necessary.

One common way to cool a target gas in a RIMS measurement is to use
a supersonic gas-jet device, with which one may produce an internally very
cold and also well localised target. In such a device, a high pressure target
gas expanding through a narrow nozzle into a volume with sufficiently low
pressure for the gas-jet to be supersonic. This supersonic expansion converts
internal energy of the target into kinetic energy and effectively cools the gas.
After the supersonic expansion there are usually a set of skimmers that protect
regions with higher vacuum from the supersonic gas-jet nozzle region but also
further reduces the momentum spread perpendicular to the jet direction by se-
lecting a central part only of the expanding gas atoms or molecules through
collimation. In addition to this, it is also possible to pre-cool the gas flow.
Depending on the detailed geometry, the driving pressure and the temperature
of the gas behind the nozzle, this technique can be used to reach target tem-
peratures well below 1 Kelvin in the direction perpendicular to the jet, and a
momentum resolution in the 10−1 au range.
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4. Experimental details

4.1 Introduction
The experimental research which forms the basis of this thesis consists of
measurements of various types of electron transfer processes in fast atomic
or molecular collisions at the internal gas-jet target of the synchrotron, cooler
and storage ring CRYRING [1] at the Manne Siegbahn laboratory, Stockholm
University. The combination of an in-ring gas jet target and the possibility to
have large numbers of electron cooled stored ions in the ring may be used
to obtain very high luminosities in the experiments enabling, e.g. coincidence
measurements of scattered, neutralized projectiles and atomic or molecular re-
coil ions (or molecular dissociation products) in which the momenta of the re-
action products from the target may be determined with high precision. In the
present chapter we will describe the overall experimental facility, our specific
experimental setups and the data acquisition system. The emphasis will be
on the specific solution and special designs which we have used to overcome
certain difficulties and problems associated with the present measurements of
processes with very low cross sections.

4.2 The projectile ions; ion source and storage ring
The present electron capture measurements have been performed for two dif-
ferent projectile ions; protons (H+) and alpha particles (He2+), created in two
different types of ion sources. The protons were created in a Nielsen-type, hot
filament ion source with longitudinal magnetic field, whereas the He2+ ions
were created in a 14.5 GHz Electron Cyclotron Resonance (ECR) ion source.
The reason for choosing the ECR ion source for the creation of the He2+ ions
is that it can deliver higher currents of multiply charged projectile ions com-
pared to the Nielsen source. In both cases, the ions were mass selected by
bending magnets and steered to the ring injection system by different sets of
ion optical elements to a 1.54 m long 108.5 MHz radio frequency quadrupole
accelerator (RFQ) in which ion energies were increased to 300 keV/u before
injection. The injection system is entirely electrostatic and consists of four
pairs of deflection bumper plates all localized in the injection straight sec-
tion of the ring. A chopper in the injection line varies the injection time up to
95µs, the equivalent to ten revolutions of the ring, which corresponds to the
maximum horizontal acceptance of 200π mm mrad [1].
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Figure 4.1: An overview of the CRYRING synchrotron cooler storage ring at the
Manne Siegbahn laboratory at Stockholm University.

The CRYRING itself consists of twelve straight sections of equal length
separated by dipole bending magnets giving a total circumference of 51.6 m.
CRYRING is a synchrotron storage ring, meaning that the magnetic field
strength of the bending dipole magnets is synchronized with the in-ring
acceleration of the stored ions. The twelve straight sections of the CRYRING
are equally shared between six sections with ion optics using magnetic
quadrupoles and sextupoles and six straight sections which are used for the
injection system, acceleration, ion beam diagnostics, electron ion-beam
cooler, and experiments, such as the section containing the gas-jet setup in
figure4.1.

The in-ring accelerator is a 2.7 m long, non-resonantly driven drift tube
which can be operated in the frequency range 0.15-1.5 MHz. The maximum
projectile energy that can be stored in the ring is 96(q/A)2 MeV/u and is
limited by the maximum magnetic rigidity 1.44 Tm for the stored ion beam as
given by the maximum bending dipole magnetic field, 1.2 T, times the dipole
bending radius of 1.2 m. Since the in-ring accelerator is a relatively wide-
band, non resonant driven drift tube, it enables not only bunching but also the
use of non-sinusoidal voltage waveforms giving other possibilities, such as for
example shaping of the ion beam bunches [2].

The CRYRING also features an ion beam electron cooler which may be
used to greatly reduce the momentum spread of the projectile ion beam. The
distribution of the stored ion momenta can be regarded as a thermal velocity
spread, but merging the ion beam with a velocity matched cold electron beam
enables heat transfer from the hot ions to the cold electron gas which then
effectively cools the ion beam. The electrons have their highest temperature
in the transverse direction compared to the ion beam direction, but are cooled
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through an adiabatic expansion of the axial magnetic field down to the meV
range in the transverse direction before overlapping with the ions. In the lon-
gitudinal direction the electrons are much cooler since the momentum spread
of the electrons after being emitted from a hot cathode is small compared to
the momentum they are accelerated to in order to match the velocity of the
projectile ions and a longitudinal electron energy spread of about 0.05 meV
has been measured at CRYRING [11].

The stored beam currents after injection were very different for the differ-
ent experiments performed. In the proton-H2 experiment where we measured
interference effects in the projectile scattering angle distribution directly, min-
imizing beam width and emittance as far as possible was important. This,
however, limited the stored beam currents which could be reached to less than
500 nA. With this current, the beam width was well below one millimeter and
below the measurement range of the beam width diagnostics in CRYRING. In
all other experiments, where we used the recoil ion spectrometer to measure
recoil momenta and thus were much less sensitive to the width of the stored
ion beam we used much higher beam currents. Depending on the cross section
of the particular process under study, the beam currents ranged from 1 to 100
µA with typical beam widths of 2-3 mm.

4.3 The supersonic gas-jet target
In order to achieve a high resolution measurement in a RIMS setup, the tar-
get atoms need to be sufficiently cold for the thermal momentum distribution
not to affect the resolution of the measurement. The following example with
1 MeV proton projectiles (vp = 6.3 au) and Helium recoil ions shows typical
momenta and momentum definitions with a setup where the projectile scat-
tering angle is measured in a kinematically complete RIMS experiment. A
projectile scattering angle resolution of 0.05 mrad, which is what we need to
achieve, corresponds to a recoil ion momentum resolution of about 0.6 a.u,
while the typical momentum spread in a helium gas at room temperature is
about 4.5 au Thus, clearly the target needs to be cooled. Also, the target needs
to be sufficiently well localized and uniformly directed in order to not affect
the ultra high vacuum (UHV) of the storage ring which typically is in the
10−12 mbar range. A well localized target also reduces the uncertainty of the
exact point in space where the reaction took place, which further improves the
measurement accuracy (see section4.7). The supersonic gas jet target we have
used in our measurements at CRYRING fulfils all these demands and will be
described in further detail here.

The supersonic gas-jet apparatus is used to limit the initial momentum
spread in the target by adiabatic cooling of the gas expanding from a high
pressure volume through a small nozzle and into a low pressure volume where
the (supersonic) beam is collimated before it crosses with the stored ion beam.
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When the pressure ratio between the high- and low pressure volumes before
and after the gas-jet nozzle is larger than about two [27], the gas will expand
adiabatically at supersonic speeds in a cone shaped plume with a width which
is inversely proportional to the temperature, T0, on the high pressure side. As-
suming an ideal gas and otherwise ideal conditions, the enthalpy of formation
per atom for an atomic gas at room temperature, T0, is 5/2kBT0, which is the
sum of the thermal energy (3/2kBT0 , wherekB is the Boltzmann constant)
and the energy per atom of a gas stored at pressure P and temperature T0 in a
volume V which is justkBT0. This energy is converted to kinetic energy in the
expansion. The resulting momentum of a gas atom with massm under these
conditions is then, ideally,psupersonic=

√
5kBT0m. However, due to deviations

from ideal conditions there will always be a certain residual internal temper-
ature of the expanding gas corresponding to a small amount of enthalpy not
being converted to kinetic energy. This residual temperature depends on the
type of gas used, nozzle diameter, the temperature of the gas before adiabatic
expansion, and the gas pressure before and after the nozzle.

The typical pre-cooling temperature of the gas before expansion was about
160 K in our experiments. It is technically possible to pre-cool the gas to tem-
peratures below 30 K in order to further decrease the final target temperature,
but lowering T0 focusses the gas jet plume emerging from the nozzle to the
extent where the mechanical precision and stability of theµm controlled noz-
zle position and tilt was insufficient to steer the jet through the fixed narrow
skimmers.

Following the gas jet, four conical shaped skimmers separating differen-
tially pumped volumes selects a subpopulation of the expanding gas with a
certain maximum velocity in the transverse direction of the jet due to the col-
limation angle and the jet velocity. This selection effectively introducesa fur-
ther reduction of the transverse momentum distribution of the target gas. Also,
since this cooling is based on a velocity and not momentum selection, using
target atoms of higher mass with equal velocity spread compared to a lower
mass target will result in a higher momentum spread of the target. This is
one reason for the preference of low mass targets in COLTRIMS experiments.
The diameters of the skimmers are (in order from the jet to the CRYRING
beam cavity): 100µm, 400µm, 1 mm, 1.5 mm. The distance between noz-
zle and the first skimmer is adjustable between 0-20 mm. We typically used
small distances in the 0.5-3 mm range. The first two skimmers are separated
by 8 cm and define the collimation, while the third and fourth skimmers are
wide enough to let gas atoms with the maximaum transversal momentum (set
by the collimation) through. The typical gas jet width at the overlap with the
ion beam was 1.3 mm with a target density of around 1011 cm−3. The gas-jet
dump consists of three stages of differentially pumped volumes separated by
narrow tubes with diameters of 7 mm, 11 mm, and 15 mm. The turbomolec-
ular pump at the end of the dump section is tilted and the jet enters at an
off-center position in order to increase pump efficiency. Running this jet does
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Figure 4.2: a) Schematic of the gas-jet setup. On the right, the gas pressures of the
respective differentially pumped volumes are shown. On theleft, the diameter of the
jet nozzle, skimmers, and dump acceptances are shown. b) Photograph of the gas-jet
setup at CRYRING.

not significantly affect the vacuum in CRYRING on the10−11−10−12 mbar
level.

With the following parameters describing the configuration of the super-
sonic gas-jet: 30µm gas jet nozzle, typically 2-3 bar driving pressure, typi-
cally 10−3 mbar pressure in the volume directly outside the nozzle, typically
160 K temperature of pre-cooled gas, and with skimmers implemented in a
geometry as described above, we achieve a target temperature for helium well
below 1 K, corresponding to 2σ -momentum widths∆pi

r < 0.26au.

4.4 RIMS setup and detectors
In our experiment, products created by collisions between the projectile ions
and the atoms or molecules of the gas jet target are detected by two different
detectors; one position sensitive projectile detector situated 3.2 m downstream
from the gas target-ion beam overlap region for neutralized projectiles and
another position sensitive recoil ion (or fragment) detector placed in our RIMS
spectrometer oriented with its axis perpendicular to the projectile beam. In a
recoil ion momentum spectrometer, both position and the time of flight (ToF)
of the recoil ion need to be measured in order to deduce the full momentum
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Figure 4.3: A schematic display of the experimental setup for our chargetransfer
coincidence measurements, showing the spectrometer and recoil ion detector setup
located at the gas-jet between two bending dipole magnets ofthe CRYRING, and
the projectile detector located after the first bending magnet following the gas-jet. An
abbreviated overview of the data acquisition system is alsodisplayed (described in
further detail in4.5).

vector resulting from the collision, for further details on this procedure, see
section4.7. An overview of the detectors and RIMS setup can be found in
figure4.3.

The interaction volume between the ion beam and the gas jet is placed in-
side our recoil ion momentum spectrometer, which consists of an extraction
region with an applied homogenous electric field and a field free drift region.
The drift tube is terminated by the first of two grids used for post acceleration
just before the position sensitive MCP and resistive anode recoil ion detector.
The large width of the projectile beam before electron cooling makes it nec-
essary to have a wide opening for the stored ion beam to enter the extraction
region here of 5× 7 cm. The electric field is applied by sets of plates above
and below the projectile beam and forms a nearly homogeneous electric field
within the extraction region. The strength of this extraction field is set as low
as possible in order for the image of the recoil ions on the detector to be as
large as possible without missing the detector. Used in this way, the spectrom-
eter will provide the highest possible resolution for the measurement. Plates
placed on the sides of the extraction region as shown in figure4.3 ("‘Deflec-
tion plates"’) give the possibility to steer the recoil ions perpendicular to the
spectrometer axis. This steering has been used in conjunction with foils cov-
ering parts of the recoil ion detector in order to strongly supress background
from ionization events and radiative capture which are centered on zero lon-
gitudinal momentum transfer,pr‖ = 0. Such background ions may thus hit the
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Figure 4.4:Purely descriptive illustration of the RIMS spectrometer implemented with
a foil covering half the detector in order to eliminate problems related to coincidence
hits on the detector occuring when|θ | is small.

foil, while electron capture events withpr‖ 6= 0 may miss the foil and hit the
detector. Two types of foils were used; one circular foil of 10 mm diameter
and, in another setup, one foil covering just over half of the detector. An il-
lustration of the RIMS setup with the foil covering half the detector area is
shown in figure4.4. This particular foil setup was used to maintain position
measurement fidelity for almost all possible molecular orientations when de-
tecting fragments resulting from diatomic dissociations. Without the foil, two
ions from the same molecular fragmentation may be detected in which case
the signals from the resistive anode would indicate a position between the two
actual ion position hits.

The drift tube of the RIMS is a field free section separated from the extrac-
tion region by a high transmission grid and an electrostatic lens (see figure
4.3).

In order to maximize the time of flight resolution, a Wiley-McLaren spec-
trometer geometry is chosen where the drift tube length of 78 mm is twice the
length of the acceleration region, 39 mm [49]. This geometry compensates
for differences in the ToF that otherwise would arise when ions are created
in parts of the target-beam overlap with different distances to the detector.
By accelerating recoil ions created further away from the detector more than
ions created closer one can show that using a field free drift tube of twice the
length of the acceleration region compensates for the difference in where the
ions were created and gives them equal ToF.

There are also means to minimize uncertainties in the measured momenta
related to the extension of the overlap region in the direction transverse
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to the spectometer axis, called position focussing. Position focussing can
be obtained by applying a potential to the electrostatic lens separating the
extraction- and drift regions which then will induce an electrostatic field with
convex equipotential lines protruding into the drift tube. However, since
applying a potential onto the lens will affect the field free condition of the
time focussing principle described above we cannot have perfect time- and
position focussing at the same time. The spectrometer we have used has been
designed to enable position focussing with a minimum degrading of its time
focussing capability.

The projectile- and recoil ion detector in our measurement setup are both
constructed from two 40 mm diameter micro channel plates (MCPs) in a
Chevron configuration. This configuration increases the gain of the combined
plates at any given voltage by eliminating the risk for electrons emitted from
the first MCP to pass through the second MCP without further amplification.
The recoil-ion detector in addition has two grids in front of the detector that
are used to post accelerate the reaction products in order to reach sufficiently
high detection efficiencies. The first of these two grids was on drift tube poten-
tial (ground) while the grid closer to the detector was at a negative potential,
typically -2.8 kV, equal to that of the front of the first MCP. About one third
each of this voltage was applied across the MCPs and the gap between the
back of the second MCP and the resistive anode at ground potential. Timing
information is extracted from the back of the second MCP. This timing signal
has a stable pulse shape and fall time of about 2 ns and enables simple, accu-
rate timing measurements with a constant fraction discriminator. The resistive
anode behind the MCPs measures the summed electric charge distributions
on its four corners to yield the position information. Due to the comparatively
high resistance of the anode,≈ 40 kΩ corner-to-corner, the position signals
are much slower than the timing signals, and about 10µs is needed between
two subsequent hits in order to avoid pile-ups on the anode signals. However,
one can sacrifice recoil ion detector position resolution for enhanced detection
frequency by using faster timing filter amplifiers on the corner signals and this
technique was used for the experiment reported in paper V and is described in
section4.5.

The spectrometer ion optics and resolution has been evaluated using sim-
ulations of ion trajectories and flight times with the SIMION software. De-
pending on the exact geometry and the voltages applied an accuracy of the
measured momentum in the plane transversal to the spectrometer axis (z-y
plane in figure4.3) of 5% is estimated. The accuracy of the momentum along
the spectrometer axis depends on the time resolution. By taking into account
the results from the simulations, as well as jitter in the timing electronics a
time resolution of 3 ns, corresponding to about 0.3 au (2σ ) momentum reso-
lution, was achieved with an extraction field of 12 V/cm.
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4.4.1 Time switching the spectrometer

In addition to position focussing, the electrostatic lens can be used to block
ions within certain well defined time windows during their flight to the de-
tector. Switching of the lens voltage may thus be used to suppress signals
from recoil ions with e.g. lower charge states compared to the reaction prod-
uct under study, by performing a charge-state selection of the recoil ions prior
to detection utilizing the fact that ions with a higher charge state move faster
through the spectrometer. We have used this technique to suppress background
from single ionization (and capture) when studying double electron capture
from helium, and the following description will be based on that experiment.
The electrostatic lens placed just behind the high transmission grid between
the extraction and drift regions is first put on a high positive potential that
prevents any ion from hitting the recoil ion detector. The grid enables this
blocking voltage to be applied without disturbing the homogeneous field in
the extraction region. By gating the blocking voltage on a timing signal from
the detection of a neutralized projectile, it is possible to switch off the block-
ing voltage just before a He2+ ion resulting from a double-electron capture
event enters the lens region. As the blocking voltage is turned off, the He2+

ion or random He+ ions mainly from ionization, may move towards the recoil
ion detector. However, due to the higher charge of the He2+ ion, it will have
acquired a higher velocity from the extraction field and thus reach the recoil
ion detector at an earlier time. This technique is very effective in suppresing
background from lower charge state ions, but great care needs to be taken
when setting the delay and length of the timing gate disabling the blocking
voltage. Another practical implication of using this setup is the actual voltage
switch, which essentially is a very high slew rate amplifier outputting a step
response voltage signal. The high frequency components of the step response
output may cause ringing in the detector signals due to capacitative and induc-
tive coupling of the cabling and the spectrometer elements. Adding a damping
output filter on the switch was needed in order to find a compromise between
rise time and damping of the switched spectrometer voltage. Also, since there
generally were short times available between the detection of the He2+ ion
and the avalanche of He+ ions at slighlty longer times, this technique also
requires high speed position measurements of the type mentioned above.

4.5 Data-Acquisition System
The data-acquisition system used in our coincidence measurements (cf. figure
4.5) is started when a neutralized projectile ion is detected on the projectile
detector. The fast timing signal amplified by a timing filter amplifier (TFA) is
followed by a constant fraction discriminator (CFD) which enables very low
jitter timing measurements due to the uniform shape of the signals from the
TFA. This signal from the CFD is gated by a gate and delay generator (GDG)

35



Dual Layer

MCP

Resistive 

Anode

Corner Signal 

Amplifiers

TFA CFD

ADC

In-

puts

Gate

Coinc.

Inputs

Outputs

Pulse Gen.

Avoids

multiple

triggers

GDG

TFA CFD

TDC

Trigger

Hit

Read / Write

Control Box

Start

Stop

Gate

Start

Reset

A
c
q
u
i
s
i
t
i
o
n

Projectile

Detector

Recoil

Detector

CFD GDG

GDG

Fan in Fan out

S
t
a
r
t

S
t
o
p

Figure 4.5: Overview of the data-acquisition system. The projectile timing signal
starts the TDC, and the recoil timing signals registers as TDC hits. Projectile- and
recoil position signals are digitized in the ADC. A read/Write control box gates a co-
incidence unit that with an applied projectile timing signal gates the ADC and triggers
the TDC.

and sent to another constant fraction discriminator used as a fan-in fan-out that
outputs two pulses: a NIM that starts the time-to-digital converter (TDC), and
a TTL pulse that inputs to a coincidence condition unit configured to avoid
multiple TDC triggers and to coordinate the reading and writing of measured
data into a list mode file. The coincidence unit ouptut triggers the TDC and
gates the analogue to digital converter (ADC). The discriminated and gated
recoil ion timing is registered as a hit on the TDC. Position signals from the
resistive anodes of the recoil ion- and projectile detectors are amplified and
sent to the ADC. The type of amplifiers we have used on the signals from the
resistive anodes were either very accurate spectrometer amplifiers, or faster
but slightly less accurate timing filter amplifiers that can be set up to resolve
signals with less time separation than spectrometer amplifiers and thus may
handle higher detection rates.

4.6 Performing the experiments
In the following sections;4.6.1 - 4.6.5, the specific experimental setup pa-
rameters for the different experiments we performed at CRYRING will be
described.

4.6.1 p-H2

In this proton de Broglie wave interference experiment, we used a 1.3 MeV
proton projectile beam current of about 500 nA. The beam size was well be-
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low 0.8 mm diameter which is below the measurement range of the beam
diagnostics in CRYRING. The molecular hydrogen gas target was pre-cooled
to 160 K at a driving pressure of 2.15 bar before the supersonic expansion of
the gas jet. The extraction voltage was±800 V and we used the round 10 mm
diameter foil on the recoil ion detector center in order to block background
events (mainly due to single ionization) yielding low longitudinal recoil ion
momenta.

4.6.2 He2+-H2

In this experiment we performed measurements of He2+ deBroglie wave in-
terference at two different projectile energies; 1.2 MeV and 2.0 MeV. All ex-
perimental settings regarding the projectile beam current and size as well as
the target and spectrometer were identical at both energies. Projectile beam
currents up to around 60µA and about 1.5 mm diameter were used. Gas jet
driving pressure was around 3 bar pre cooled to 160 K. The extraction voltage
was±1250 V and there was an additional voltage applied to the spectrometer
transversal direction of±500 V. This voltage was tuned so that the majority
of the singly ionized H2 molecules hit the foil covering just above half the
detector (see schematic figure4.4).

4.6.3 p-N2

Measurements of total cross section variation with target molecular polar an-
gle with a 200 nA current of 1.04 MeV protons on N2. The beam diameter was
1.0 mm and we used the foil covering about half the detector (see illustrative
figure4.4). The extraction voltage was±800 V.

4.6.4 p-He

In these experiments we measured single electron capture processes in fast
proton-He collisions. The proton energies were; 1.3, 2.5, 5.0 7.5 12.5 MeV,
the beam currents were in the 10µA range for all experiments. Gas jet driving
pressure was between 2.5 and 3 bar and the gas was precooled to 160 K.
The extraction voltages over the spectrometer were very low;±7.6 V,±14.7
V, ±29.3 V,±47 V, ±47 V for the respective projectile energies in order of
increasing energy. The foil used on the recoil detector was the 10 mm diameter
foil covering only the detector center.

4.6.5 He2+-He

In this double-electron capture experiment with 6 MeV He2+ projectile ions
on a helium target the projectile beam current was about 20µA and the stored
beam had a width of about 1.5 mm in the experimental region. The target
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was precooled to 160 K with a driving pressure in the 2.5 - 3 bar range and
the extraction voltage was±12 V. In order to suppress background from ion-
ization, we used the round 10 mm diameter foil covering the center of the
detector along with the time-switching technique on the spectrometer in order
to strongly suppress huge backgrounds from ionization events.

4.7 Calculating the recoil momenta
In order to recreate the three-dimensional momentum vector of a target recoil
ion resulting from a pure electron capture reaction in a RIMS, we need to
know the flight time of the ion, as well as the position where the ion hits the
detector in relation to the hit position of an ion with the same charge state but
with zero initial momentum. In the following discussion, we will describe how
to calculate the recoil ion time of flight given the initial recoil ion momentum,
the spectrometer geometry and the extraction voltage. We will then use this
expression of the ToF to derive an expression for the momentum along the
spectrometer axis,prx and the momentum components perpendicular to the
spectrometer axis, i.e. in the detector planepry, prz.

The ToF,tr , of a recoil ion initially at rest with massmr and charge stateq
is (SI units):

tr =
1√
2
·
√

mr

q
· 2a+d√

U
, (4.1)

whereU is the voltage applied over the extraction region,a the length of
the extraction region measured from the target-ion beam overlap to the field-
free region, andd is the length of the field free region. Initial momentum
components of the recoil ion perpendicular to the spectrometer axis,pry and
prz will not alter the ToF, however, initial momentum components along the
spectrometer axis,prx will change the ToF depending on the recoil ion kinetic
energy,Erx = p2

rx
/2mr corresponding to the momentum along the spectrometer

axis. If the initial momentum in thex-direction is directed towards the detector,
tr will be smaller and with an initialx-momentum directed away from the
detectortr will be greater according to:

tr ± =
1√
2
·√mr

(

2a
√

Erx +qU±
√

Erx

+
d

√

Erx +qU

)

(4.2)

In order to derive an expression for the momentum componentpx as a func-
tion of the ToF, the first idea that might come to mind would be to use the
inverse of equation4.2. The problem with that idea is twofold. First; in or-
der to use the inverse function to find the momentum, the absolute flight time
of the ion would have to be known. Since the recoil ToF is measured rel-
ative to some triggersignal that is preprocessed with delays that depend on
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experiment-specific acquisition system setups, the absolute ToF simply is not
known. Second; an analytical inverse function of (4.2) does not exist. In order
to solve this problem we make the assumption that the transferred momentum
prx in our electron transfer collision is small compared to the kinetic energy
gained by the ion with net chargeq from the extraction potentialU . This is
reasonable, since the transferred kinetic energy typically is at least two orders
of magnitude smaller thanqU. This then allowes us to write the difference
in flight time of recoil ions with differences in initial kinetic energies in the
x-direction as:

∆tr = t(Erx)− t(Erx = 0)≈
[

dtr(Erx)

dErx

· dErx

dprx

]

prx=0
· prx (4.3)

By inserting the expression for the kinetic energy dependent flight time of the
recoil ion of (4.1) into the expression above we get:

prx =
qU
a

·∆tr (4.4)

Since∆tr is easily obtained from the experimental data as the offset from the
center of the ToF peak in a ToF spectrum, we now have a simple way of
calculatingprx from our measurements.

Calculating the momentum in the transversal direction to the spectrometer
axis, py andpz, is more straightforward. Since these momentum components
lie in the plane of the detector, we can define the distance travelled in this
plane by the recoil ion,Rr as a function of the momentum in they− z plane,

pryz =
√

p2
y + p2

z, as:

Rr =
pryz · tr

mr
(4.5)

Inserting the expression fortr from to (4.1) and solving forpryz gives

pryz = f−1 · Rr

2a+d
·
√

qU ·mr . (4.6)

SinceRr is the the distance in they and z directions from the hit position
of an ion with zero recoil momentum, this expression definespy and pz as a
function of the measured positionRr , the extraction voltageU and the known
spectrometer geometry.
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5. Results and Discussion

5.1 Paper I: Projectile-wave interference in p-H2

collisions
In this section, we discuss measurements of heavy projectile interferences ex-
posed by electron-transfer and excitation processes in fast 1.3 MeV, p-H2 col-
lisions

H++H2 → H0+(H+
2 )∗ → H0+(H +H+). (5.1)

Our experimental setup allow us, as described in chapter4, to determine
the momentum of charged particles created in the intersection of a stored ion
beam in CRYRING and the supersonic gas jet. This means that we, in the
process described in (5.1) can measure the momentum of the proton emitted
in the dissociation of the excited molecular ion (H+

2 )∗. As this dissociation
process takes only a few femtoseconds when the molecular ion is in an ex-
cited electronic state (e.g. the first excited 2pσu state) the rotational motion
can be considered to be frozen on this time scale and the proton is therefore
emitted along the direction defined by the internuclear axis at the instant of
the collision. This means that we are able to determine the orientation of the
molecule for each event that we have recorded, and thus we can determine the
relative cross section differential in the angle between the projectile trajectory
and the molecular axis. The first such experiment with the present setup was
performed earlier by Støchkel et al. [39], who found a strong dependence on
the molecular orientation for reaction5.1. Even earlier, some variation with
orientation was found in an experiment where electrons were transferred to
O8+ colliding with H2 [7]. In figure 5.1 we show the present relative cross
section (dσ /dcosθ ) as a function of cosθ , whereθ is the angle between the
projectile trajectory and the direction of the emitted proton.

The strong variation was explained by Støchkel et al [39] as due to inter-
ference between the two components of the outgoing de Broglie wave corre-
sponding to electron transfer taking place when the projectile is close to either
of the two nuclear centers. The explanation by Støchkel et al relies on an
orientation-dependent phase shift between two outgoing waves which is due
to the fact that the two scattering centers in general are at different distances
from the observation screen (the detector).

In the present work we set out to directly observe two-slit interference in the
forward direction on the projectile detector using the fact that it is possible to
correlate the observed pattern on the projectile detector with the orientation of
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Figure 5.1: The relative transfer excitation cross section as functions of molecular
orientation for 1.3 MeV proton + H2 single-electron transfer and excitation collisions.

the molecule. The interfering waves are two spatially separated components
of the 25 fm de Broglie wave of a single 1.3 MeV hydrogen atom formed in
the capture reaction (5.1). The charge transfer between the target and the fast
projectiles takes place within attoseconds. As discussed earlier, the timescales
for dissociation is typically within a few femtoseconds, which compared to
the rotational picosecond timescales imply that we can treat the molecules
as frozen, or fixed in space, during the collision. Since the dissociation of
the target molecule takes place along its molecular axis, we can deduce the
orientation of the molecule at the time of the collision by measuring the mo-
mentum vector of the dissociating H+ target fragment from the collision in
our COLTRIMS apparatus.

We ensure that our measurements probe interference between wave com-
ponents representing two possible paths taken by a single individual H0 atom
by keeping the transfer excitation rate below 0.05 s−1. With a projectile flight
time of 200 ns, this gives a probability of having two H0 atoms in flight be-
tween the reaction volume and the projectile detector which is smaller than 1
in 108.

The collision geometry is defined in figure5.2. The interference we are
expecting to observe is the result of phase differences between the two waves
emanating from eitherH2 target nuclei which will vary along thex′ axis and
with molecular polar angleθ . Theθ -dependence of the phase difference is a
result of the change in de Broglie wave length,λdB, related to the momentum
transfer of electron capture that takes place as the wave passes through the
atomic slit. The change inλdB is a unique feature of particle wave interference
and is different from optical Young type interference as it may give destructive
interference in the straight forward scattering direction. In the optical case the
interference in the straight forward direction (θ = 0) is always constructive
regardless of the orientation of the scatterers or holes compared to the plane
of the observation screen. In order to illustrate this distinct aspect of de Broglie
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Figure 5.2: The collision geometry defining the interference properties: The azimuthal
angle of the molecule,ϕ, and projectile direction,z, defines thex’z-plane in which the
interference is expected to manifest. The polar angle,θ , is controlling the phase differ-
ence of the interference (cf. equation (5.4)). The incoming plane wave for a projectile
traveling alongz, and outgoing wavefronts from the respective molecular nuclei are
shown schematically in thex’z-plane.

wave interference, we will discuss two cases of molecular polar orientations;
θ = 90◦ andθ = 51◦ expected to give constructive and destructive interference
respectively at zero degree scattering for 1.3 MeV p-H2 collisions.

When discussing interference effects related to electron capture, one needs
to take the symmetry of the electrons in the initial target state into account.The
H2 ground state is dominated by a gerade-gerade component of the electronic
wave function. For this gerade-gerade symmetry, the interference is expected
to be constructive for theθ = 90◦ molecular target orientation at zero scat-
tering angles and a periodic pattern of interference minima and maxima will
be found along thex’-axis (cf. figure5.2) as the difference in wavelength will
alternate between half-integer and integer numbers ofλdB. With a H2 inter-
nuclear separationa = 1.4 a0, and our projectile de Broglie wavelengthλdB

= 25 fm, we get the first secondary maxima at|x′| = 1.1 mm. However, scat-
tering angles are small, and the intensity of the first secondary maxima has
been calculated to be less than 1% of the central maximum for theθ = 90◦

case [14]. Given the level of statistics we have available and the fact that the
intensity of the secondary maxima actually is a measure of a double differen-
tial cross section, d2σ /(dΩ ·dθ ), we don’t expect to isolate any higher order
maxima experimentally forθ = 90◦. There are other quantum interference
effects we can distinguish though. Since the two wave components are per-
fectly in phase at zero scattering, but increasingly out of phase as we start to
move away from zero projectile scattering we will have an increased inten-
sity at zero scattering, and faster intensity decrease with increasing|x′| due to
interference effects. Since the projectile scattering envelope is comparable to
the width of the central maxima, interference effects will cause the integral
of the peak alongx′ for θ = 90◦ to become larger although the peak shape
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will also change into a more narrow shape than it would be in the absence of
interference effects.

For θ 6= 90◦ there will be a phase difference in the straight forward direc-
tion between the two waves emanating from volumes surrounding the two
nuclei that is proportional to the change in wavenumber of the projectile due
to electron capture, and difference in the wave propagation distance along the
projectile direction. The change in wavenumber of the projectile,k, due to
capture of an electron will be an increase,δk according to

δk=
vp

2
+

Q
vp

. (5.2)

SinceQ is small compared tovp, the change in wavenumber can be written as
δk≈ vp/2= 3.6, which yields a phase shift,δΦ, according to

δΦ = δk ·a·cosθ = 5.0·cosθ . (5.3)

For zero degree scattering, destructive interference,δΦ = π, then appears at
a molecular target polar angleθ = 51◦. Since the cross section at any given
molecular orientation largely is dictated by the interference in the straight for-
ward direction, the cross section as function of the phase shift induced by
varying the molecular orientation can be expressed as

dσ
d(cosθ)

∝ 1+ξ cos(δΦ) (5.4)

whereξ represents an interference strength,ξ=1, represents an idealized case
of two interfering plane waves.

In figure5.3a) we show the measured results of transfer excitation reactions
according to5.1 for molecular orientations|cosθ | < 0.2 (solid black circles,
constructive interference expected) and0.6< |cosθ | < 0.8 (open red circles,
destructive interference expected). Without interference effects between the
wave components of the single H0 particle emanating from the two nuclear
regions, these two distributions originating from equally broad integrations
over |cosθ | would be equal in shape and intensity, but clearly they are not.
The integral of the intensity overx′ is a factor 2.12 larger for the target H2

molecular axis orientation perpendicular to the beam. The shapes of these two
distributions are also markedly different as shown by the fitted Gaussian func-
tions (FWHM, 95% confidence level), 0.80± 0.06 mm for|cosθ |< 0.2, and
1.18± 0.12 mm for0.6< |cosθ |< 0.8. The reason for not observing a min-
imum at zero scattering angles for the destructive interference data is mainly
due to the finite width of the projectile beam. By normalizing the destructive
interference data so that both distributions have equal total cross section as in
figure 5.3 b), we can readily compare the shapes of these two distributions.
The distribution alongy′ is included for reference in5.3 c) and shows the
expected result that our interference effects rely on phase differences due to
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Figure 5.3: a) The distributions of fast H0 atoms along thex’ axis for molecular polar
angle ranges according to|cosθ | < 0.2 (solid black circles),and 0.6 < |cosθ | < 0.8
(open red circles). b) The same data as in a), but the open red circle data is scaled by a
factor 2.12 to result in equal yield as black circle data integrated over the length ofx’.
c) The corresponding data of b), but along they’-axis. Solid lines in a)-c) are Gaussian
fits to the data.

differences in travelled distance which is largely independent ofy′ for small
scattering angles.

In figure 5.4 we show measured transfer excitation cross sections, i.e. in-
tegrals overx′ for intervals ofcosθ (solid black boxes), together with peak
sharpness (open red triangles) defined as the ratio of the intensity distributions
alongx′ corresponding to a scattering angle below and above 0.1 mrad for a
given interval ofcosθ . The angular positions of the cross section minima agree
well with the positions predicted by the simple two slit interference model. A
quantum mechanical calculation of single electron capture (solid black line)
by Wang et al. [46] also shows very good intensity agreement with our mea-
surements and thus indicates that there should not be a strong dependence on
the excitation of the H+2 on θ . We have verified this also by calculating the
overlap between wave functions for H2 and H+2 using a self consistent field
method and implementing a second order perturbation theory of the electronic
correlation [24] for the internuclear distancea= 1.4a0. These calculations in-
dicate probabilities of shake-up of (9±1)% which is large enough to suggest
that shake-up may be the dominant mechanism of excitation of the ionized
target molecule and that we therefore can treat the observed molecular polar
angle dependence as if it was a pure electron capture reaction.

The dotted line in figure5.4represents the basic wave mechanical interfer-
ence approach (5.4) with ξ set toξ = 0.34. Despite its simplicity, our model
captures the essential features of theθ dependence of the cross section. An-
other interesting feature of figure5.4 is the agreement of theθ dependencies
between the peak sharpness and the cross section, verifying our earlier discus-
sion about how intensities at small scattering angles control the cross section.
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Figure 5.4: The relative transfer excitation cross section (solid black boxes), and peak
sharpness (open red triangles) as functions of molecular orientation (lower axis), or
corresponding phase difference,δΦ, for zero degree scattering at the present projectile
velocity. The full curve is the theoretical result by Wang etal. [46], the dotted curve
is 1+ ξ cos(δΦ) with ξ = 0.34 as discussed in the text. Shaded areas indicate the
intervals ofcosθ we compare in figure5.3.

In these measurements we have not found strong evidence of steric effects,
relatingθ -dependent cross sections to geometrical projected size of the target
molecule on a plane perpendicular to the projectile direction. Steric effects
would have promoted cross section minima forθ = 0◦ andθ = 180◦.
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5.2 Paper II: Projectile-wave interference in He2+-H2

collisions
The results presented here reports on features of a two-electron transfer pro-
cess from a hydrogen gas target to fast 1.2 and 2.0 MeV He2+ projectiles
according to (5.5).

He2++H2 → He0+H2+
2 (5.5)

The experimental concept here is similar to that of paper I where we show
Young type interference effects manifested as variations in the distributions
of the neutralized projectile on the projectile detector, and variations in the
transfer excitation rate, both depending on the H2 molecular target orienta-
tion. Although we successfully show that these variations are similar to both
fully quantum mechanical [15,42,46] and semi classical [9, 38] calculations
for single-electron capture, the exact role of the second active target electron
was always somewhat vague. With the present experiment, we capture both
available target electrons and thus remove any such remaining uncertainty.

Since we study the process where both electrons of the target system are
transferred to the projectile, a naive assumption would be to expect a max-
ima in the differential cross section with respect to the molecule orientation
when the projectile passes close to both nuclei. However, our results indicate
cross section maxima for both measured projectile energies when the molec-
ular axis is oriented perpendicular to the projectile direction and strong vari-
ations of the cross section depending on orientation and projectile velocity.
These results agree very well with presented parallel fully quantum mechani-
cal calculations of the Oppenheimer-Brinkman-Kramer’s type, and the simple
de Broglie wave description implemented in paper I (and in5.1) of two spa-
tially separated interfering waves, but this simplified description only yields
favorable results if we assume that both electrons are transferred simultane-
ously as the projectile passes close to either nucleus. A previous experimental
identification of de Broglie wave interference in double capture reactions has
been reported by Martínez et al. [25], but at lower projectile energies. For
single-electron capture, these kind of heavy-particle two slit interference has
been demonstrated for a range of projectile velocities by Støchkel et al. [39],
and also Schmidt et al. [33], who also beautifully showed effects of changing
internuclear separation of the molecular double slit.

The dissociation of the target H2 molecule due to the present
double-electron capture process (5.5) is an instantaneous Coulomb explosion
due to the fact that we capture both electrons from the target system,
and the kinetic energy release is roughly 9 eV per proton. Since electron
capture at our projectile velocities of 3.46 and 4.46 a.u. takes place on
attosecond timescales, and rotational timescales are typically measuredin
picoseconds, we treat the molecules as frozen in space during the capture
process and dissociation. As the dissociation takes place symmetrically
along the molecular axis, we can calculate the orientation of the molecule at
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Figure 5.5: The differential cross section with respect to the polar angle of the molec-
ular axis orientation for 300 keV/u (filled triangles) and 500 keV/u (open squares)
He2+ + H2 double-electron capture reactions. The dotted curves are fits to the experi-
mental data sets using the parametric equation (5.9). The solid curves are present OBK
results, which represent the absolute cross sections if scaled by factors 8.4×10−21cm2

and 4.8×10−23cm2 for the 300 keV/u and 500 keV/u datasets respectively.

the time of capture by measuring the three-dimensional momentum vector
of either ionic fragment. For this experiment we cover slightly more than
half the detector with a foil (described in detail in section4.4) in order to
improve signal-to-noise ratio from competing reaction processes as well
as to eliminate problems associated with simultaneous detection of recoil
fragments. The resulting polar angle acceptance range is0◦ < θ < 75◦.
However, due to the symmetry of the dissociation process, only the
information in the75◦ < θ < 105◦ polar range will be lost.

In figure 5.5 we show the differential cross sectiondσ/d(cosθ) as func-
tions ofcosθ . The data shows the cross section for the entire kinetic energy
release distribution. The shaded region represents the part of the differential
cross section distribution that we do not measure due to the foil. The data
points for the positivecosθ values are mirrored from the measured−cosθ
values. The differential cross section for the 1.2 MeV He2+ projectile (filled
blue triangles) increases monotonically as the molecular orientation shifts to-
wards an orientation perpendicular to the projectile beam. This could simply
be modeled as a steric effect if the capture range of the projectile were suffi-
ciently long to capture electron from both hydrogen nuclei when the molecule
was oriented perpendicular to the projectile direction. However, when we look
at the differential cross section for the 2.0 MeV He2+ projectile (open black
squares), we see that the cross section again has a high value for the perpen-
dicular molecular orientation, but reaches a minima for an orientation close
to cosθ = ±0.65 and then increases again for larger values of|cosθ |. These
cross section amplitude oscillations can not be explained by steric effects, but
with interference between de Broglie wave components localized to the elec-
tron capture sites of the target molecule. The solid curves of figure5.5 are
our fully quantum mechanical, OBK-type calculations for the double-electron

48



capture from H2 by He2+ ions. In this model, the two electron, two center
state of the H2 molecule is modeled with a linear combination of hydrogen 1s
orbitals. The electron transfer is modeled with an OBK approach where the
transfer of one electron is the result of direct interaction with one of the nu-
clei. The transfer of the second electron is modeled as the result of a nonzero
overlap between the wave function of the second electron in the target and
projectile bound states as a ’shakeover’ process. Since this shakeover process
does not rely on interaction between projectile and target nucleus for the nec-
essary momentum transfer involved in the electron capture, it does not limit
the position of this second electron to a region close to a target nucleus.

In paper II we also discuss the same simplified model as in paper I and
section5.1. This model captures the qualitative features of the measured dif-
ferential cross sections, but only if we assume thatbothelectrons are captured
in the vicinity of either target nucleus leading to a change in momentum of
the projectile,δk. If we assume that the scattering angles are small, we can
write this momentum change as:

δk≈ δk‖ = n
vp

2
+

Q
vp

(5.6)

wheren is the number of captured electrons. In these experiments,n=2,vp ≈ 4
au, and typically Q< 1 au, which gives us :

δk≈ n
vp

2
= vp. (5.7)

We express the phase shift expected from electron capture as the scalar prod-
uct between the momentum change vector,δ~k, and the molecular axis vector,
~a.

δΦ = δ~k ·~a (5.8)

We then construct the following function from the phase shift calculated from
the experimental and molecular properties and the free fitting parameters; av-
erage amplitudeA, peak amplitudeξ , and phase shift correctionc, and fit this
function to the measured differential cross sections.

dσ
d(cosθ)

= A(1+ξ ·cos(c·δΦ)) (5.9)

The fits based on equation5.9are displayed as dotted lines in figure5.5.
The observed target orientation-dependent oscillating cross section resem-

bles key features of measurements of transfer excitation from H2 [39], and
theoretical calculations of single-electron capture from diatomic targets [15,
42, 46]. In figure 5.6, we compare our present measurements with the 0.3 -
1.3 MeV H+ + H2 transfer excitation measurements of Støchkel et al. [39]
and those in paper I. In these plots we have also included fits to the data
(solid red curves) according to (5.9), and vertical dotted lines indicating the
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Figure 5.6: Panels (a)-(d) show the experimental results for the transfer excitation
(TE) measurements for 1300 keV/u - 300 keV/u proton on H2 from paper I. Panels
(e), (f) show the 500 keV/u and 300 keV/u He2+ + H2 double-electron capture results.
Curves represent fits of equation (5.9) to the respective data set. Vertical lines represent
the expected molecular polar orientation resulting in destructive interference,δΦ =
±π as calculated by equations (5.6) and (5.8).

molecular orientations resulting in destructive interference in the straight for-
ward direction,δΦ =±π, assuming that the de Broglie waves originate from
the equilibrium internuclear positions of the molecule and that the influence of
the collision inelasticity on the change in de Broglie wave length is negligible.
We have also included the perurbation strength,Sp = q/vp, of the individual
measurements as reference for the following discussion.

Figure5.6confirms the similarities of the orientation-dependent cross sec-
tion amplitude oscillations of transfer excitation, and the double-electron cap-
ture from H2. Also, as the perturbation strength increases from the top to
bottom panel, increasing deviations between the molecular orientation cor-
responding toδΦ =±π, and actual interference minima are observed. In our
model, this offset is characterized by the phase shift correction parameter,c,
in equation (5.9). One way of understanding the physical meaning ofc is to
relate it to the internuclear distancea, and define an effective slit distanced
according toc ·a = d. This effective slit distance can then be understood as
the separation between the origins of the two interfering wave components
within the framework of this model. In figure5.7 we plot the effective slit
distance,d, versus perturbation strength,Sp = q/vp, and see that for the small-
est mesasured perturbation strengthsd is very close toa = 1.41a0 to gradu-
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Figure 5.7: Effective distance,d, between the two electron transfer regions expe-
rienced by the incoming H+ and He2+ plane de Broglie waves plotted versus the
perturbation strengthSp = q/vp.

ally decrease with increasing perturbation strength. This observed trend of de-
creasing effective slit distances with increasing perturbative strength maybe
attributed to the fact that the electron capture radius increases with increasing
perturbation strength. This broadens the localization of the two capture cen-
ters and thus causes a decrease of the effect of the capture center separation
on electron capture, effectively making the nuclei appear as closer spaced.
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5.3 Paper III: Orientation dependence in fast p-N2

collisions
In this section, we report on measurements of electron transfer in 1.04 MeV
p-N2 collisions accompanied by emission of one or more electrons from the
target nitrogen molecule, and subsequent Coulomb dissociation. The main
features that will be discussed are the kinetic energy releases of the ionized
molecular target and possible interference effects manifested as variations in
the differential cross section with respect to the molecular target orientation.

We have used the COLTRIMS setup, described in chapter4, to measure
the momentum of atomic nitrogen ions created in electron capture reactions
taking place in the overlap between a supersonic gas-jet and a stored, electron-
cooled ion beam in CRYRING. As described earlier in section5.1for molec-
ular hydrogen, the timescales of the collision and the symmetry of the disso-
ciation process enables us to deduce the orientation of the molecule from the
momentum of a recorded ion fragment.

In figure5.8we show the recorded time-of-flight spectrum where the recoil
fragments resulting from the electron transfer experiment are measured in co-
incidence with a neutralized projectile. The clearly distinguishable recorded
peaks in the histogram correspond to singly charged molecular nitrogen ions,
and atomic fragments of charge statesq= 1+,2+,3+ resulting from the col-
lision. The recorded molecular ions are likely the result of valence-electron
capture, since no further ionization or dissociation resulted from those cap-
ture processes. Also, despite the fact that the recoil momentum resulting from
single-electron capture is oriented backwards (away from the foil), it is small
compared to the dissociation energies corresponding to the atomic ion peaks
that the spectrometer extraction voltage is adjusted for. This essentially limits
the molecular ions to trajectories close to the spectrometer axis where most of
them will be blocked by the foil in front of the detector. Thus, the shape and
amplitude of the N+2 peak is a result of the foil and not the physical processes
involved, without the foil this peak would be much higher and also broader.
For the atomic ions, the shape of the capture peak is directly related to the
momentum spread of the captured ions (since we expect azimuthal symmetry
and∆prx ∝ ∆tr , equation (4.4)).

In the data we observe a clear contribution to the total cross section from
charge states up to and includingq= 3+. This is somewhat surprising given
that the timescales involved in the collision and dissociation leaves ample
time for charge to be distributed and likely shared equally on the molecule
after capture and ionization. There are experimental investigations showing
that charge is distributed evenly on covalently bound systems in slow multi-
electron transfer reactions [30], and with XUV sequential multi ionization of
N2 [22]. Thus, our observations of charge states up toq = 3+ indicate that
at least 5 electrons are removed from the target system. The most likely rea-
son for observing these high target charge states although we only capture a
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Figure 5.8: The recorded Time-of-Flight spectrum of the present coincident measure-
ment. The width and amplitude of the N+2 peak is reduced due to the foil covering just
over half the detector.

single electron is the fact that these are fast collisions (vp = 6.45au), and that
the forward scattering capture process dominating the capture cross section
relies on a phase space overlap between the projectile and target bound states.
This implies that electrons with a high velocity expectation value will be fa-
vored for capture. The virial theorem gives the expectation value of the kinetic
energy as equal to the binding energy of a state, which then tells us that the
1s electrons of nitrogen with their ca 400 eV binding energy will be favored
for capture by these fast projectiles over the relatively loosely bound valence
electrons. The core hole states produced in these K-shell captures will then
lead to further charge loss from the system through Auger decay processes re-
sulting in a fast dissociation of the molecule. This type of multiple ionization
resulting from an Auger process following the removal of a K-shell electron
has been discussed previously for photoionization [47], and in a very similar
context but for fast electron transfer collisions in [32].

In figure5.9, we show the momentum distributions of the molecular frag-
ment ions with charge statesq = 1+,2+,3+. An expected overall trend of
these distributions is the fact that the momentum generally increases with
higher charge states, a direct consequence of the Coulomb potentials involved
in the dissociation. The distribution of the singly charged recoil ion fragments
show an interesting structure that most probably is (partly) related to different
electronic states available for the dissociation to progress. Another feature of
these distributions is related to the peak positions corresponding to different
charge states. Since the measurement setup with the foil on the recoil detector
and the dissociation symmetry disables detection of two molecular fragments
corresponding to the same dissociation process, we do not have measurement
data providing information on the charge states of both fragments resulting
from a single capture process. However, observing that one peak in the N+
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Figure 5.9: Distributions of absolute momenta per recoil ion fragment of chargeq=
1+ (black squares), 2+ (red circles), 3+ (blue triangles).

distribution coincides with the maximum of the N2+ distribution, then implies
that the peak in the N+-distribution is correlated to a doubly charged ion in
the dissociation. Also, seeing how the high momentum tails of the triply- and
doubly charged distributions follow each other, tells us that these charge states
are created as parts of the same dissociation process. Thus, there should be an
absence of molecular charge states above five.

In figure5.10we show the differential cross section dσ /dcosθ , whereθ is
the polar angle between projectile direction and the molecular axis, cf. figure
4.4. The orientations corresponding tocosθ ≥ −0.14 should be disregarded
since they are affected by the foil. The singly charged distribution, which dom-
inates the total cross section, displays a significantθ -dependent variation in
the cross section that is∼50% higher for the perpendicular orientation of the
molecular axis compared to the parallel orientation. In the previous investiga-
tions of electron capture and dissociation of a diatomic hydrogen target [39]
and paper I, the observed variations in the cross section could be explained
by interference effects resulting from the well defined change in momentum,
and thus de Broglie wave length, of the projectile resulting from electron cap-
ture at either target nucleus. However, that model relies on the unique gerade-
gerade symmetry of the target electrons in H2 and thus neglects the small
configuration-interaction terms that may contribute with ungerade symmetries
to the electronic wave function. The effect on the expected interference when
interchanging the symmetry of the captured electron is an inversion of the in-
terference pattern [17]. Thus, in the case of N2 where both symmetries are
present, the application of our model previously applied to capture from H2

is not straight forward and can only be argued for in terms of a rather non-
intuitive claim of preference of capture from a specific molecular symmetry,
gerade or ungerade.
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Figure 5.10: The relative differential cross sections dσ / dcosθ . In the absence of
interference effects, the cross section would be independent of the molecular polar
angle against the projectile beam,θ .

The momentum transfer to the projectile due to the electron capture in
atomic units is equal to the change in wave number:

δk=
vp

2
+

Q
vp

. (5.10)

The corresponding phase shift acquired from the electron capture and accu-
mulated from the propagation from one nuclei to the other, given internuclear
separation of nitrogen,a= 2.1 au, is then:

δΦ = δk ·a·cosθ . (5.11)

For the case of valence electron capture, theQ/vp term of equation (5.10)
is neglible and the phase shift resulting from capture at either nuclei would
vary with more than2π when going from a perpendicular to a parallel orien-
tation of the molecular axis measured against the projectile beam. This effec-
tively means that for capture of a gerade valence electron, we should observe
a minima in the cross section for some intermediate angleθ between the per-
pendicular and parallel orientations that would result in higher capture cross
sections. This clearly is not what we observe in figure5.10.

However, capture of an inner shell electron results in something completely
different. Due to the high binding energy, close to 400 eV per core electron, the
Q/vp term is no longer negligible, and the productδk ·a≈ 2.0. This reduced
change in wave number of the projectile is then reflected in a limited change in
the relative phase between the interfering wave components,δΦ, which infers
that given constructive interference atθ = 90◦, the destructive interference
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minima will never be reached for any molecular orientation. What we would
observe is then instead a maxima of the relative cross section atθ = 90◦ and
a progressing lowering of the cross section as we turn the molecule towards
θ = 180◦. This resembles the measured differential cross section of the N+,
where we also have fitted the functionf (cosθ) = A+Bcos(δk ·acosθ). The
ratio between the parametersA andB would then tells us something about
possible preferences for capturing an electron of a specific symmetry. If there
would be a preference for only capturing gerade electrons, thenA = B, and
correspondingly, if only ungerade electrons would be captured, then−A= B,
and if there would be no propensity for either symmetry,B= 0. The fit to our
measurement indicates a relation betweenA andB, according toB = 0.33A
which would indicate a propensity for gerade symmetry when capturing core
electrons in nitrogen. This tentative result is unexpected and calls for further
study.

Another possibility to explain the observed variation in the differential cross
section, dσ /dcosθ , is in terms of steric effects. Due to the high binding energy
of the core electrons of nitrogen, their expected kinetic energy is much higher
compared to e.g. the 1s electrons of hydrogen. This drastically increases the
capture probability of the 1s electrons of nitrogen compared to hydrogen for
sufficiently small impact parameters. Thus, we cannot rule out that geomet-
ric shadowing effects impact the cross section so that the "‘effective area"’
that a projectile would need to hit in order to capture an electron goes down
when the molecular orientation starts to align with the projectile beam, result-
ing in lower cross sections for aligned molecular orientations. In the original
work on p-H2 collisions [39], the question of whether the similar observation
of variations in dσ /dcosθ was caused by steric or quantum-interference ef-
fects were resolved by increasing the projectile velocity. The observation of a
minimum in dσ /dcosθ and the phase shift of the angle at which this occured
proved that the quantum interference picture was correct.Unfortunately, the
experimental equipment is no longer available for us to make another p-N2

experiment at higher energy, which would otherwise resolve this issue.
In order to investigate how the molecular orientation affects the creation

of different atomic ion charge states without relying on any specific model
explaining the observed variation in dσ /dcosθ , we have looked at the ratios
between yields of different charge states at varying molecular orientations. In
figure5.11we show the ratios between yields for doubly and singly charged
recoil ion fragments (upper panel), and triply and singly charged recoil ion
fragments (lower panel). Both plots show a significant increase in yield of
higher charge states for molecular orientations approaching a parallel orienta-
tion compared to the projectile beam (cosθ ≈−1). We ascribe this to a steric
effect with the motivation that high charge states should be the result of cap-
ture and ionization of core electrons from separate atomic cores which should
be more likely if the projectile is enabled to interact with core electrons of
both nuclei, i.e. when the molecular axis is aligned with the projectile beam.
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Figure 5.11: Relative yields for N2+ and N+ (upper panel), and the corresponding
plot for N3+ and N+ (lower panel).

The creation of such two-site core hole states that our data seems to display
is an active area of research using photoionization by free-electron lasers with
recent results reported by Cryan et al. [10].
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5.4 Paper IV: The Thomas process in p-He collisions
In paper IV we present high resolution measurements of the differential cross
sections,dσ/dΩ, of single-electron capture by 1.3-12.5 MeV protons from
helium

H++He→ H0+He+. (5.12)

The high resolution of our measurements, along with an alternative represen-
tation of the differential cross section allows us to measure what appears to be
separate contributions from forward scattering capture and Thomas capture.
Normalizing these results to earlier measurements of the total cross section
for the same reaction, we are able to deduce absolute cross sections for the
Thomas single-electron capture process at the measured energies and for the
first time experimentally verify the asymptotic velocity scalingv−11

p , which
was predicted by L. H. Thomas already in 1927 [41].

The angular differential cross sections of the measured non-radiative single-
electron capture reactions of figure5.12show similar shapes regardless of the
projectile energy. They all have an intense maximum atθ = 0 mrad (referred
to here as the forward scattering peak), and another maximum atθ ≈ 0.5 mrad
(the expected angular position of proton single-electron Thomas capture).

1.3 MeV 

2.5 MeV 

5.0 MeV 

7.5 MeV 

12.5 MeV 

....

Figure 5.12: Absolute differential cross sections dσ / dΩ for 1.3, 2.5, 5.0, 7.5, and
12.5 MeVp + He→ H + He+ non-radiative electron capture collisions plotted versus
projectile scattering angleθ .

In order to find the position and associated uncertainty of the projectile scat-
tering angle that separates the processes corresponding to these two maxima,
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Energy (MeV) σThomas/σNR σThomas(cm2)

1.3 0.020± 0.003 1.9± 0.3× 10−23

2.5 0.040± 0.005 1.3± 0.2× 10−24

5.0 0.082± 0.020 5.6± 1.3× 10−26

7.5 0.092± 0.005 5.8± 0.3× 10−27

12.5 0.135± 0.035 3.7± 1.0× 10−28

Table 5.1: Absolute and relative contributions to the measured cross sections for
the Thomas process,σThomas, compared to all summed non-radiative single-electron
capture processesσNR at the measured projectile energies. Errors are one standard
deviation.

we have chosen to display the cross sections in figure5.12 in an alternative
representation that enhances the visibility of the minima separating the two
capture processes. We thus show dσ /dθ−1[=2π ·θ 2 ·sin(θ) dσ / dΩ] as func-
tions ofθ−1 in figure5.13.

The dashed line of figure5.13indicates theθ =0.32 mrad scattering angle
which we have identified as a reasonable angle at which we may separate the
Thomas-, from the forward scattering process. By integrating the parts of the
cross section above and below this angle, we get the relative Thomas process
cross section results,σThomas, and the sums of all non-radiative cross sections,
σNR given and present in table5.1. The absolute cross sections in table5.1
were then obtained by normalizing to the non-radiative parts of the total cross
sections [5,34,36,48] shown in figure5.14and using an interpolation proce-
dure. As the total cross section measurements in [5,34,36,48] include radiative
capture, the radiative single-electron capture cross section [37] are subtracted
before normalization.

In figure 5.15 we compare scalings with the projectile velocity,vp, for
single-electron capture of the forward scattering process (upper panel) and
for Thomas single-electron capture (lower panel). In order to simplify these
comparisons we have multiplied the cross sections withv12

p in order to take
into account the expected asymptotic high velocity scalings ofv−12

p , andv−11
p

for the forward scattering- and Thomas process respectively. At projectile ve-
locities above 14 au, our measurement results show good agreement with the
expected asymptotic velocity scaling of the Thomas capture process indicated
by the dashed line in the lower panel of figure5.15.
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Figure 5.13: Alternative differential cross section representation dσ / dθ−1 emphasiz-
ing the minima between peaks in the differential cross sections in figure5.12. Vertical
lines indicate the angular position where we separate the peaks and the error estimates
of this position.
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Figure 5.15: Comparisons of the velocity dependencies of the forward (atθ = 0)
and Thomas (atθ = 0.47 mrad) single-electron capture cross sections in H+ + He
collisions. These cross sections are scaled byv12

p . The dashed line in the lower panel
indicates the asymptoticv−11

p velocity scaling of the Thomas single-electron capture
cross section.
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5.5 Paper V: de Broglie wave diffraction and the
Thomas process
The results presented in this chapter reports on detailed features of the differ-
ential cross sectionsdσ/dΩ, dσ/dθ , anddσ/dpp⊥ for

H++He → H0+He+ (5.13)

He2++He → He0+He2+ (5.14)

single- and double-electron capture from He to protons (H+) in the 1.3 - 12.5
MeV energy range and to alpha particles (He2+) at 6.0 MeV, respectively.
Here,θ is the projectile scattering angle andΩ and p⊥ are the related solid
angle and the transversal recoil ion momentum.
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Figure 5.16: a) Time-of-flight spectrum from the 6.0 MeV He2+ + He double cap-
ture measurement without position gates on the recoil and projectile detectors (upper
curve) and with such gates (squares below). The shaded area shows the time-of-flight
gate on the He2+ peak. b) Images from the 6.0 MeV He2+ + He double capture mea-
surement on the projectile detector (upper) and recoil ion detector (lower) illustrating
the background suppression obtained when gating on the He2+ peak in the ToF. The
left panels in b, show projectile (top) and recoil (bottom) detector images without the
ToF gate, and the right panels show the images with such gates. In the right panel the
gates used to generate the lower ToF spectrum in a, are indicated as shaded areas.

The total cross sections of ionization exceeds the electron transfer cross sec-
tion by a factor of109 or more for these reactions and projectile velocities and
thus, several methods of suppressing background had to be implemented. In
figure5.16a, we show the ToF spectrum of the double-electron capture mea-
surement using the time switching technique described in4.4.1. The top trace
shows the raw ToF spectrum, in which the double capture peak is just barely
visible even though we use the very effective suppression of pure ionization
events by the circular foil on the detector center and the time switching tech-
nique. By comparing the amplitudes in the double capture peak of interest to
the avalanche of He+ randoms, it can be seen that the time switching reduces
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Figure 5.17: Absolute angular differential cross sections for 6.0 MeV He2+ double-
electron capture from He (black) and 7.5 MeV H+ single-electron capture from He
(gray). Black and grey arrows indicate expected peak positions of various hypothetical
Thomas capture processes for DC and SC, respectively.

the background level from single ionization by almost two orders of magni-
tude. In figure5.16b, we show detector images from the He2+ double capture
measurement, the top two images show the projectile detector without gates
on the recoil ion detector image and in the ToF (left top panel in figure5.16b),
and with such gates (right top panel in figure5.16b). The gate in the time-of-
flight spectrum on the He2+ peak is shown as a shaded area in figure5.16a.
The bottom two images in figure5.16b show the corresponding information
for the recoil ion detector image with (right) and without (left) gates on the
projectile detector and in the time-of-flight spectrum. The data points (filled
squares) in figure5.16a show the resulting ToF spectrum using position gates
on both detector images as indicated in the right panels of figure5.16b.

In figure 5.17 we show the angular differential cross sections for
non-radiative 6.0 MeV He2+ double-electron capture (DC) and 7.5 MeV H+

single-electron capture (SC). The reason for treating these results as purely
non-radiative is the fact that any small contributions from radiative capture to
the total cross sections at these projectile velocities can be neglected because
of the foil covering the center of the detector suppressing detection of capture
processes with small longitudinal momentum transfer (small momentum
transfer is expected for radiative electron transfer according to equation
(3.11) with n = 0 andQ/vp ≪ vp). The single-electron capture data shows
additional maxima at about 0.5 mrad and 0.75 mrad in addition to the forward
scattering peak. The maximum at 0.5 mrad is expected and predicted by the
Thomas p-e-N mechanism explained in chapter1, whereas the origin of the
maximum at 0.75 mrad is unclear. For the double-electron capture data,
arrows in figure5.17indicate angular positions where different combinations
of Thomas capture processes or Thomas-like capture processes, p-e-N or
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Figure 5.18: Upper panel: Peak positions in dσ /dθ for H+ + He single-electron cap-
ture as functions of projectile energy. Lower panel: Angular widths (FWHM) inθ of
Gaussian peaks fitted to dσ /dΩ as functions of projectile energy.

p-e-e-N (explained in section1), would have their respective maxima in
the cross section. Clearly we cannot isolate these processes in the current
measurement.

In the following discussion, we will refer to the angular position of a peak
in the angular differential cross section dσ / dθ as a characteristic scattering
angle. In the upper panel of figure5.18we have plotted the characteristic scat-
tering angles that we are able to distinguish from the angular differential cross
sections for the single- and double capture measurements and there we have
also included a double capture result by Schuch et al. (filled gray triangles)
for 1.6 MeV He2+ on helium [35]. The plot shows that the first characteris-
tic angles (forward scattering peaks) all lie close to a common angle of 0.08
mrad regardless of projectile energy and the number of captured electrons. The
second characteristic angle only observed in SC is the Thomas process scat-
tering angle and is constant at≈0.5 mrad as expected from theory [41]. The
third characteristic scattering angles which we are able to establish only inthe
measurements with higher statistics - that is for 2.5, 5.0, and 7.5 MeV SC also
seem to have an angular position independent of the projectile energy. In the
lower panel of figure5.18we have plotted the angular widths of the first and
the second characteristic peaks. The forward peaks have approximately equal
widths independent of the projectile energy and the number of captured elec-
trons. The widths of the secondary peaks, however, show a decrease in angular
width with increasing projectile energy. This can be explained by identifying
the fact that for a classical Thomas process, the scattering angle distribution
resulting from a collision between a projectile of massMp with an electron
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initially at rest in the target atom would be a sharp peak atθ =
√

3me/2Mp.
The reason we measure a distributed peak in the angular differential cross sec-
tion of the Thomas process is a direct consequence of the Compton profiles
of the initial and final states of the transferred electron. This then implies that
the the momentum transfer widths of the Thomas peak should be constant re-
gardless of projectile energy, and thus the Thomas angular peak width should
scale asv−1

p .
Knowing the projectile velocities we can calculate the longitudinal mo-

mentum transfers using (3.11), and from the measured scattering angle cross
section distributions and the projectile mass we can calculate corresponding
transversal momentum transfer distributions through (3.5). By defining a char-
acteristic transversal momentum transfer as the peak positions in dσ /dpp⊥, we
can plot the characteristic transversal momentum transfers as functions of the
longitudinal momentum transfers, resulting in the upper panel of figure5.19.
Here we have again included the DC measurement by Schuch et al. (filled gray
triangles) [35]. The thing to note is that all classes of characteristic transversal
momenta (e.g. SC 1st peak, SC 2nd peak, SC 3rd peak, etc.) seem to follow sep-
arate linear scalings. In the lower panel of figure5.19we can see that also the
widths of the forward scattering peaks of SC and DC scale linearly with trans-
ferred longitudinal momentum. For the SC 2nd peak this is a consequence of
the kinematics of Thomas p-e-N single-electron capture. Since the transversal
momentum transfer to the projectile in Thomas single-electron p-e-N capture
is (atomic units)pp⊥p−e−N =

√
3

2 vp [41] and pr‖ ≈ vp/2, (Q/vp ≪ vp), we get
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pp⊥p−e−N =
√

3pr‖ which explains the linear relation between the transversal
and longitudinal momentum transfers for the SC 2nd peak.

However, there are no similarly simple kinematic mappings that explain
the linear scaling behavior between the transversal and the longitudinal mo-
menta for the SC and DC 1st peaks (and SC 3rd peak). Shakeshaft et al. de-
scribe the forward capture process as a single projectile-electron interaction
in the field of the nucleus [37], and the linear scaling we observe between the
transferred transversal- and longitudinal momenta would then imply that the
interaction with the target nucleus increases in strength when the transferred
longitudinal momentum increases. In order to better understand the nature of
the interaction between the projectile and the target nucleus, we first consider
Rutherford scattering between the unscreened projectile and target nuclei, as
discussed by Miraglia et al. [28]. If we use the 7.5 MeV SC data as an ex-
ample, we see that the characteristic scattering angle of the 1st peak would
give an impact parameter distribution peaking at around 0.015 au. This is a
very small impact parameter corresponding to a very well localized projectile
at the time of electron capture. Limiting the location of the projectile at the
time of electron capture would lead to a spread in the transversal momentum
due to the Heisenberg uncertainty principle that would be in excess of 30 au
and thus much higher than the actually measured valuepp⊥ = 2.65± 0.03
au. This clearly demonstrates that unscreened Rutherford scattering cannot be
responsible for the presently observed scattering.

Here, we will instead argue that the measured projectile scattering angle dis-
tributions are due to particle de Broglie wave diffraction dictated by electron-
transfer amplitudes which only have finite values in a region close to the target
nucleus [37]. We will use this picture to deduce related impact parameter de-
pendent electron transfer probabilities,P(b), for the measured electron trans-
fer reactions.

Clearly, this situation is similar to the diffraction of light in a single slit.
Here, however, the optical slit is replaced by rather well localized regions
of comparatively high electron capture probabilities (corresponding to
semi-transparent apertures with variable transmission probabilities). Optical
diffraction may be demonstrated by shining light on a circular aperture or
straight slit opening in an otherwise completely non-transparent screen. For
electron capture, the corresponding situation would be an electron transfer
probability,P(b), described by a discontinuous step function with a constant
value across the surface area of the opening in the screen. Since electron
capture probability depends on continuously varying momentum and position
distributions of the bound target electrons it is of course not realistic to
describeP(b) with a step function.

The optical analogy to a more realistic, continuously varying transfer prob-
ability is a screen with a continuous function describing the position depen-
dent damping of the incoming waveamplitude. The Fourier transform of this
contiuous function then gives the amplitude at different positions behind the
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Figure 5.20: Impact parameter distributions,P(b), deduced from the shapes of the
forward scattering peaks in dσ / dΩ for 1.3-12-5 MeV H+ + He single-electron capture
(full, gray line) and 6.0 MeV He2+ + He double-electron capture (full, black line). The
dotted lines show the step function impact parameter distributions that reproduces the
first diffraction minima at 0.32 mrad for SC and 0.28 mrad for DC.

screen. By assuming that the momentum distribution of the forward scattering
peak is governed by diffraction effects, we can use this Fourier transform am-
plitude mapping to extract information about the electron transfer probability
distributions from our measured cross sectionsdσ/dΩ. This reasoning is in
essence the same as the ones we used in papers I and II, where we discussed
interference of projectile de Broglie waves emanating from a molecular dou-
ble slit.

In figure5.20we show impact parameter-dependent electron transfer prob-
abilities calculated from the forward scattering peak in the measured cross
sections. The solid lines show the distributions resulting from applying the
Fourier transform to the measured cross sectionsdσ/dΩ for scattering angle
intervals:θ ≤ 0.32 mrad for SC, andθ ≤ 0.28 mrad for DC. The dotted lines
show the transfer probability distributions if we assume a step response func-
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measured SC 7.5 MeV

calculated from step function aperture

Figure 5.21: A comparison between the measured cross section dσ / dΩ for 7.5 MeV
SC (gray diamonds) and the corresponding cross section thatwould result from the
step-function impact parameter distribution for 7.5 MeV SCas shown in figure5.20.

tion with cylindrical symmetry, the direct analogue of an optical diffraction
of a hole in a screen, and adjust the radius of the distribution to reproduce
the minima of the measured cross sections atθ = 0.32 mrad for SC, and at
θ = 0.28 mrad for DC. The amplitudes ofP(b), whereP(b) 6= 0, are normal-
ized to the respective non-radiative parts of the total cross sections. For SC,
interpolations between total cross section measurements [5, 34, 36, 48] were
used and for DC a measurement by Schuch et al. [35] were used for normal-
ization .

Note the very small probabilitiesP(b) for these electron capture processes,
which decrease with increasing projectile velocity. Also, the widths are in-
versely proportional to the projectile velocity, a direct consequence of the lin-
ear scaling ofpp⊥ with v‖ (and thus alsovp) and the Heisenberg uncertainty
principle. Another interesting result is to compare the electron capture prob-
ability for DC with SC at similar velocity to see how the number of captured
electrons influenceP(b). The double captureP(b) distribution is more than
two orders of magnitude lower in amplitude and about four times more nar-
row than the one for SC at a similar projectile velocity. Thus, DC appears to be
even more closely localized to the target nucleus than SC at his high velocity.

In figure 5.21we investigate the shape of the cross section corresponding
to the step response aperture of 7.5 MeV SC and compare it to the measured
cross section. It is interesting to note that a secondary diffraction peak in such
a case would have a position close to the Thomas SC p-e-N peak. Could it
then be that the Thomas peak simply is a secondary diffraction maximum?
A strong argument against this is, on the other hand, that the angular posi-
tion of the peak maximum is in agreement with the original classical theory
by Thomas and that the velocity dependence of the corresponding electron
transfer cross section scales according tov−11

p again as predicted by classical
theory [41]. However, the third peak observed for single capture at 0.75 mrad
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cannot be explained by any known (classical) multiple scattering mechanisms.
It thus appears as if there are two competing theories, which as it seems are
not alternative descriptions (classical/quantum mechanical) of the same un-
derlying physical mechanisms.
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6. Summary

Electron transfer between atomic systems in relative motion has been studied
for more than a century and the earliest such studies thus even predate the
advent of quantum mechanics. Today, we know that electronic wave proper-
ties govern the structural properties of atoms and notably that these properties
- through quantum mechanics - give exact solutions for the possible station-
ary states and excitation energies for the hydrogen atom, which only contains
a single electron. From this point of view, it is of course natural to seek to
describe also the much more complicated, dynamical, processes of electron
transfer with quantum mechanics. Particularly, as such processes to large ex-
tents should be governed by the quantum features of the collision partners. At
the same time it is also well known that electron transfer, even in relatively
slow ion-atom or ion-molecule collisions (velocities smaller than typical ve-
locities of the electrons involved), may be described successfully by semi-
classical models in which only the electronic part of the problem is treated
quantum mechanically while the motion of the heavy particles is treated clas-
sically. It is a somewhat surprising circumstance that for fast such collisions
it is usually also necessary to describe the motion of the heavy particles with
quantum mechanics to extract projectile scattering angle differential cross sec-
tions, and the experimental demonstration of this is an important aspect of the
present thesis work.

However, for fast atomic collisions situations exist for which it has been
suggested to use classical descriptions of both heavy and light particle mo-
tion in electron transfer processes. Already in 1927, L.H. Thomas proposed
a billiard like scheme that should be able to account for a substantial part of
the single-electron transfer cross section when very fast protons collide with,
for example, H or He atoms, and that this cross section should scale with the
projectile velocity, asv−11

p for asymptotically high velocities. In this scheme
the active electron, which from the beginning is localised to the target atom, is
considered to be free and at rest. The fast proton then makes a collision with
it such that it scatters on its target nucleus to become bound to the projectile.
This gives a characteristic scattering angle of the resulting hydrogen atom of
0.47 mrad as given by conservation of energy and momentum in these sepa-
rated classical scattering processes. In 1983, Erik Horsdal-Pedersen observed
a small peak around 0.5 mrad which he assigned to the Thomas process and in
2006 Fischer et al. recorded two fully resolved peaks in the angular differential
cross section,dσ/dΩ, for proton-helium collisions at 7.5 MeV with the outer
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peak at a projectile scattering angle of 0.48±0.03 mrad. In this work, we have
extended on the experimental work of Fischer et al. and measured angular dis-
tributions at a range of high energies and extracted the partial cross section for
the Thomas process yielding a velocity dependence very close tov−11

p above
vp = 14 au. This is indeed the very first experimental test of Thomas’ pre-
diction from 1927, made possible through the combination of an ion storage
ring, a cold gas-jet, and a recoil ion spectrometer. It was found that the shape
of the forward scattering peak at 0 mrad did not change with velocity. This
is consistent with a picture in which the electron transfer process is restricted
to smaller regions of impact parameter with increasing projectile velocities
and may be accounted for by considering diffraction of projectile de Broglie
waves. In addition there appears to be weak outer diffraction fringes visible
in the data sets with the better statistics with third maxima appearing around
0.8 mrad. The corresponding secondary maxima coincide with the Thomas
peaks and it is of course impossible to say how large the diffraction contribu-
tions at the positions of the Thomas peaks are. This leaves us with a purely
classical description of electron transfer explaining the here measured veloc-
ity dependence of the Thomas process and its fixed angular position and a
quantum description of diffracted de Broglie waves also accounting for the
main features of the measured angular distributions. It is difficult to see how
these two pictures may be connected. Using the same experimental set-up, we
have also investigated quantum interference effects resulting from formations
of fast hydrogen or helium atoms through electron capture close to either one
of the nuclei when fast protons or alpha particles collide with H2 molecules.
The interference features are shown to depend on the angular orientation of
the H2 target molecule, which may be regarded as frozen during the colli-
sion of a few attoseconds duration. This is accounted for in a simple picture
taking differences in path lengths from the two nuclei and to the screen (H
and He detector) and the wave nature of the heavy particles into account in
a Young type interference picture where the H2 molecule has the role of a
double-slit or, rather, double aperture. We have also investigated interference
effects due to target molecular orientation in fast p-N2 collisions, but further
experimental studies are needed before any conclusion can be made regarding
the possible interference effects in that case. However, from this measurement
we were able to establish an enhanced cross section for multiple ionization
of the target for orientations nearly aligned with the projectile trajectory indi-
cating efficient two-site double N K-shell core hole production. These results
are of interest for comparisons of the decay and fragmentation for sequential
double core hole production in free X-ray electron laser experiments.
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