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Abstract

The subject of this thesis is experimental studies of electron-transfer processes
in ion-atom collisions at velocities significantly higher than typical orbital velocities
of electrons in bound states of atoms or molecules. The experimental technique
applied combines the high beam intensity of heavy-ion storage rings with a super-
sonic gas-jet target equipped with a recoil-ion-momentum spectrometer. In single-
electron capture to fast protons from helium atoms, we have for the first time
achieved a complete separation of the kinematic and Thomas transfer mechanisms
and are able to perform a quantitative comparison with the many theoretical results
on a much more detailed level than what was previously possible. For the process
of transfer ionization in proton-helium collisions we have determined the velocity
dependence of the Thomas transfer ionization cross section to be the expected v−11

p

when the projectile velocity, vp, is sufficiently high. Further, we have determined
the velocity-dependent probability for shake-off of the second electron from helium
provided that the first one is transferred in a kinematic capture process. Finally, we
have considered collisions between protons and hydrogen molecules. Here we have
found a strong variation in the cross section for transfer and excitation processes
when the angle between the direction of the incoming projectile and the internuclear
axis of the target molecule is varied. The variation can be explained as a result
of quantum mechanical interference related to the two indistinguishable atomic
centers of the molecule.
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Chapter 1

Introduction

In this work, electron transfer in fast ion-atom collisions is studied. Elec-
tron transfer is defined as the transfer of electrons between the colliding
particles (called the projectile and target). When the projectile velocity is
low compared to the speed of the electrons in the target, the collision is
called slow. In such collisions, the electrons have sufficient time to arrange
themselves according to the changing positions of the nuclei. Thus, if at
any time during the collision the internuclear distance is sufficiently small
for electron transfer to take place, this will happen with unit probability.
Electron transfer cross sections for slow collisions are thus determined by
the critical distance for transfer and are of the order of the geometrical size
of the involved particles or larger. We study fast collisions where the speed
of the projectile is much larger than the typical speed of the electrons in the
target. This is the opposite extreme to the case discussed above. Here very
little time is available during the collision for the electrons to respond to the
motion of the nuclei. Also in this velocity range, electron transfer is possi-
ble for all impact parameters smaller than the critical distance. However,
the lack of an efficient mechanism to accelerate the electron from the target
system to the projectile system results in very small electron transfer prob-
abilities. For this reason the cross sections for electron transfer processes in
fast collisions are much smaller than for slow collisions and decrease rapidly
with increasing velocity. The electron in hydrogen has an average speed of
αc = v0 (where c is the speed of light and α ≈ 1/137 is the fine structure
constant) and this is the velocity unit (v0) when atomic units are used. This
means that a collision between a proton projectile and a hydrogen target is

1



2 CHAPTER 1. INTRODUCTION

considered fast if the projectile energy is much above 25 keV.
For an electron to be transfered in a fast collision, a mechanism must

exist that accelerates the electron to a matching velocity. Different mech-
anisms exist and those relevant in this velocity regime are kinematic and
double scattering processes (Thomas processes). The kinematic process can
best be described as a single projectile-electron interaction in the field of
the target nucleus. In the quantum mechanical description of the target
and projectile states there are high velocity tails of the electron wave func-
tion. Transfer is possible due to the overlap between these velocity tails
[SS79]. Hence, we still see capture, even though the projectile speed is much
larger than the typical target electron speed. It is clear that this overlap,
and consequently the cross section for this process, decreases very rapidly
with the speed of the projectile. The predicted asymptotic velocity depen-
dence is v−12

p where vp is the projectile velocity. It is therefore difficult to
investigate this process. For the double scattering processes the velocity
dependence is v−11

p , and so this transfer mechanism gradually becomes rela-
tively more important. The cross sections for the double scattering processes
are, however, also small. Due to the very small cross sections for the pos-
sible transfer mechanisms, an experimental setup with high luminosity is
required to study fast electron transfer processes. With cryring at the
Manne Siegbahn Laboratory we have access to unique experimental condi-
tions where these processes can be studied. With the internal gas-jet target
we can study electron transfer collisions at high projectile velocities and
with good resolution. Hereby we have the opportunity to study fast elec-
tron transfer collisions in detail. In this thesis several new and interesting
results on fast atomic collisions are presented. The results focus on different
aspects of charge transfer from a multi-electron target to a fast proton, and
are all obtained with the same experimental setup, where the main parts
are: a fast proton beam, a neutral gas-jet target, and a recoil-ion momentum
spectrometer.

The experimental setup is described in chapter 2 along with a brief intro-
duction to recoil-ion momentum spectroscopy (rims). This technique allows
for measurements of capture cross sections much smaller than those acces-
sible in single-pass experiments as the storage ring provides a high proton
current. The recoil-ion momentum spectrometer is discussed in detail in
chapter 2. The following chapters describe the experiments and results pre-
sented in the appended articles. In chapter 3 we investigate single-electron
capture (SC) in high-velocity collisions between protons and helium, and
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determine the relative contributions of the Thomas and kinematic mecha-
nisms. Chapter 4 is concerned with the transfer ionization process in which
the proton captures one electron from the helium target atom while the
other electron is emitted to the continuum. The velocity dependence of the
cross section for the Thomas transfer ionization process and the probability
for shake-off of the second electron upon transfer of the first one are among
the important issues considered in that chapter. In chapter 5 we report
the observation of two-center interference in electron transfer and excitation
collisions between fast protons and hydrogen molecules. The interference
manifests itself as a dependence of the cross section upon the angle between
the axis of the target molecule and the direction of the incoming projectile.





Chapter 2

Experimental technique

2.1 Recoil-ion-momentum spectroscopy

We study electron transfer processes in which a fast projectile (a proton)
captures an electron from a neutral gas jet target (H2 or He). The ex-
perimental setup is shown schematically in figure ??. The stored protons
intersect a jet of neutral target atoms or molecules in a small region in which
electron capture collisions may take place. The fast neutral hydrogen atom
(H0) formed in the collision is then detected on a position-sensitive detector
(Projectile detector) 3.2 m downstream. When a particle is registered by
the projectile detector, a time measurement is started. The positive recoil
ion is extracted by a uniform electric field and detected by another position-
sensitive detector (Recoil detector) at the end of the recoil-ion-momentum
spectrometer (rims) [DMJ 00]. This stops the time measurement and the
resulting time-of-flight (TOF) is recorded by a time-to-amplitude (TAC) or
time-to-digital converter (TDC). This coincidence technique is a standard
way to reduce the background. Because the time-of-flight is determined by
mass-to-charge ratio m/q, it is further possible to distinguish between dif-
ferent types of recoil ions (e.g. He1+ and He2+). The capture events are
seen as peaks in the time-of-flight spectrum. By combining the time-of-flight
with the position measured on the recoil detector, it is possible to determine
the velocity vector and thereby the momentum of the recoil ion immediately
after the collision. To illustrate the power of this recoil-ion-momentum spec-
troscopy technique, three examples from this work are given below. None
of these experiments would have been possible to perform without the use

5



6 CHAPTER 2. EXPERIMENTAL TECHNIQUE

TAC StartStop

ADCRecoil detector

Pr
oj

ec
til

e 
de

te
ct

or

Ion beam

Spectrometer
Gas-jet

Resistive anode
z

x

Projectile 
detector

Recoil detector

Figure 2.1: Experimental setup

of recoil-ion-momentum spectroscopy.

Single-electron transfer

Measuring the angular differential cross section for single-electron transfer
from a neutral helium target to a fast proton projectile is usually difficult for
two reasons. A high proton current is needed due to the very small electron
capture cross section, and at the same time a narrow and well defined beam
is needed when measurements are performed only on the projectile. This is a
hard task, as the projectile scattering angles are very small (below 0.6 mrad
and with typical values of 0.1-0.2 mrad) for the projectile velocity range
that we investigate. In this situation, it is better to measure the momentum
transfer to the recoil ion. Since this is a two particle problem, we can deter-
mine the projectile scattering angle by measuring the momentum transfer
to the target. This type of experiment increases the angular resolution and
to illustrate this, the angular differential cross sections measured by the
projectile and recoil detectors are compared in figure ??. The results from
the single-electron capture experiments are discussed in chapter 3 and in the
appended paper I. In the paper we discuss two types of capture mechanisms,
kinematic and Thomas capture. With the recoil-ion momentum method we
are able to separate the two contributions completely for the first time. It
should be pointed out that two different Thomas transfer processes are dis-
cussed in this work, and that the process mentioned here is the so-called
p-e-N process, which stands for proton-electron-nucleus collisions.
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(a) Projectile (b) Recoil

Figure 2.2: Comparison of the scattering angle measured by the projectile
and recoil method. The experiment is described in larger detail in chap-
ter 3. Notice that the resolution with the recoil ion method is much better,
and that we can distinguish between the kinematic and Thomas capture
processes.

Transfer ionization

The transfer ionization process is defined as a process where one electron is
transfered from the target to the projectile and at the same time another
electron is removed from the target atom. For protons on helium this process
can be written as

p+ He → H0 + He2+ + e. (2.1)

Two different transfer mechanisms (described in chapter 4) can lead to trans-
fer ionization: Kinematic capture followed by a shake-off process (KTI),
and Thomas transfer ionization (TTI). With the recoil-ion momentum spec-
troscopy technique we can distinguish between these two processes as the
recoil ion has a momentum of pKTI,‖ = −mevp/2 for KTI and pTTI,‖ ≈ 0
for TTI. This is also clearly seen in figure 2.1, which shows that recoil ions
from the two processes have different positions on the recoil detector. The
KTI ions (which have non-zero momentum) hit the detector to the left,
whereas the TTI ions (with zero momentum) hit the center of the detector.
The Thomas process discussed in connection with transfer ionization is the
so-called proton-electron-electron process (p-e-e).



8 CHAPTER 2. EXPERIMENTAL TECHNIQUE

−15 −10 −5 0 5
−20

−15

−10

−5

Position [mm]

P
os

iti
on

 [m
m

]

KTI TTI 

Figure 2.3: Contour plot of the recoil detector intensity distribution for
transfer ionization showing KTI and TTI. The ratio between the cross sec-
tions for the two processes can be determined, and we measure this ratio as
a function of the projectile velocity. The data shown here are recorded with
a proton energy of 4 MeV.

Molecular orientation

The cross section for electron transfer from an H2 molecule to a proton
as a function of the angle between the molecular and beam axes can also
be measured by recoil-ion-momentum spectroscopy. When the H2 molecule
looses an electron, it is most likely to exist in the electronic ground state
of H+

2 . If, however, the H+
2 ion is formed in an electronically excited state,

dissociation occur on a time scale much smaller than the time scale for
rotation of the molecule. The dissociation takes place along the molecular
axis, and the resulting proton and hydrogen atom fly in opposite directions.
The velocity vector measured by the recoil-ion-momentum spectrometer is
then a direct measure of the orientation of the H2 molecule at the moment
of the collision. In the experiment described further in chapter 5 we use this
technique to measure how the electron transfer cross section depends on the
orientation of the H2 molecule.

2.2 Experimental setup

The experiment takes place at the heavy ion storage and cooler ring (cryring)
[AAB 93] at the Manne Siegbahn Laboratory. The storage ring is equipped
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with a super-sonic internal gas-jet target, and it is the high luminosity of
this combination which allows us to go to higher energies (and thus smaller
cross sections) than hitherto accessed experimentally.

CRYRING

Protons for the experiment are produced in a plasma Nielsen ion source
[Nie57], accelerated to an energy of 300 keV in a linear Radio-Frequency
Quadrupole Accelerator RFQ [SDK 89] and injected into the storage ring.
Several injections are performed to increase the number of stored ions. The
stored ions are then accelerated to the desired collision energy, which for
the present experiments range from 300 keV to 12.5 MeV. By means of the
adiabatically expanded electron beam [DAB 94], the proton beam was cooled
both longitudinally and transversely leading to a reduction in velocity spread
and beam width. The beam width is determined by a balance between
electron cooling and intra-beam scattering and is therefore depending on the
ion-beam intensity. Since the width of the ion beam depends on the current
the same will apply to the overlap between beam and gas jet. This is the
reason that we cannot measure absolute cross-sections in this experiment.
For the present work, the beam widths were in the 1-2mm range as measured
by the beam-profile monitor. This device works by extracting residual gas
ions ionized by the ion beam and projecting them onto a position-sensitive
detector. A width of 0.5 mm is probably on the order of the resolution of
the instrument which is not only determined by the detector resolution but
more importantly by the momentum transferred to the gas in the ionization
process.

Gas-jet target

A high luminosity is achieved not only by a high proton current but equally
by a high target density. Usually high target densities are achieved by letting
ions pass a gas cell, where the collisions can take place. For several reasons
this method cannot be used when the experimental setup is integrated in
a storage ring. The most important reason is that the system should have
large opening so that beams with large diameters can pass during injection.
The large openings gives conductance between the gas cell and the ring, and
this would lead to an unacceptable increase in the background pressure in
the whole storage ring. An alternative is to have a neutral gas-jet target
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Figure 2.4: Gas jet setup. To the right, the measurable increase in the
pressure. If no helium is present in the residual gas, this pressure would
be the same as the Helium partial pressure. The typical total residual gas
pressure in the ring section is about 1 · 10−11 mbar. To the left the diameter
of the skimmers [SCS 97].

[SCS 97]. This is technically more difficult to build, but, if built in the right
way, the gas jet will not lead to a measurable increase in the ring back-
ground pressure. If the jet is formed in a super-sonic expansion, the velocity
spread in the gas jet is reduced. Our gas jet is formed from the super-
sonic expansion from a high pressure (2bar) container through a 30µm hole
into a 10−3 mbar vacuum chamber. In order to increase the density of the
gas in the container, it can be cooled to a temperature around 30 K, but
in most cases the temperature is higher. The gas jet passes four differen-
tially pumped vacuum stages, each connected through skimmers with small
openings. This way a large difference in pressure can be maintained. The
skimmers also define the size of the jet, and with the present set of skimmers
the gas jet is 1.3mm in diameter at the collision point and has a typical den-
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sity of 1011 cm−3. After the jet has passed the collision region it passes three
differentially pumped regions and flies directly into the opening of a turbo
molecular pump. Numerical simulations show that only 1 out of 105 atoms
in the jet is lost to the storage ring background pressure, and we have never
observed an increase in ring pressure due to the gas jet. When the system
was designed, great care was taken to design the nozzle to avoid clustering
in the gas. At the operated temperatures and pressures, no clustering is
present in the gas-jet target.

In recoil-ion momentum spectroscopy we measure small changes in mo-
mentum, and it is therefore vital that the atoms have a small spread in
velocity prior to the collision. In our system the resolution is limited by the
spectrometer and is better than 0.3 a.u. A temperature of 4 K would give
resolution of 0.3 a.u. and thus 4 K is our experimental upper limit on the
temperature. A more realistic value for the jet temperature is well below
1 K. In our experiment, the velocity spread in the gas jet was low enough
not to affect the experimental resolution.

Detectors

Two position-sensitive detectors are used in the experiment. The detec-
tors are constructed from two micro-channel plates (MCP) that are placed
in a so-called Chevron configuration in front of a resistive anode (see fig-
ure ??). The signal from the backside of the second micro-channel plate is
used for the accurate time measurement. This is a signal with a 2 ns fall
time and a constant pulse shape, so using a constant fraction discriminator
will give a good and accurate time measurement. The timing jitter is given
by the micro-channel plate propagation delay, the amplifier noise and the
used timing NIM modules (timing-filter amplifier and constant fraction dis-
criminator). By measuring the amount of charge arriving at each corner of
the resistive anode, the position of the ion can be determined. If two parti-
cles hit the detector within 1 µs the charges from each ion are mixed on the
resistive anode, making it impossible to determine the separate positions.
Therefore a low ion rate on the recoil detector is needed. In the off-line
analysis all events where a second ion hits the detector within this critical
time are disregarded.
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Figure 2.5: Position sensitive detector. The ion enters from the top, passes
two grids that shield the drift tube from the MCP’s. The ions cause an
electron shower from the MCP to hit the resistive anode. The position of
the ion is found from the amount of charge arriving at each corner of the
resistive anode.

Spectrometer

The gas-jet target is built so that the collisions between gas and ions hap-
pens inside a recoil-ion spectrometer. With a recoil-ion spectrometer the
momentum of recoil-ions is measured. This is done by extracting the recoil-
ions from the collision region with a constant electric field. After passing a
field-free drift region the recoil ions hit a detector and their positions can
be recorded (See fig ??). Combining the recoil time-of-flight and position
information makes it possible to calculate the initial velocity of the recoil
ion. By measuring this velocity of recoil ions we can measure the orientation
of a molecule at the time of electron capture (p-H2 see chapter 5), measure
the projectile differential scattering angle (see chapter 3), or identify differ-
ent transfer ionization mechanisms such as kinematic transfer ionization or
Thomas transfer ionization see (chapter 4).

Due to the finite collision volume, two ions with the same start velocities
but different start positions will hit the recoil detector at different position
and at different times. Since it is not possible to determine where in the
collision volume the collision took place, this would lead to uncertainties
in the velocity. Through the design of the spectrometer, it is possible to
correct for the finite collision volume. The method is a combination of ’time
focusing’ [WM55] and ’position focusing’.

Time focusing

The idea behind the method is a spectrometer consisting of an extraction
region with a constant electric field and a field-free drift region. At the end of



2.2. EXPERIMENTAL SETUP 13

11

Gasjet
39mm 78mm

Ionbeam Drift tube
D

et
ec

to
r

(a) Mechanical drawing

S
I
M
I
O
N

(b) Equi-potential surfaces

Figure 2.6: Mechanical drawing (a) and equipotential surfaces (b) for the
spectrometer used in the experiments described in chapters 3 and 5.

the drift region the ions are detected. Assume that two ions in the extraction
region have different distances to the detector. Since the extraction field is
constant the particle closest to the detector will enter the field free region
first. When the second particle enters the extraction region it will on the
other hand have achieved a higher velocity. The length of the drift region
is now to be chosen such that the detector is placed exactly where the fast
particle overtakes the slow one. If the particle travels a distance x in the
extraction region, then, for at small region around this start position, ions
will have the same time-of-flight if the field-free region is 2x. If the particle
has an initial velocity the time-of-flight will be different, and this can be
used to determine the initial velocity as the spectrometer setting can be
chosen so that the shift in arrival time is proportional to the initial velocity.

Position focusing

The transverse velocity components of the recoil ion is found by measuring
the transverse distance that the ions travel in the spectrometer. This dis-
tance divided by the time-of-flight gives the transverse velocity. Since the
gas-jet has a width of 1.3 mm and the recoil ion can be created anywhere
in the region where the ion-beam and the gas-jet overlap, an error is intro-
duced in the measurement of the transverse distance. With an electrostatic
lens it is possible to reduce the effect of having a finite interaction volume.
Unfortunately, it is not possible to have time and position focus at the same
time, but with the help of a numerical ion optics program (SIMION 3d 6.0)
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we have designed and built a spectrometer that is a compromise between
the two type of spectrometers. This spectrometer is described further in
section ??.

Data acquisition

When we register a neutral fast projectile on the projectile detector we start
the measurement (see figure 2.3). This means that we register the four
corner signals from the projectile detector from which we later determine
the position of the projectile. With a time to digital converter (TDC),
we register the time between the arrival of the fast neutral projectile and
the recoil ion on their detectors. We also register the four corner signals
from the first ion hitting the recoil detector right after the fast projectile.
All the information is stored in event-mode for later off-line analysis. In
the experiment with H2, the time from the projectile hitting the projectile
detector to the recoil ion hitting the recoil detector was less that 1µs, and this
would make it impossible to see if another recoil ion had hit the detector just
before the recoil-ion of interest and thereby affected the recorded position
information. Therefore we wanted to delay the timing signal from the recoil
detector for at least 1µs, but we wanted to do so without introducing dead-
time in the system, something which would be the case if a gate-and-delay
generator was used. Instead we used 200m of BNC cable to delay the signal.
Due to the damping in the cable an extra amplifier was needed, but this did
not increase the dead-time of the system.

On a regular basis the date and time was also written to the event file, so
in the case that something went wrong with the experimental setup, these
data could be removed in the analysis.

2.3 Experiment specific spectrometer details

For each category of experiments discussed in the present thesis different
specific properties of the spectrometer needed to be optimized. In the fol-
lowing sections the detailed spectrometer modifications for the different ex-
periments are described.
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Figure 2.7: A schematic view of the data acquisition system.

Time-switched spectrometer

The transfer ionization cross-section for helium is much smaller than the
cross-section for single capture or for single ionization. Therefore, when a
current sufficiently high to perform the transfer ionization experiments is
used, the level of random coincidences will be unacceptably high. The by
far dominating contribution to this background signal is false coincidences
between neutralized projectiles and singly-charged helium ions created in
single-ionization events. Thus, successful outcome of the experiment de-
pends on having a charge-state selection prior to the detection. Our method
to achieve this is to take advantage of the fact that He2+ has a higher veloc-
ity than He+ in the spectrometer (see figure ??). A spectrometer electrode
is put on a high potential so all ions are deflected. Right before the He2+-
ion arrives at this position, the deflection voltage is switched off and all ions
will here after continue toward the recoil detector. The He2+-ion from the
true transfer ionization coincidences will be surrounded by He+ ions, but
due to its higher speed it will reach the detector first. This method reduces
the background to almost zero at the arrival time of the He2+-ions (see fig-
ure ??). For this technique to work well, the spectrometer must be long
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Figure 2.8: Schematic view of the switching spectrometer used in the exper-
iment described in chapter 4.

Figure 2.9: A time-of-flight spectrum recorded using the switched spectrom-
eter. At the time of the transfer ionization (TI) no singly-charged ions can
reach the detector.

enough (in flight time), so that when the He2+-ion hits the detector there
is a small probability for the arrival of He+ ions at the detector within the
next µs. This is due to the relatively slow response of the resistive anode.
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Short spectrometer

The order in which the experiments are treated in the thesis is not the
chronological order in which they were performed. For our first experiment
(the transfer ionization studies), we needed a relatively long spectrome-
ter. This turned out not to be practical in our next project, in which we
needed to detect protons with relatively high energies (up to 10 eV) from
the dissociation of electronically excited H+

2 ions. For this project a shorter
spectrometer with a simpler electrostatic configuration is preferable. We
designed a shorter spectrometer in which the extraction and drift regions
were separated by a grid with a high transmission. The lay-out of this spec-
trometer was inspired by the work of Lebech et al. [LHD02], and refined and
optimized for our purpose by means of electrostatic ion-optics simulations.
This shorter version of the spectrometer was also used in our latest experi-
ments concerning single-electron capture in fast p-He collisions as described
in chapter 3.





Chapter 3

Single electron capture

In charge transfer an electron is transfered from the target to the projectile.

p+ He → H0 + He+ (3.1)

There is great theoretical interest in this process because in a fast collision
the electron has to be accelerated to the projectile velocity. This cannot be
described classically as a single interaction between the projectile and the
electron, and we may therefore expect this system to be an ideal testing
ground for higher order theories.

In a high velocity charge-transfer collision there are as mentioned above
two dominant mechanisms. The first one can be described in a first or-
der perturbation model and is referred to as the kinematic capture. In this
process the transfer is possible due to the overlap in momentum space be-
tween electronic states of the target and projectile. The cross section for
this process decreases fast with the speed of the projectile. The expected
velocity dependence is v−12

p , where vp is the projectile velocity. The other
process is a double scattering process first described by L. H. Thomas in 1927
[Tho27] in a classical picture with two binary collisions, very much like in
figure ??. The process has later also been described in a quantum mechan-
ical framework [Sha74]. In this picture there is first an interaction between
the projectile and the electron. In the collision the electron scatters in an
angle of 60◦ in the forward direction, a scattering in 60◦ is the only binary
collision where an electron with zero initial velocity can be accelerated to
the same speed as the projectile. Because the target nucleus is much heavier
than the electron, the speed of the electron relative to the nucleus will not
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Figure 3.1: By scattering on the nucleus, the electron and the projectile
continues on the same path.

change in the second interaction, where the electron gets a direction parallel
to the projectile. Even though it is a two step process, it can be shown that
the cross section for the process scales as v−11

p , so it falls off less rapidly with
projectile velocity than first order kinematic capture. Since we know how
much momentum that has to be exchanged between projectile and electron
to give the electron the right direction, we can at the same time determine
the projectile scattering angle. The angle is given by θThomas =

√
3/(2mp),

where mp is the projectile mass in atomic units. This angle is independent
of the projectile velocity and equal to 0.47 mrad for proton projectiles.

Ever since the early days of quantum mechanics there has been high
theoretical activity concerning this problem (see paper I for a number of
references). At present, two different theoretical approaches dominate. Two
very recent results for proton-helium collisions at 7.4 MeV are by Abufager
et al. [AFM 05], who based their calculation on the continuum distorted
wave (CDW) approach, and by Ghanbari Adivi and Bolorizadeh [AB04],
who applied the Fadeev approximation.

Experimentally, the Thomas peak has been observed in two different ex-
periments, in proton-helium collisions at 7.4MeV by Horsdal-Pedersen et al.
[HCS83], and in proton-atomic hydrogen collisions at 5 MeV by Vogt et al.
[VSJ 86]. When theory is compared with the results of the proton-hydrogen
experiment, one finds good agreement. When the calculations for the he-
lium target is compared to experiment, the theory has to be convoluted
with the width of the experimental error. After the convolution of theoret-
ical differential cross sections they both agree well with the measurement
by Horsdal-Pedersen et al. The un-convoluted theoretical results are, how-
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Figure 3.2: Placing a foil in front of the position sensitive detector block ions
from single ionization events. Due to the recoil momentum in the backwards
direction, recoil ions from single capture events will not be blocked.

ever, significantly different. There is thus a strong need for an experiment
performed with higher resolution.

3.1 Experiment

We use the recoil-ion-momentum spectroscopy technique described in chap-
ter 2 to study single-electron capture using protons as projectiles and helium
as target. We detect recoil ions in coincidence with neutralized projectiles.
In the collision region a large number of ions are created in single ionization
events. Since the cross section for single ionization exceeds that for electron
transfer by a gigantic factor of the order of 109, we need to discriminate
against those recoil ions to reduce the number of random coincidences. In
ionization collisions very little momentum is transfered to the nucleus, so
these ions will hit the center of the recoil detector. In single capture, conser-
vation of kinetic energy and momentum give that the recoil ion gets a recoil
momentum of pz = −mevp/2 − Q/v ' −mevp, where me is the electron
mass, vp is the projectile velocity and Q is the inelasticity. Thus, the recoil
ions get a momentum in the direction opposite to the projectile direction.
Due to the recoil momentum of the ions we can select recoil ions from single
capture events. By blocking the center of the recoil detector with a foil (see
figure ??) we remove recoil ions from single ionization while still measuring
all the recoil ions from single electron capture (see figure ??). From the po-
sition on the recoil detector and the time or flight information we calculate
the velocity of the recoil ion. As a result of the linear relation between the
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Figure 3.3: (a) Time of flight spectrum. From the positions of the transfer
ionization and single capture peak, a calibration of the velocity component,
vx, along the spectrometer axis is performed. (b) recoil detector image, the
single electron capture peak is clearly positioned outside the foil.

shift in time-of-flight and the velocity component vx (parallel to the spec-
trometer axis), the velocity can be directly calculated assuming a constant
extraction field and a field-free drift region. From the hit-position on the
recoil detector and the time-of-flight one finds the velocity in the vy and vz

directions (orthogonal to the spectrometer axis). These axes are calibrated
since we know the pz component of the recoil ion (pz = −mevp/2). In this
manner we can determined all components of the velocity. In figure ??(a)
we plot the (vx,vy) components of the recoil ion velocity. In the center
we see ions from kinematic capture, and around we see a ring. These are
the Thomas capture events. It is clear that we can identify kinematic and
Thomas single electron capture events. Historically, people have measured
the projectile scattering angle. The projectile scattering angle can be found
from the transverse momentum of the recoil ion, as p⊥projectile = −p⊥recoil.

3.2 Results

From the distribution given in figure ?? we find the angular differential
cross-section, which we can compare directly with the original results by
Horsdal-Pedersen et al. [HCS83]. The comparison is seen in figure ??. In the
experiment by Horsdal-Pedersen et al., the Thomas process can be clearly
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Figure 3.4: To the left is shown the measured distribution of recoil mo-
menta in the plane perpendicular to the beam direction for proton-helium
single-electron capture at 7.5 MeV. The central maximum is the kinematic
capture process while the surrounding ring is due to the Thomas process.
To the right is shown the similar picture using the calculated differential
cross section of Abufager et al. [AFM 05] convoluted with our experimental
resolution.

identified, but due to the experimental width, it is not possible to identify a
minimum between the kinematic- and Thomas capture. In the experiment
presented here and in Paper I, a clear minimum, between the two capture
processes, is observed. In figure ?? we compare two theoretical results. The
first is a CDW calculation made by Abufager et al. [AFM 05] and the second
a Faddeev calculation by Ghanbari Adivi and Bolorizadeh [AB04]. As we do
not measure the absolute cross section we have normalized our data to the
Horsdal-Pedersen total cross section. Both theories are convoluted with the
experimental width of the present experiment. The theories reproduce the
overall features in the experiment. There is a kinematic peak and a Thomas
peak. Also, concerning the position of the Thomas peak both theories and
experiment agree. Both theories show a minimum between the kinematic
and Thomas peaks, and though the depth of the minimum is different for
the two calculation both agree with the experiment within the experimental
error. Concerning the position of the minimum the two theoretical results
clearly disagree. We measure the minimum at a position between the posi-
tions found in the two theories. The height and shape of the Thomas peak
does not fit well with any of the theories. It is interesting that two theories,
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Figure 3.5: Comparison between original data (•) from Horsdal-Pedersen et
al. [HCS83] and our (4) experiment presented in Paper I.

that both describe the proton-hydrogen differential cross section well, give
results that differ from each other and from experiment. We hope that this
improved experiment will spur new calculations.
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Chapter 4

Transfer ionization

4.1 Introduction

As discussed in the previous chapter on single-electron capture, the theoreti-
cal treatment of this process is considerably more complex for the p-He colli-
sion system than for p-H. The mere presence of the second non-active target
electron complicates matters through its screening of the nuclear charge
and through electron correlation effects. In this chapter, we move on to the
transfer ionization (TI) process. In this process both target electrons are
active. One is transferred to the projectile and the other one is emitted to
the continuum

p+ He → H0 + He2+ + e. (4.1)

With this complication added, a full quantum mechanical treatment be-
comes virtually impossible. We shall see, however, that it is still meaningful
to discuss separate mechanisms that are distinguished both in the theoretical
treatment and in the experimental investigation. Two aspects of fast electron
transfer related to the experimentally separable mechanisms (kinematic and
Thomas) from a multi-electron target are investigated: The velocity scal-
ing of the different contribution to the transfer ionization process and the
shake-off probability upon kinematic capture. Earlier work by Mergel et al.
[MDA 97] showed a velocity scaling for the Thomas process differing much
from the one predicted by theory. With our experimental capability it was
our main motivation to investigate the Thomas process at higher collision
energies to establish the asymptotic velocity dependence. The results by
Mergel et al. [MDK 01] also showed that for kinematic capture the proba-
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bility for shake-off kept rising as the velocity of the projectile was increased.
It was another open question for us to answer whether or not this trend
would continue at still higher velocities.

In the previous chapter on single-electron capture we found that, the
value of the longitudinal recoil-ion momentum was dictated by the energy
and momentum conservation laws, independent of the detailed mechanism.
In transfer ionization, this is not the case, as the free electron carries away
momentum. We can therefore use the longitudinal recoil-ion momentum to
identify the transfer mechanism. The transfer mechanisms are, kinematic-
and Thomas transfer ionization.

Kinematic transfer ionization can be described as a single-electron cap-
ture and shake off process, and here the recoil-ions longitudinal momentum
is the same as for single electron capture (pz ' −mevp/2). In the shake-off
mechanism, the second electron is emitted due to the removal of the first
one. There is no direct interaction between the projectile and the second
electron. The way this is explained is that due to the removal of one elec-
tron the screening of the nucleus changes. The second electron is therefore
to be described in the new basis of unscreened eigenfunctions. The ioniza-
tion probability, determined by the projection on to the unbound states, is
called the shake-off probability1.

The other experimentally separable transfer ionization mechanism is the
Thomas p-e-e scattering with an expected longitudinal recoil-ion momen-
tum of zero. Similar to the single capture process, this Thomas process is
also a double scattering process, often compared to a classic billiard game.
For an electron to be captured it must be accelerated to the same speed as
the projectile. In the single capture Thomas process the electron scatters
both on the projectile and on the target nucleus and conserve the speed in
each collision due to its small mass. This is the original Thomas process as
described by L. H. Thomas in 1927 [Tho27]. The Thomas transfer ioniza-
tion process was independently proposed in 1979 by Briggs and Taulbjerg
[BT79] and Shakeshaft and Spruch [SS79]. This model is also a double scat-
tering process, but rather than scattering with the nucleus as in the original
Thomas process, the second scattering is on the other electron leaving the
target nucleus a passive spectator. In this p-e-e Thomas scattering mech-

1To find quantitative agreement with experiments it is not sufficient to take the charge
screening into account, the explicit ground state electron correlation must be considered
[Å70].
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Figure 4.1: Classical picture of the p-e-e Thomas electron transfer process.

anism (see figure 4.1) the first electron is scattered at 45◦ with respect to
the projectile direction. This electron hits the other electron and another
45◦ scattering takes place so that one electron continues parallel with the
projectile, while the other electron now has got so much momentum that
it is no longer bound. It leaves with an 90◦ angle with respect to the pro-
jectile direction, and with the same speed as the projectile. Measuring the
energy and angular distribution of electrons emitted in coincidence with
electron capture was used by Pálinkás et al. [PSC 89] for the first unam-
biguous experimental verification of the existence of the Thomas transfer
ionization mechanism. Thomas described the problem in a classical picture,
but the Thomas processes can also be described by a quantum mechanical
2nd Born term [BT79, SS79]. It is interesting that in the high velocity limit
the 2nd Born term will be larger than the 1st Born. Here we extract the
ratio between kinematic- and Thomas transfer ionization from the longitu-
dinal recoil-ion-momentum distribution. We find, at our highest velocity
(15.2 v0), that the p-e-e contribution exceeds the kinematic transfer ioniza-
tion.

4.2 Experiment and results

The experiment was performed as described in chapter 2, with the use of the
time-switched spectrometer discussed in 2.3 to exclude any random coinci-
dences from single-ionization events. From time-of-flight spectra like the one
shown in figure ?? the relative size of the TI and SC peaks was found and
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from this the ratio of the cross sections for these two processes was deduced
while proper care was taken to account for the different effective detection
efficiencies for He+ and He2+ ions. By relying on a previous measurement
of the total electron capture cross section by Schwab et al. [SBJ 87] the TI
cross section could be found as described in paper II. From the measured
distributions of longitudinal recoil-ion momenta we were furthermore able
to distinguish among the kinematic- and Thomas transfer ionization mech-
anisms as discussed in the introduction to the present chapter. Thus, we
could find separate cross sections for the two different transfer ionization
mechanisms. In figure 4.2 our measured total TI cross sections are plotted
as a function of the projectile velocity together with the equivalent results
for the separate Thomas TI deduced from the recoil-momentum analysis.

Velocity dependence

The measured Thomas TI cross section is found to follow a power-law de-
pendence on the projectile velocity. The line in figure 4.2 is a power-law
fit to the data. The exponent is found to be -10.78 ± 0.27, and this result
is in agreement with the original expectation, which was put forward when
the existence of this mechanism was first proposed by Briggs and Taulbjerg
[BT79]. They predicted that the cross section related to this mechanism
would fall off with projectile velocity as v−11

p . As mentioned in the intro-
duction to this chapter a primary motivation for the present experiment was
to investigate whether this expected high-velocity behavior would indeed be
found in our 1.4-5.8 MeV energy range, or if a scaling closer to v−7.4±1.0

p , as
found for the energy range 0.3-1.4 MeV by Mergel et al. [MDA 97], would
be the outcome. It is a central conclusion of this chapter that we confirm
the theoretically predicted high-velocity limit.

Shake-off

From our TOF-spectra and recoil-ion momentum distributions we may also
extract the ratio of the cross section for kinematic transfer ionization to
the total electron transfer cross section i.e. the probability for the second
electron to be emitted when the first one is captured. Since we expect the
primary mechanism for this emission to be shake-off, we will refer to this
probability as the shake-off probability. The open circles in figure 4.3 are
our measured values for the shake-off probability displayed as a function of
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Figure 4.2: • - The total TI cross section extracted from our TOF-spectra
and the total capture measurement of Schwab et. al [SBJ 87]. ◦ - The sepa-
rate Thomas TI cross section extracted from our measured recoil-momentum
distributions and the above result. The line is a power-law fit to the data,
and the exponent is determined to be −10.78± 0.27.

the projectile velocity. We find that in the range of our measurement (9-15
v0) the probability is roughly constant at a level of 2 % and with a slightly
decreasing tendency.

This is in strong contrast to the findings by Mergel et al. [MDK 01]
at lower velocities (4-7.5 v0). In that velocity range, they found that the
shake-off probability increased rather strongly as shown by the open squares
in figure 4.3. The actual data set shown is not published as such but is
extracted from data found in [MDA 97, MDK 01]. That the data shown
here are correct was confirmed in a private communication with the authors
[SB01]. A tentative explanation for this increase offered by the authors was
that to be able to capture an electron, the electron must have a high velocity
component. It was further argued that due to subtle electron correlation ef-
fect the other electron would then also be fast and consequently ionized with
a high probability, when the first one was suddenly removed in a transfer
process. From this picture, it was then to be expected that the shake-off
probability would increase further upon increase of the projectile velocity.
As our results have later shown this was clearly not the case, and another
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explanation for the maximum in the shake-off probability was needed.
Shi and Lin performed a sudden approximation calculation [SL02] in

search for the explanation of the found maximum. This calculation was
based on the following idea: In order for an electron to be captured, it must
have a specific velocity component at the moment of the collision. What they
did was to fix the velocity of one electron, and then deduce a wave function
describing the other electron with this given condition. The fixed-velocity
electron was then removed from the problem and the wave function of the
remaining electron was projected onto He+ states. The square of the overlap
with the continuum states is then the shake-off probability corresponding
to capture of an electron with the specific velocity in the initial state at
the moment of the collision. The remaining problem is to determine the
relation between the specific velocity needed for the kinematic capture to
become possible and the projectile velocity. In the original papers [SL02,
SFS 02] where comparisons between this model and the few data points from
our group available at the time was first made, it was assumed that the
initial electron velocity needed was simply equal to the projectile velocity.
In papers II and III we have instead followed the description of the kinematic
capture process offered by Shakeshaft and Spruch [SS79] according to which
an electron must have an initial velocity component along the projectile
direction of vp/2 in order to be captured. The full curve in figure 4.3 is
the result of the sudden approximation calculation with the initial electron
velocity component assumed to be vp/2. Though the agreement is far from
perfect, it is fair to say, that this sudden approximation calculation has
offered a very good and plausible explanation for the observed maximum
in the shake-off probability. In their original paper, Shi and Lin further
compared their results with data on photo-double ionization where such a
maximum is also observed, and even there qualitative agreement is found
[SL02].
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Figure 4.3: The probability for electron transfer to be accompanied by shake-
off of the other electron as function of the projectile velocity. � - data by
Mergel et al. [MDK 01]. ◦ - Our results (Paper III). The full curve is the
theoretical result of Shi and Lin [SL02] using half the projectile velocity as
the projected velocity.





Chapter 5

Proton-H2

When Tuan and Gerjuoy [TG60] calculated the capture cross-section from
a hydrogen molecule to a proton, they came to the surprising conclusion
that the total electron transfer cross-section differed from that of two free
hydrogen atoms (2σA 6= σM). They calculated the molecular electron trans-
fer cross-section as a coherent sum of two transfer amplitudes centered on
each atomic center, but to calculate the total transfer cross section they
performed an integration over all molecular orientations. Hence they did
not discover that the cross section depends strongly on the orientation of
the molecule. In 1988-89 several authors [DJM88, SL89, WMR89] published
results showing how the cross section depends on the orientation of the mole-
cule. The variation in cross-section is a consequence of quantum mechanical
interference. Since we cannot determine at which of the two centers in the
molecule the electron was located before capture, we have here a very fine
example of quantum mechanical interference. One of the central equations
in the theory is the following

Afi =
1√
2
{A(b1) +A(b2) exp[−iδ]}

=
1√
2
{A(b1) +A(b2) exp[−iρ cos(θ)αz]}

(5.1)

where Afi is the transfer amplitude from the molecule to the projectile.
A(bi) is the atomic transfer amplitude on center i = 1, 2, bi the classical
atomic impact parameters, ρ the internuclear distance, θ the angle between
the molecular axis and the projectile trajectory, and α the momentum trans-
fer in the electron transfer process (see figure 5.1). This is a coherent sum
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of two transfer amplitudes, where the second one has been multiplied by a
phase factor. How to arrive at this equation will be described later. First
it is worth looking into some of the consequences of adding the two transfer
amplitudes coherently. When the molecule is oriented perpendicular to the
beam direction, the phase difference is zero, and this means that we have
constructive interference and that the cross section is at its highest1. As
the angle θ is changed, the argument for the phase factor increases. The
internuclear distance times the momentum transfer (ρ · αz) determines how
fast the phase changes. When the phase δ = π we have destructive interfer-
ence, and we therefore expect that the capture cross-section depends on the
orientation of the H2 molecule. It is important to stress that the change in
cross-section is not a simple geometrical effect. The picture that the mole-
cule geometrically ’looks bigger’ when oriented perpendicular rather than
parallel to the incoming projectile is not true since the capture probability
is so small. In this intuitive classical picture one would expect the capture
cross-section to be independent of the molecular orientation.

In this experiment we measure how the electron transfer cross section
varies as function of the molecular orientation relative to the incoming beam
direction. We thus need a way to measure the molecular orientation. One
way to achieve this is to focus our attention on events where the molecule
dissociates. When an H+

2 molecular ion is formed in the excited 2pσu state
it will rapidly dissociate into a proton and a ground state hydrogen atom
(H+

2 → H + p). The dissociation is along the internuclear axis and each
fragment gets 8.5 ± 1.6 eV of kinetic energy, where the specific amount
depends on the internuclear distance found at the time of the collision.
With the recoil momentum spectrometer we can measure the full velocity
vector of the proton, and as the dissociation process happens on a time scale
much faster than the rotation time of the molecule, we thereby determine
the orientation of the molecule at the moment of the electron transfer.

The theory behind the fast electron transfer collision from molecules
will be described in Section 5.1, and after that how the experiment and
the analysis were done. This chapter is concluded by a comparison of the
theoretical predictions with the results from our measurements.

1Here we have at assumed that the molecular state is a gerade state, which is the
dominating part of the H2 ground state.
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5.1 Model

Electron transfer from a hydrogen molecule has been described in two dif-
ferent ways; a semi-classical approach [SL89] and a full quantum treatment
[WMR89]. In the former calculation the projectile is described classically
moving on a straight line trajectory, while the electrons in the target are de-
scribed quantum mechanically. In the latter case all constituents are treated
quantum mechanically and the problem is solved using the T-matrix ap-
proach [WMR89]. In the two articles mentioned, the calculations are per-
formed for different energy ranges. Shingal and Lin [SL89] focus on the
1-500 keV energy range and apply a close-coupling method to calculate the
atomic transfer amplitudes. If one replaces these with Brinkman-Kramer
amplitudes and use this model in the same energy range as Wang et al.
[WMR89] one gets the same results [Eid05].

Semi-classical model

The description follows the one given in [SL89]. The model consists of three
parts, first the description of the electron density in the molecule, then the
description of the capture process, and at last the dissociation process that
is needed for the molecule to break up.

The energy range of interest is fast collisions 0.3-1.3 MeV, and in this
range the projectile is much faster than the typical speed of electrons in
the target. The Brinkman-Kramers approximation was used to model the
capture process. It is well known that this model overestimates the total
cross section, but as we measure relative cross sections this is not a problem.

The distribution of the electrons is described by a linear combination of
atomic orbitals (LCAO), which means that a 1s electron is assumed to be
positioned on each of the atomic centers.

Ψi =
1√
2
{φ(rA) + φ(rB)} (5.2)

where φ is the electronic wave function centered on center A,B.
After a capture event the captured electron follows the projectile and

can be described in the following way in the laboratory frame

Ψf = ψf (rP ) exp(iv · r − iv2t/2− iεit) (5.3)

where rP is the position coordinate relative to the projectile. This equation
is described further in [SL89].
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Figure 5.1: Definition of the angles (semi classical picture). We describe the
process in the laboratory frame, with the origin of the coordinate system at
the center of mass of the H2 molecule. The projectile moves in the xz-plane
at a distance b to the z-axis.

The transfer amplitude is given by

afi = 〈ψf |VP |ψi〉 (5.4)

where VP is the interaction.
When this integration is performed the result is the one seen in equa-

tion 5.1. In this semi classical model only the electrons are described quan-
tum mechanically and they are the only objects with a phase and the ability
to display interference effects. The integration of equation 5.4 is performed
separately for each nucleus, and to take advantage of the atomic capture
amplitudes, the coordinate system for the integration is shifted to be cen-
tered on each nucleus. This operation adds a phase term that depends on
how much the coordinate system is shifted in the z direction.

Even though we can measure both azimuthal and elevation angle (φ, θ)
of the molecule in the laboratory frame, we cannot determine where in the
impact parameter plane the projectile passed the molecule. Thus, it is not
possible to determine the azimuthal angle between the projectile and the
molecule. Therefore, when comparing theory and experiment an integration
over the impact parameter plane is performed.
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When an electron is captured from a H2 molecule, the most probable
process is that the molecule remains bound, now in the 1sσg-molecular ion
state. There is a ’proton shake off’ probability of approximately 2% in this
process. After shake off the protons will only have a small momentum, so
they are denoted slow protons. They do not reveal the orientation, and can
therefore not be used in our measurement. To measure the orientation of the
molecule we need energetic dissociation of the molecule, and this takes place
if the molecular ion is transfered to the 2pσu state. Two different mechanism
are availble for the molecular or ion to be transfered to the dissociating
state. In the first mechanism, the electron transfer and excitation are seen as
resulting from independent encounters of the projectile with the two target
electrons one of which is captured and the other one excited.

p+ H2 → H0(1s) + H+
2 (1sσg) → H0(1s) + H+

2 (2pσu) (5.5)

Since this is a two step process, we expect it to become less important at
high velocities. The second process, which we described in the model of
Ostrovsky et al. [OLE 05], takes advantage of the fact that though the total
ground state symmetry of H2 is gerade, the single-electron wave functions
will not be purely gerade-gerade. Due to electron correlation there will be a
small contribution with ungerade-ungerade character. When an electron is
captured from an initial single-electron state with ungerade symmetry, the
total symmetry of the initial state causes the other electron to be promoted
to the dissociating 2pσu in H+

2 . Since this is a one step process, it is expected
to dominate at sufficiently high velocities.

While the description of the interference as stated in equation 5.1 is re-
lated to the capture process, the experimentally observable process includes
excitation. In the two-step model it is thus important that the excitation
process does not show an angular dependence. As it is argued in the origi-
nal papers [SL89, WMR89], the excitation can take place at large distances
and the variation of the excitation process with impact parameter is slow.
The capture happens at small impact parameters, and in this region the
excitation cross section is constant, and any angular dependence must have
been caused by the capture process. In the Ostrovsky model any angular
dependence can be directly linked to the capture process as this is a one-step
process.

In both the Shingal and Lin model and in the Ostrovsky model it is possi-
ble to calculate the angular dependence of the capture from gerade/ungerade
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single-electron states in the molecule. In the Shingal and Lin model capture
from both gerade and ungerade states can lead to dissociation, and since the
gerade part is the most dominating, all calculations have been performed
with this initial state. In the Ostrovsky model only the ungerade part leads
to dissociation and is therefore calculated with these initial conditions. It is
seen that, depending on the initial state, one obtains very different predic-
tions for the angular dependence. In the experimental section we show that
this can tell us which process is dominating in the energy range where the
experiment was performed.

Quantum model

In the model by Wang et al. [WMR89] the T-matrix formalism is used
to describe the electron transfer process. All particles involved are treated
quantum mechanically. The molecule is here also described as a linear com-
bination of atomic orbitals (LCAO), and atomic Brinkman-Kramers ampli-
tudes are used. When the cross section is calculated the atomic T-matrix is
translated, similar to the trick in the previous model, to each atomic center,
and so an extra phase factor is multiplied on the T-matrix, and thereby the
transfer amplitude. The phase difference between the two scattering ampli-
tudes depends only on the momentum transfer(αz), internuclear distance ρ
and the angle θ. As described above, the outcome of the semi-classical and
the quantum mechanical models are the same, but the quantum mechanical
formulation results in a closed formula for the cross-section [WM91]

dσn=1(Z)
d(cos θρ)

= |N |2(2σA
n=1 + σ12) (5.6)

where N is a constant normalization factor and σ12 is due to the interference
between the two outgoing electronic waves.

σ12 = σA
n=1

[
1

192
y5K5(y)

]
cos(αzρz) (5.7)

where K5 is the modified Bessel function of fifth kind, and y = (Z2
M +

α2
z)

1/2ρ⊥. With this formula it is straight-forward to calculate the angular
distribution.

A physical picture of the process is interference between electron cap-
ture from two atomic centers. In the capture process the projectile gains
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the momentum mevp/2 and thus achieves a relative decrease in deBroglie
wavelength of 1/(2 · 1836). If there is another chance to capture an elec-
tron (from the other atomic center) 1836 deBroglie wavelengths further on,
the wave function describing formation of hydrogen at this position will in-
terfere destructively with the wave describing hydrogen formed at the first
atomic center. For a hydrogen molecule aligned with the incoming projec-
tile’s direction one thus finds perfect destructive interference if the deBroglie
wave length is 1.4 a0/1836 = 40.4 fm. This corresponds to a proton energy
of 502 keV. The angular variation can thus be explained by the fact that
the relative phases of the two waves corresponding to capture from the two
centers will depend on the angle.

5.2 Experiment

Much of the renewed theoretical interest in the problem was probably spurred
by experiments performed at J. R. Macdonald Laboratory in Kansas and
later published in 1991 and 1993 [CCF 91, CCF 93]. This experiment is, to
the best of our knowledge, until now the only experiment trying to measure
the described interference effect. This was a single pass experiment, and due
to the low capture cross section for protons, the experiment was performed
with bare oxygen projectiles instead. The higher charge of the projectile
increases the capture cross section by a large factor. In the experiment an
angular dependence of the cross section was observed and qualitative agree-
ment with theory was found in the sense that they observed the largest cross
section when the molecule was oriented perpendicular to the projectile. At
their highest energies they even saw small indications of a minimum in the
cross section located between 0 and 90◦. In a later calculation performed
by Corchs et al. [CBR 96] it is concluded that a model which also takes
the excitation process into account fits the experiment better than a model
including only single capture.

Our experiment is closer to the original formulation and one therefore
expects better agreement with theory. We use the gas-jet target and the
procedure described previously. The energies of the recoil ions, that we
need to measure in order to determine the orientation, are around 8.5 eV.
This is much larger than in the proton-Helium experiments, so to extract
all recoil ions the extraction voltage is increased. A shorter version of the
spectrometer was constructed for this experiment as described in chapter 2.
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We have a simple lens system that allows us to use a lower extraction field,
and thereby get a longer time-of-flight compared to what we would have had
with the longer spectrometer. The time-of-flight is of the order of 1 µs and
the width of the peak is around 50 ns. This means that we need good time
resolution to get an acceptable determination of the longitudinal velocity.
The multi-hit TDC that we had been using so far has fixed time bins of 25

32 ns
so using this could limit the resolution in the experiment. We therefore
extended the data acquisition system with an analog Time-to-Amplitude
Converter (TAC) with a much higher electronic time resolution than the
time focus blur of the spectrometer.

We performed the experiment at two occasions, 300keV and 1MeV dur-
ing one, and 700keV and 1.3MeV during another week. After the first week
we concluded that if we were to go to higher energies we had to deal with
the problem with ions from single ionization. The solution was to cover the
center of the recoil detector with a foil and thereby block all the H+

2 ions
from single ionization. Blocking part of the detector obviously also block
some of the ions of interest, but due to the azimuthal symmetry of the prob-
lem, the excluded events can be compensated for and no real information
is lost. The major advantage of blocking ions from single ionization is that
this allows us to increase the ion current and so the overall effect is a much
higher count rate of ions from the relevant process.

Raw data from the 1 MeV experiment can be seen in figure 5.2. In the
upper panel we see the time-of-flight spectrum, and it is clear that the proton
peak is much broader than the H+

2 peak. This is because of the high kinetic
energy of the dissociation process. In the lower panel the time-of-flight
information is combined with position information from the recoil detector.
We see that the protons (1) cover a large part of the recoil detector. In the
center of the proton peak we observe higher intensity (2) from slow protons
coming from proton shake off. Later we show that we can separate slow and
fast protons (figure ??). At longer time-of-flight we identify intact molecules
H+

2 (3) that are also concentrated in the center of the detector. At all times
we have a constant background in the center of the detector (4) from single
ionization. It is in order to eliminate this background that we insert the foil.

Directly from the time-of-flight measurement we cannot see which process
the proton comes from, but since we measure all three velocity components
we can, from the length of the velocity vector, distinguish between fast
protons from the 2pσu dissociation and slow protons from ground state dis-
sociation (see figure ??).
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Figure 5.2: Fast protons cover a much larger part of the recoil detector area,
and by covering the center of the detector we improve the ratio between
protons from single capture and H2 ions from ionization.

Before we can compare the experimental results and the theoretical pre-
dictions, we need to find a way to normalize the data. To get dσ/d(cos θ)
we count the number of event within a given angle interval, and compare it
to how much area this angle interval covers on the unit sphere. This would
be trivial if we had not blocked part of the detector. The idea is to define
a selection criterion so that we do not count events in the region where the
foil covers the detector. Then we use the same criterion on a randomly gen-
erated dataset with a uniform distribution. Again we find the cross section
by counting the number of events in an angle interval and divide by the
area the interval represents. The criterion is illustrated in figure ??, where
the hatched area is excluded from the analysis. The hatched area is defined
by requiring all recoil ions to have an angle larger than 55◦ with respect to
the spectrometer axis (the conical antigate) and a kinetic energy larger than
approximately 2.5 eV (the spherical antigate).
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Figure 5.3: Density plot for the velocity distribution of protons. On the
horizontal axis, the component of the velocity along the spectrometer axis.
On the vertical axis, the length of the velocity vector in the detector plane.
From the length of the velocity vector one can distinguish between fast and
slow protons. These data are recorded without the blocking foil.

5.3 Results

We have performed the experiment for 4 different energies between 300 keV
and 1.3 MeV. We were able to determine the orientation of the molecules
prior to the electron transfer collision, and we present the results of the
experiment in figure ??. From theory we expect to see a variation of the
capture cross section with the orientation of the molecule, and a variation
is also observed experimentally. It is clearly seen in figure ?? that at all
energies the cross-section is largest when the molecule is oriented perpen-
dicular to the projectile direction. This is as expected from the theory. At
our highest energy (1.3 MeV) we clearly see a minimum in the cross-section
at an angle in between parallel and perpendicular. The full line in figure ??
is calculated from the theory described in the section 5.1, and it is evident
that we measure a smaller amplitude for the variation than predicted. At
our lowest projectile energies the amplitude is not described well by the the-
ory, but at 1.3 MeV the agreement is much better. The theory is developed
for fast collisions and it might be that at our lowest energies, the velocity
is not sufficiently high to make this an appropriate approach. In the theory
section it was mentioned that if the capture happens directly from a gerade
state an extra excitation collision is needed. In figure ??, where theory and
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(a)

(b)

Figure 5.4: Compensating for the foil. Events in the hatched area are ex-
cluded from the analysis. (a) Real data collected at 300keV without foil are
shown for illustration purpose. (b) Simulated data.
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Figure 5.5: Comparison between theory [WMR89] (full line) and experiment
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experiment are compared, we have used the gerade theory. The ungerade
theory has a minimum at 90◦ as the electrons are out of phase from the
beginning, and as the molecules are tilted the phase difference decreases.

Extending the model

The two previously described models are similar in the sense that they only
consider the case of capture to the projectile ground state. It turns out
that this is a rather reasonable assumption. The final state enters into the
theory through the Q value. This situation is analyzed in a paper by Wang
and McGuire [WM91]. When this paper was written the only experimental
results were from an experiment with O8+ [CCF 91, CCF 93]. In this case,
the Q-value of the process is much larger and play a larger role for the
momentum transfer (αz). In our experiment, where protons were used as
projectiles, the variation in Q-value for the different final state of projectile
plays a much less significant role. On the other hand, the energy needed to
reach the dissociating state of the molecular ion is significant. In figure ??
we show the different results of a model assuming that the molecular ion
is formed in the ground and first excited state, respectively. In the model
the internuclear distance is fixed at the equilibrium value of 1.4 au, but as
the ground state vibrational wave function of the H2 molecule has a finite
width, a measurement of the internuclear distance will yield 1.4 ± 0.17 au.
The most intuitive way to approach this problem is to calculate the angular
distribution using a number of different internuclear distances and sum over
all distances with the weight given by the probability to find molecules with
this internuclear distance. This is a classical way of thinking and a more
stringent way to take this into account is to include the internuclear distance
as a quantum mechanical variable in the whole calculation. This has been
done in the model by Ostrovsky et al. [OLE 05]. The result of such a
calculation is that the interference pattern is slightly smeared, but it is a
minor effect. In the figure ?? we include a curve for which the correctQ-value
for excitation is used and at the same time the internuclear distance is varied
according to the H2 vibrational ground state. The difference is marginal,
but this procedure does seem to give the closest agreement between model
and experiment.

From the experiment we see an angular dependence in the cross-section.
For high energies this dependence fits well with the process described in a
model with interference of electron transfer from two atomic centers. We
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Figure 5.6: Results for 1.3MeV protons. The experimental results are shown
together with different results of the model [WMW 93]. The full curve is the
result found by following the original work and using the Q-value corre-
sponding to forming the molecular in the ground state (1sσg). The dashed
curve results when energy needed to excite the molecular ion to the dissoci-
ating 2pσu state is included in the Q-value. The dash-dotted curved results
from also taking into account that the internuclear distance is not constant
at 1.4 a0, but varies according to the wave function for the nuclear motion
in the H2 vibrational ground state.

also conclude that the two step process is the dominating electron transfer
and excitation process in this velocity range.



Chapter 6

Conclusions

By the highly efficient combination of the heavy-ion storage ring cryring
with its internal supersonic gas-jet target and the recoil-ion-momentum spec-
troscopy technique, we are able to measure very small cross sections. This
has allowed us to study electron transfer collisions at significantly higher
velocities than previously used in detailed studies of these processes. For
single-electron capture in proton-helium collisions we have for the first time
measured the position of the minimum between the kinematic and Thomas
mechanisms in the angular differential cross section. This is necessary in
order to discriminate between theoretical results obtained by the continuum
distorted wave (CDW) and Faddeev approximations. For transfer ionization
in the same collision system, we have established, that the high-velocity as-
ymptotic behavior of the cross section for the Thomas transfer ionization
process is indeed the theoretically expected v−11

p dependence. Furthermore,
we have found that the increase of the shake-off probability with projectile
velocity observed at slightly lower collision energies does not continue for
faster collisions. Rather, the shake-off probability is slightly decreasing in
our velocity range. We have also used our technique to investigate two-
center interference effects in electron transfer and excitation processes for
fast collisions between protons and molecular hydrogen. We find a strong
dependence of the cross section on the angle between the molecular axis
and the direction of the incoming proton. This dependence can be directly
interpreted as a consequence of two-slit interference as in Young’s optical
two-slit experiment.
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Chapter 7

The authors contribution

I joined the group in November 2003 at a time when the last measurements
for the transfer ionization project had already been made, and the analysis
was in progress. I took part in the analysis of those results. After the transfer
ionization project, we started the proton-molecular hydrogen project. For
this project we had to change different parts of the gas-jet target setup. Most
importantly, we realized that the spectrometer, which had been used for the
transfer ionization experiment could not be used for the p-H2 experiment as
the energies of the recoil ions were so different. At the ECAMP conference
in Rennes 2004 we found inspiration for a new and shorter spectrometer,
and with the help of a numerical ion-optics program (SIMION), I designed
a spectrometer for the experiment. The spectrometer was later build in
the MSL workshop and inserted in the gas-jet target. I was also in charge
of the improvements made to the data acquisition system and for making
the data analysis software. During experiments I was responsible the data
acquisition, but I was also much involved in connecting the electronics for
the experiment as well as choosing the relevant experimental parameters.
I performed the analysis and wrote the first draft for the p-H2 paper (IV)
and made the preliminary analysis for the single electron capture paper (I).
Beside working on the gas-jet target I was also involved in the C60 activities
located at the beam-line at the Manne Siegbahn ECR ion-source. We use
the same data acquisition system for the C60 and the gas-jet target activities,
so the modifications to the system were helpful for both experiments.
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