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ABSTRACT

In recent years, the key role of the projectile coherence properties has been studied
in several ion-atom scattering processes. These studies strongly suggested that cross
sections could be significantly affected by the projectile coherence properties, especially
for fast, heavy ions. In the present study, we used such coherence effects as a tool to
sensitively analyze the few- body dynamics of the scattering process. To this end, we
performed three kinematically complete experiments on fragmentation of H. by 75 keV
proton impacts. A novel approach was used to analyze coherence and interference effects
in the observed cross-sections. The idea was to measure cross sections for coherent and
incoherent projectiles simultaneously under otherwise identical experimental conditions.
In the first experiment, single electron capture accompanied by vibrational dissociation
was studied. Fully differential cross-sections (FDCS) were extracted for a fixed Kinetic
energy release and for two different fixed molecular orientations as a function of scattering
angle. The coherent to incoherent FDCS ratios, which represents the interference term,
revealed two distinct types of interference, single- and two-center interference. In the latter,
an unexpected phase shift of = was found in the pronounced oscillations observed in the
interference term. In the other two experiments, single capture accompanied by excitation
of the second electron to a repulsive state, and Coulomb explosion due to double capture
were studied. No clear signatures of single-center interference were observed for either
process. Two-center interference was identified for dissociative transfer excitation. No =
phase shift was observed for this process. Only a very weak two-center interference

structure at most was found for double capture.
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SECTION

1. INTRODUCTION

The understanding of natural phenomenon requires addressing two fundamental
questions. First, the forces acting between particles need to be understood. There are four
fundamental forces in nature?, namely the electromagnetic, weak, strong and gravitational
forces, which are mediated by the exchange of other particles, the so-called gauge bosons.
This mediation is basically a two-body process, as the gauge bosons can be emitted by only
one particle and absorbed by one particle at a time. Among these forces, the
electromagnetic force is essentially completely understood. Second, we need to know how
systems consisting of more than two bodies develop under the influence of these pairwise
acting forces. A satisfactory answer to the second question would unearth one of the most
fundamentally important and yet unsolved problem in physics, known as the few-body
problem (FBP). The essence of the FBP is that for a system consisting of more than two
mutually interacting particles, the Schrodinger equation (or Dirac equation for relativistic
cases) cannot be solved analytically even if the underlying forces are precisely known.
Thus, theory has to resort to numerical modeling, and these models need to be tested by
detailed experimental data.

With the advent of quantum mechanics, our knowledge of stationary systems on an
atomic level had evolved extensively. Stationary systems are characterized by those states

of a quantum system, which do not change with the evolution of time. For such systems

! Accounting for the unification of the electromagnetic and weak force, at most 3 fundamental forces are

needed.



(e.g., stationary atoms) accurate information can often be obtained by using numerical
methods, like for example, the multi-configuration Hartree-Fock approach [1]. However,
for dynamic few body systems that evolve with time, the FBP represents a much bigger
challenge.

Atomic collision experiments are particularly well suited to test the description of
dynamic few-body systems because of two reasons [2-4]. First, the underlying fundamental
interaction in atomic systems, the electromagnetic force, is essentially completely
understood. In contrast, for nuclear systems, the underlying nuclear force is not nearly as
well understood as the electromagnetic force. Therefore, it is not clear whether experiments
are testing the theoretical descriptions of the underlying forces or of the few body
dynamics. Second, atomic collision experiments investigate systems consisting of small
particle numbers, for which the complete kinematics of each particle involved in the system
can be determined experimentally (kinematically complete experiments). In contrast, solid-
state systems typically deal with particle numbers of the order of Avogadro’s number (Na).
Obviously, for such large particle numbers, it is not possible to perform kinematically
complete experiments. For such systems only statistically averaged or collective quantities
can be measured, which do not provide a sensitive test of the theoretical description of the
reaction dynamics. Hence, a potential lack of understanding of the few body dynamics
could simply be hidden in the statistics over a huge particle number.

Kinematically complete experiments, in which the complete momentum vectors of
all the collision fragments are measured, are critical to advance our understanding of the
FBP as they offer the most sensitive tests of theory. For electron impact ionization excellent

agreement between theory and such experiments for simple one- or two- electron targets



are now routinely achieved [5-7]. On the other hand, the few body dynamics for ion impact
collisions is not nearly as well understood. lon impact experiments are much more
challenging because of the larger projectile mass compared to electrons. This leads to very
small (for fast, heavy ions immeasurably small) scattering angles and energy losses relative
to the initial projectile energy. From a theoretical point of view, one major challenge is that
a very large number of angular momentum states contribute to the scattered projectile state.
The experimental problems were overcome with the development of cold target recoil-ion
momentum spectroscopy (COLTRIMS). Kinematically complete experiments then
became feasible by directly measuring the momenta of the recoil ions and of the ejected
electrons or, for light ions at small and intermediate speeds, of the recoil ions and of the
scattered projectiles [8-11].

In atomic fragmentation experiments, a useful parameter to characterize the nature
of the collision is the perturbation parameter (1), i.e., the projectile charge to speed ratio.
Experimental data were reproduced well by various calculations based on perturbative and
non-perturbative models for a system with small 1) in the scattering plane, which is spanned
by the initial projectile momentum vector and the momentum transfer vector. Even a rather
simple first-born approximation (FBA) model is usually able to reproduce the experimental
data for electron and ion impact collisions with small | [12-14]. Therefore, it was believed
that the collision dynamics in this kinematic region is to a large extent understood even in
the case of ion impact. However, even very sophisticated higher-order theoretical models
[15-17] failed to reproduce the experimental data [18-20] of measured FDCS for ion impact

outside the scattering plane.



Schulz et al. [2] measured the fully differential cross sections (FDCS) for single
ionization of He by 100 MeV/a.m.u. C® jons. The measured fully differential three-
dimensional angular distribution of the ejected electrons is plotted in Figure 1.1(a). The
direction of the initial projectile beam is labeled as po, and the momentum transfer from
the projectile to target is given by . A clear peak structure was observed in the direction
of the momentum transfer (q), the so-called binary peak. Also, another structure, but with
a smaller peak intensity, was observed in the direction opposite to q, the so-called recoil

peak.

Figure 1.1. Three-dimensional angular distribution of ejected electron momenta for
ionization of He by 100MeV/a.m.u. C%*. (a) Experiment (b) 3DW calculations (c) FBA
convoluted with classical elastic scattering.

Very surprising discrepancies between experimental data and fully quantum
mechanical (QM) calculations were found. As an example, Figure 1.1(b) shows a very

sophisticated state of the art calculation, based on the three-body distorted wave (3DW)



approximation [21]. The experimental data were well reproduced in the scattering plane
(blue color plane) in Figure 1.1(a). However, the agreement is very poor outside the
scattering plane. The 3DW calculation predicts a pronounced double peak structure
separated by a distinct minimum at the origin, however, this minimum is almost completely
filled up in the experimental result. Even more surprisingly, a less sophisticated model
shown in Figure 1.1(c), which treats the projectile-target nucleus scattering classically,
yielded a much-improved agreement as it reproduces the filling of the minimum at the
origin between the binary and recoil peak structures. Here, the calculation was based on
the FBA, which was convoluted with classical elastic scattering between the projectile and
the target nucleus [22].

All fully QM calculations reported so far are basically afflicted with the same
discrepancies to experiment. This provokes the question whether all of these models share
the same fundamental problem as the 3DW model [16,21,23,24], which for some reason
does not affect (semi-)classical treatments like the convolution of the FBA with classical
elastic scattering. One property, which all QM models, but not the (semi-) classical
treatments, have in common, is that they all describe the projectiles by delocalized waves,
i.e., as an entirely coherent beam. In other terms, the width of the projectile wave packet is
much larger than the dimension of the target. For electron impact experiments this is a
reasonable assumption as the coherence length is almost always much larger than the target
dimension because of the much larger de Broglie wavelengths of electrons compared to
ions. Thus, the approximation of treating the projectile as a fully coherent wave turns out
to be realistic. However, the commonly applied notion of the projectile to be completely

delocalized might not always be valid for fast and heavy ions. Because of the large inherent



momentum uncertainty for fast and heavy ion impact, the projectiles tend to be more
localized.

The measured cross section could sensitively depend on the projectile coherence
properties. Interference effects predicted by theory might not be observable in experiments
because of a lack of coherence, which could explain the discrepancies, described above.
One possibility to test the role of coherence experimentally is to study processes for which
cross- sections are known to exhibit interference structures in the case of a coherent beam.
Young double-slit type or molecular two-center interference was observed in differential
cross sections for various processes in collisions with molecular targets [25-31]. It is due
to indistinguishable scattering from the two (or more) atomic centers of the molecule. One
cannot distinguish from which center the scattered projectile wave is diffracted; thus, all
contributions must be added coherently, which leads to the observable interference
structure. However, one requirement for such interference to be observable is that the
projectile beam needs to be coherent. In other words, to observe interference the width of
the projectile wave packet, or its transverse coherence length (Ax), must be large enough
to coherently illuminate both scattering centers simultaneously.

The coherence length can be controlled experimentally to some extent by placing
collimating slits at a variable distance from the target before the collision region. In analogy

to classical optics, the following relation gives the transverse coherence length; Ax:

ax = 2(5) )

2a

where L is the distance of the slit to the target, a is the width of the collimating slit, and A

is the de-Broglie wavelength of the projectiles. Depending on the transverse coherence



length of the projectile compared to the dimension of the diffracting object (D), a projectile

beam can be considered localized or delocalized, in other words, coherent or incoherent

respectively as shown in Figure 1.2.

(a)

—— e D) —

(b)
,H_Hﬁ)'[e OR s |
a * p e
? -1{”»}*---]0../ ______
v v \
j<-- L > \

Figure 1.2. lllustration of visibility of molecular two-center interference (a)large L means
Ax > D and interference should be present (b) small L means Ax < D and interference
should be absent.

If the collimating slit is far away from the target such that Ax is larger than D
(Figure 1.2 a), the same projectile wave packet can simultaneously illuminate both
scattering centers. In this case, the diffracted waves from the two atomic centers should be

added coherently; an interference pattern is present. On the other hand, if L is small (Figure



1.2 b), so that Ax is smaller than D only one atom will be illuminated at a time, and no
interference structure will be present.

Since molecular two-center interference was studied as the first test of potential
coherence effects, in the following a brief review is given. It was first predicted in 1960 by
Tuan and Gerjuoy [32] for a charge transfer process and later also by Cohen and Fano [33]
for photoionization. It was experimentally confirmed about 30 years later when the angular
distribution of the fragments produced in dissociation of deuterium by electron capture and
ionization by bare oxygen ion impact was measured [25]. It was observed that deuterium
molecules are more likely to be aligned perpendicular to the incident beam than parallel to
the beam. This feature was interpreted as due to an interference of capture amplitudes from
the two atomic centers. Interference patterns have been reported in further studies of ion
impact ionization of H2 [26-31,34]. However, in many cases, the observed structures were
weak and became evident only after normalizing to theoretical ionization cross sections for
atomic hydrogen.

In analogy to classical optics, the interference term(IT) can be expressed as a ratio

R between the cross sections for the coherent and incoherent beam:

Coherent cross—section
IT=R= @)

Incoherent cross—section

Theoretically, the interference term for molecular two-center interference for fixed

molecular orientation is given by [26,35]

IT =1+ cos(Pye..D) 3

Here, the dot product between the recoil-ion momentum (Prc) and the inter-nuclear

separation vector (D) of the molecule is the phase angle (3) of the interference term.



Recently, two-center interference was reported in measured cross-sections for
dissociative capture [30] and excitation [36] with simultaneous target ionization in
collisions between H?* molecular ions and helium atoms. In both experiments, an
unexpected double slit interference pattern was observed. When this pattern was compared
to the optical double slit, interference minima and maxima were found interchanged. This
observation was explained by the switch in symmetry in the electronic part of the wave
function. This explanation is an application of parity conservation. To conserve the total
parity of the system, the projectile must switch its symmetry to compensate the switch in
the symmetry of the electronic state, and this should lead to a m phase shift in the

interference term. The experimental data were well reproduced by the interference term:

IT=1+ cos(Pyec.D+ ) 4

In the research outlined in this thesis, a similar phase shift in the interference term was
observed in vibrational dissociation of molecular hydrogen by proton impact, although, no
switch in the electronic part of the wave function was involved in the transition. The results
of this experiment will be discussed in the first part of this thesis in journal Paper I.
Two-center interference was used by Egodapitiya et al. [31] to study the effect of
projectile coherence properties in ionization of molecular hydrogen by 75keV proton
impact. Two different coherence lengths were used in the experiment by varying the slit
distance to the target. A large slit distance was set to provide Ax =~ 3.3 a.u., whereas a
smaller slit distance corresponded to Ax = 1 a.u. As the separation of the two atomic
centers, D for the hydrogen molecule is 1.4 a.u., a coherent and incoherent beam was

created by the large and small slit distance respectively. In that work, significant
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differences were observed in the scattering angle dependence of double differential cross
sections(DDCS) between the coherent and incoherent projectile beam. An interference
structure was found only for a coherent projectile beam, but it was absent for an incoherent
beam. The interpretation of these differences as being caused by coherence effects did not
go completely unchallenged. For example, Feagin and Hargreaves argued that they are
merely due to beam divergence effects [37]. However; this assertion was refuted by Sharma
et al. [38], who experimentally demonstrated that the beam divergence was not large
enough to explain the differences observed for the large and small slit distances.
Furthermore, the presence of such coherence effects was confirmed by a series of
subsequent fully differential studies on similar collision systems [39-41] as well as by
theoretical investigations [42-44]. Sharma et al. [39] performed a kinematically complete
experiment for single ionization of Hz by 75keV proton impact for a fixed projectile energy
loss of 30 eV. They measured and analyzed FDCS for the projectile beam with varied
coherence lengths. Here, too, significant and qualitative differences in measured cross
sections were observed depending on the transverse coherence length (Ax) of the projectile
beam. Signatures of two distinct types of interference were seen, namely single- and two-
center interference, by varying different kinematics parameters; however, the FDCS were
not sensitive enough to clearly distinguish between these two kinds of interference. For the
latter, they initially explained interference as due to first- and higher order ionization
amplitudes interfering with each other. They observed that the momentum transfer rather
than the recoil-ion momentum primarily determined the phase angle in the interference

term and a simple model single-center interference term was suggested as,

IT =1+ acos (qs 4b) (5)
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Here, o accounts for damping of the interference due to incomplete coherence, and due to
experimental resolution, Ab represents an effective impact parameter range, and Qi iS
transverse momentum transfer.

However, it was previously believed that the recoil-ion momentum determined the
phase angle in molecular two-center interference. The results of [39] indicated that either
single center interference dominated over two- center interference or the previous
assumption that the recoil-ion momentum primarily defines the phase angle in molecular
two-center interference was incorrect. To address this question, Arthanayaka et al. [40]
studied fully differential cross sections for single ionization of Hz by 75keV proton impact
with the same collimating slit settings but for a higher projectile energy loss of 57eV. The
aim was to more clearly distinguish between single- and two-center interference and to
investigate the nature of the former type of interference.

In that work, the FDCS for coherent and incoherent projectile beam were analyzed
as a function of the azimuthal electron emission angle (¢er) for fixed polar electron emission
angle (0e1) and either fixed momentum transfer (q) or fixed recoil momentum (Prec). In the
case of fixed g, ¢er unambiguously determines the recoil-ion momentum, and in case of
fixed Prec, dper determines g. In the ratio R of coherent to incoherent FDCS for fixed q, a
pronounced interference structure was observed as shown in Figure 1.3(a). This structure
was interpreted as a molecular two-center interference, where the recoil-ion momentum
yields the phase angle. However, the observation that the interference pattern depends on
Prec does not necessarily mean that single-center interference does not play any role. To
study potential contribution from the single-center interference, data were also analyzed

for fixed recoil-ion momentum, i.e., as a function of g. A pronounced interference structure
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was observed as shown in Figure 1.3 (b), which was interpreted as the single-center
interference suggested by Sharma et al. [39]. This experiment demonstrated the importance
of both single and two-center interference in ionization of Hz and fixing either the
momentum transfer or the recoil momentum of the FDCS, respectively, separated both

types of interference structures.

(a) (b)

20 : : : : : : 20

0.0 L L L L L L I 0.0 L L L L L L L
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Figure 1.3. Fully differential cross section ratios between the large and small slit distance
as a function of azimuthal electron emission angle for (a) fixed transverse component of
momentum transfer at 1.4 a.u. and (b) for fixed recoil-ion momentum at 0.2 a.u. The polar
angle was fixed at 35°. The solid curves were obtained (a) from IT = 1 + acos (Prec. D) for
D=14au.and a=0.5,and (b) from IT = I + a cos (quw 4b) for Ab =2 a.u. and a2 = 0.3.

Although the above-mentioned experiments have significantly advanced our
understanding of coherence and interference effects, its analysis is nevertheless challenging
because of the simultaneous existence of both types of interference for molecular targets.
To address this problem, Arthanayaka et al. [41] studied fully differential cross sections
for an atomic helium target with the same projectile beam and collimating slit settings for

a projectile energy loss of 30eV. The motivation was to unambiguously identify single-
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center interference because of the selection of the atomic target. To study coherence and
the interference term in detail, fully differential cross-sectional ratios R were analyzed
(Figure 1.4) for fixed recoil-ion momentum as a function of the azimuthal electron
emission angle (¢el). The structures observed in R were consistent with the single-center

interference term given by Eq. (5).

|
]
‘Imlml&l } |

120 180 240 300 360

¢

]

el

Figure 1.4. Ratios between FDCS for coherent and incoherent beams for precx = 0.2 a.u.
and eel =25° (panel (a)), precx =(0.7 a.u. and eel = 45° (panel (b)), precx =0(.7 a.u. and 99| =
65° (panel (¢)), and precx = 1.25 a.u. and 01 = 65° (panel (d)) as a function @e1. Dotted curves:
first order treatment of the transition amplitude; dashed curves: transition amplitude
includes higher-order contributions in the projectile-electron interaction; solid curves: full
calculation including all higher order contributions.

Qualitatively good agreement was found between the experimental data and

sophisticated time-dependent ab initio calculations [41,45]. In this approach, the projectile
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coherence properties were accounted for by representing the projectile as a wave packet,
where the width reflects the coherence length. Three different variations of this approach
were implemented. In case of the dotted curves in Figure 1.4, only a single interaction
between the projectile and the active electron is accounted for (first-order calculation). In
case of the dashed curves, the model accounted for higher-order contributions in the
projectile- electron interaction (referred to as post-collision interaction or PCI), but higher
order contributions involving the projectile-target nucleus interaction (referred as nucleus-
nucleus, NN interaction) were not. The solid curves represented full time-dependent
calculations, including contributions from both PCIl and the NN interaction. The
calculations shown by the dotted curves in Figure 1.4, which only represents a pure first
order treatment, nevertheless showed pronounced interference structures in the ratios.
Thus, the first-order calculations showed that the initial interpretation of single-center
interference, by Sharma et al. [39] as being due to interference between first- a