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Abstract

The advent of x-ray free-electron lasers (FELs) has added a new twist to the field of
interaction between ultrafast laser pulses and nanoscale matter. The vision to image non-
crystalline targets in flight with atomic resolution in space and time is now within reach.
This thesis explores the laser induced dynamics of clusters with extreme ultraviolet (XUV)
radiation from the FLASH FEL in Hamburg as well as with infrared (IR) laser pulses from a
Ti:Sapphire system. An infrared laser focusing unit and a motorized in-vacuum incoupling
system were designed for the experiments in this thesis. IR and XUV pulses were guided
into the interaction region where they intersect the cluster beam. Large single xenon
clusters were produced in supersonic expansion under extreme conditions reaching a size
range between 10 and 1000 nanometer in radius. A method of coincident single-shot single-
particle imaging and ion spectroscopy was applied, which allows circumventing constrains
of signal averaging due to cluster size distributions and FEL power density profiles. A set
of filtering and sorting algorithms was developed to handle the large amount of collected
data demanded by this method.

The laser-induced cluster evolution is highly dependent on quasi-free electron density and
temperature. Nanoplasma dynamics were investigated dependent on cluster size and ma-
terial composition as well as laser intensity and wavelength to gain insight into their corre-
lation with experimental parameters. Astonishingly similar ion time-of-flight spectra were
found for very different conditions, i.e. metal and rare-gas clusters as well as IR and XUV
radiation. This reveals that very large clusters have universal dynamics in common: only
the outermost atomic layers explode and strong recombination takes place in the inner
core.

For time resolved investigation, a two color pump-probe technique was employed. The
XUV irradiated cluster expanded to a density where the Mie resonance condition was
matched and probed by the IR pulse. The average charge state created in clusters of
well-defined size did not change with FEL intensity. Furthermore, the average charge state
before recombination is derived from analytical calculations using the nanoplasma model.

In a reversed pump-probe scheme the IR-induced expansion was imaged. A plasma-driven
surface melting could be traced in a decreasing scattering signal at large angle. The
verification with basic 2D fast Fourier transforms revealed that the central part of the
cluster stays intact on a picosecond timescale. A slow evolution of the cluster is also
witnessed from ion signal with high kinetic energies, even a nanosecond after IR irradiation.
A novel type of scattering patterns - speckles - traces a slowly expanding neutral core,
driven by the hot electron gas in the nanoplasma. From the average speckle size the
average cluster radius at the time of detection can be gained. A modulation of the speckle
intensity envelope results from a density fluctuation inside the disintegrating cluster. The
key features of the measured speckle pattern could be reproduced in scattering simulations
using a numerical scalar approach.
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Kurzfassung

Die Wechselwirkung von ultrakurzen Laserpulsen mit Nanoteilchen wird gegenwartig in-
tensiv untersucht. Freie-Elektronen-Laser (FEL) im Rontgenbereich erlauben seit kurzem
vollig neuartige Untersuchungen. Durch ihre extrem intensiven Pulse wird es moglich
werden nicht-kristalline Partikel mit rdumlich und zeitlich atomarer Auflésung abzubilden.
Im Rahmen dieser Dissertation wurden Cluster mit extrem-ultravioletter (XUV) Strahlung
des FLASH-FEL in Hamburg abgebildet, sowie laserinduzierte Prozesse in der Probe mit
infraroten (IR) Pulsen untersucht. Fiir die Experimente wurden ein Fokussier- und ein
motorisiertes, vakuumtaugliches Einkoppelsystem entworfen und aufgebaut. In der Wech-
selwirkungszone wurden IR und XUV Pulse mit dem Clusterstrahl iiberlappt. Die Xenon-
cluster wurden in Uberschallexpansion hergestellt und erreichten Gréfen von 10° — 1010
Atomen. Die Methode der Einzelclusterstreuung wurde mit Ionenspektroskopie kom-
biniert, wodurch eine Mittlung der Messsignale iiber die Clustergréflenverteilung und das
Leistungsdichen-Profils des Lasers umgangen werden konnte. Um die enormen Daten-
menge, welche mit dieser Methode einhergeht, zu handhaben, wurden eine Reihe von Filter-
und Sortieralgorithmen entwickeln. Im Einzelnen wurden folgende Ergebnisse erzielt:

Die laserinduzierte Entwicklung des Clusters ist stark abhéngig von der Dichte und Tem-
peratur der quasi-freien Elektronen im Nanoplasma. Die Nanoplasmadynamiken wurden
in Abhéngigkeit von der Clustergréfie und der Laserintensitéit, sowie des Clustermaterials
und der Laserwellenlange untersucht. Die detektierten Ionenspektren weisen erstaunliche
Ahnlichkeit auf, was darauf hinweist, dass sich fiir sehr groBe Cluster die Dynamiken uni-
versal verhalten. Nur die duflersten Atomlagen explodieren vom Cluster ab, wahrend im
inneren Teil Elektronen und Ionen rekombinieren.

Fiir eine zeitaufgelosten Untersuchung wurde die Zweifarben Pump-Probe Technik angewen-
det. Der XUV bestrahlte Cluster wurde zu einer Dichte expandiert, bei der die Mie Reso-
nanz auftritt, welche von dem IR Puls abgefragt wurde. In einer Clustergrofien-abhangigen
Untersuchung konnte der mittlere Ladungszustand vor der Rekombination bestimmt wer-
den.

Durch Umkehr der Pump-Probe Reihenfolge war es moglich die unterschiedliche Zerfallssta-
dien der IR induzierten Clusterexpansion mittels kohérenter Réntgenbeugung abzubilden.
Aus einem Abnehmen der Streusignalintensitéit bei hohen Winkeln konnte ein Abschmelzen
der Cluster-Oberflache gefolgert werden. Das konnte mittels einfacher, schneller 2D Fouri-
ertransformationen bestatigt werden, welche gleichzeitig zeigen, dass der zentrale Teil des
Clusters auf einer Pikosekunden-Zeitskala intakt bleibt. Diese langsame Entwicklung des
Clusterkerns wurde durch Ionensignal mit hohen kinetischen Energien bestétigt - selbst
eine Nanosekunde nach Initialisierung der Expansion. Speckle-Muster in den Streubildern
zeigen den langsam expandierenden neutralen Zentralpart, der in erster Linie durch einen
Anstieg der Temperatur und nur zum geringen Teil durch Coulombkrifte auseinander
driftet. Aus der mittleren Speckle-Grofie lasst sich der mittlere Radius des Clusters zur Zeit
seiner Abbildung bestimmen. Eine Modulation der Einhiillenden der Speckle-Intensitéat re-
sultiert aus Dichte-Fluktuationen innerhalb des zerfallenden Clusters. Durch numerische
Streusimulationen konnten die Hauptcharakteristika des gemessenen Speckle-Bildes repro-
duziert werden.
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Chapter 1

Introduction

The human eye can perceive movies with mircosecond resolution. However, a laser-
irradiated molecule takes only femtoseconds to disintegrate into single atoms. In order
to make this dissociation process visible to the human eye, many single images taken with
femtosecond exposure time and repetition rate need to be played back in a time-laps movie.
The realization of such a molecular movie has been far from reach for a long time. Only
in this century, with the invention of ultrafast, highly brilliant x-ray free-electron lasers
(FELs), imaging of nanoworld objects became feasible approaching atomic resolution in
space and time [1, 2]. First proof-of-principle experiments on solid targets were performed
at the FLASH facility in Hamburg [3, 4]. Soon, they were followed by many others (e.g.
[5, 6]) and the field of femtosecond coherent diffraction imaging and holography evolved.
While high-resolution imaging of fixed solid-state targets was previously possible at syn-
chrotron sources by averaging scattering patterns over a long time range, the imaging
of single, free, unsupported, and thus naturally-grown and non-reproducible samples is
a ground-breaking novelty [7]. From the diffraction patterns it became possible to map
the shape and geometry of nanoparticles [8, 9, 10, 11, 12]. Also, fingerprints of ultrafast
electronic excitation during femtosecond exposure could be read from the scattered light

[10].

However, one single image still does not make a movie. A sequence of independent single-
shot still pictures is needed to resolve atomic motion. In a pioneering x-ray pump /
x-ray probe experiment, the fastest movie in the world was recorded by superimposing
two subsequent x-ray holograms from the same sample on one detector [13]. These were
later disentangled in post processing and resolved the sample at consecutive times. The
experimental setup and reconstructed images are presented in figure 1.1a. A different
approach has to be used to circumvent the complicated process of disentanglement and
to gain an extended time-series of more than two ’photographs’. In an optical pump /
x-ray probe setup, the initiated evolution of separate identical copies of the sample could
be captured in individual pictures at different delay times [14], as presented in figure 1.1b.
With this dynamic imaging method, ultrafast transient states in small particles can be
directly recorded. They can contribute to a detailed understanding of molecular motion
and chemical reactions.

Imaging nanoobjects by femtosecond x-ray scattering can thus not only reveal the geom-
etry and shape of the sample, but also give access to the light-induced dynamics on the
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Figure 1.1: Experimental design and scientific results of two pioneering dynamic imaging experi-
ments on solid targets. a) In x-ray pump / x-ray probe setup (blue and red pulse) two holograms
from the same target are overlapped on one detector and disentangles in post-analysis. From [13].
b) In optical pump / x-ray probe setup (green and violet beam) a series of scattering patterns is
recorded from different targets with the same shape at varying delay times. From [14].

timescale of atomic motion. However, dynamic imaging experiments become increasingly
complicated on unsupported particles. Therefore, this thesis contributes to this field by
investigating electronic excitation and ionic motion of free nanosamples and developing the
experimental techniques required. As object of investigation clusters were chosen. Clus-
ters are well established as nano-labs for laser interaction with finite targets. Due to their
simple electronic and geometric structure, they are intriguing research objects for both
theorists and experimentalists. Intra- and interatomic processes can be identified and con-
tributions from surface and bulk atoms disentangled by tuning the cluster size from several
tens to millions of atom. Time-resolved laser-cluster interaction is studied in this thesis
by investigating the interplay of single large xenon, argon and silver clusters with ultrafast
infrared (IR) and extreme ultraviolet (XUV) pulses. Ultrafast electron excitation, plasma
formation and recombination processes are addressed with elastic light scattering and ion
spectroscopy. To investigate atomic movement on a picosecond timescale, a pump probe
scheme is applied.

The text is organized as follows. The second chapter gives a quick introduction into the
basics of cluster generation, light scattering on nanoobjects, and dynamics arising from



cluster-light interaction. In chapter 3 the experimental setup is described, focusing on
the laser pump-probe setup, the cluster source, and the ion and scattering detectors. The
major part of this thesis is dedicated to the data analysis and results, presented in chapter 4.
Ton spectra and diffraction patterns are examined for insight into nanoplasma dynamics.
Theoretical calculations and simulations strengthen the physical interpretations gained
from the analysis. A short summary and outlook on possible future experiments is subject
to chapter 5.
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Chapter 2

Theoretical concepts and previous
experiments

A comprehensive introduction of the theoretical background of laser-cluster interaction
and an overview of state-of-the-art experiments will be given, to provide a framework for
the investigations of this thesis. First, the mechanism to produce rare-gas clusters in a
supersonic expansion, semi-empirical scaling laws, and the time characteristics of a pulsed
cluster jet are described in chapter 2.1. The key to understanding the functions and char-
acteristics of particles often lies in their structure which can be resolved by imaging with
x-ray scattering. The scattering processes fundamental for coherent diffraction imaging are
addressed in chapter 2.2. Imaging samples by means of x-ray scattering always induces ion-
ization and plasma formation. The nanoplasma evolution and expansion dynamics are the
main topics investigated in this work. Initial ionization and subsequent dynamic processes
occurring within the cluster are subject to chapter 2.3.

2.1 Generation of large clusters in supersonic expansions

Clusters, i.e. aggregates consisting of a finite number of atoms, are well established in
contemporary studies of laser-matter interaction. They bridge the regime between single
atoms and extended solids, since they show solid-like behavior while atomic effects are still
relevant. They allow to research physical and chemical properties as a function of size
and with varying surface to bulk ratio by tuning their size from a few to several millions
of atoms. Rare-gas clusters are often favored in experiments due to their uncomplicated
generation in supersonic nozzle expansion.

Section 2.1.1 focuses on cluster growth processes. The dependence of the cluster size on
experimental parameters and corresponding prediction of cluster size via scaling laws is
subject to section 2.1.2. Since the clusters investigated in this thesis were produced in a
pulsed source, the temporal evolution of a cluster beam in a pulsed expansion is addressed
in 2.1.3.
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2.1.1 Free jet flow and cluster growth

Rare-gas clusters are produced in a supersonic expansion of atomic gas into vacuum. Since
rare-gas clusters have small binding energies Ep;,q in the order of only several meV, low
temperatures Ty are needed (kpTh <Eping) to produce stable clusters. From a reservoir
with low Ty and with high background pressure pg, the gas expands through a nozzle with
diameter d into a vacuum reservoir with significantly lower pressure. In the high pressure
reservoir the thermal atom motion is randomly directed and atom velocities are Boltzman
distributed. The mean free path for an ideal gas is given by

. kgTy
V2.po-o

with Boltzmann constant kp and collision cross-section o. The atomic beam becomes
aligned along the expansion direction by the adiabatic expansion of the gas through a
narrow orifice. If the mean free path is smaller than the nozzle diameter d, the beam into
vacuum is supersonic (A < d)!, which means that the mean velocity v is higher than the
speed of sound c. The random thermal energy is transformed into directed kinetic energy.
Faster atoms transfer parts of their energy to slower atoms via collisions. The resulting
relative velocities of the atoms are small, which is equivalent to a strong adiabatic cooling
of the beam. In the cold atomic beam, the atoms aggregate and clusters will form [15].

A (2.1)

The ratio of stream velocity v to local speed of sound ¢ is also referred to as the Mach
number M = v/c. In the area behind the nozzle the Mach number is larger than one
(M>1), e.g. the expansion velocity is faster than the speed of sound. This area is called
the ’zone of silence’, as indicated in figure 2.1. Outside this zone, shock waves are formed
which reflect the expansion. They are thin non-isentropic regions of large gradients of
velocity, pressure, temperature, and density. To the sides of the supersonic beam they
are referred to as barrel shock. Downstream, the so-called Mach disk delimits the zone of
silence of the gas jet. Its distance from the nozzle exit is given by [16]

2 | po
dy = = - d. 2.2
M 3 Povack ( )

It marks the transition from supersonic flow (M >1) back to subsonic flow (M<1) and
destroys the generated clusters. A differential pumping stage can be used in order to lower
the background pressure and therefore shift the Mach disk further away from the cluster
source. Conical skimmers with sharp and narrow edges are often used to guide the cluster
beam from one pressure stage to the next. The position of the skimmer has to be chosen
carefully. On the one hand, the skimmer needs to be close enough to the nozzle, to be
located within the zone of silence [17]. On the other hand, the skimmer transmission
increases with distance as the mean free path decreases. Therefore, the skimmer needs to
be far enough away from the nozzle, so that A\ > dsrimmer-

In microscopic description, the cluster growth process in the supersonic gas jet starts with
three-body collisions. Two atoms are sticking together and the third one takes the binding
energy away:

A+A+A=A+A" (2.3)

'For A > d the beam is effusive.
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Figure 2.1: Scheme of the supersonic expansion of a free jet, adapted from [16]. Randomly
directed atoms are forced through a nozzle behind which the beam gets directed, relative velocities
are low, and clusters can form. Shockwaves and the Mach disk form a boundary to the vacuum
background. Within the 'zone of silence’ clusters can travel without getting destroyed.

The newly formed dimer is further used as nucleation seed growing by subsequent monomer
addition. The inner energy of the cluster increases with every monomer attached and atoms
evaporate off the cluster to reach thermal equilibrium. The number of atoms in the beam
decreases with ongoing cluster growth, which leads to a lower probability for monomer
addition. Instead, further down the beam, the growth process is taken over by cluster-
cluster coagulation.

The size of the clusters produced is determined by the number of collisions. More specifi-
cally, the growth process dependent on the probability of the collisions and on the duration
of the timespan at which collisions occur. Those are dependent on three parameters: the
backing pressure pg, the gas temperature Ty and the shape of the nozzle. Higher backing
pressure leads to a higher number of collisions in the beam and therefore to more and larger
clusters. A higher temperature leads to a higher beam velocity which results in a lower
collision frequency and therefore leads to smaller clusters [18]. The shape of the nozzle
used for the supersonic expansion is important. Small nozzle orifices lead to a divergent
beam with low collision rates. Less divergent beams have higher directed densities which
favors the nucleation process, so that larger nozzle diameters result in larger cluster sizes.
Throughout the years several nozzle geometries were proposed and examined for efficient
cluster generation. Sonic, laval, conical, and trumpet shaped nozzles were used most com-
monly (see e.g. [19, 20]). The geometry determines the flow field gradients. If it is chosen
such that the gas flow is constricted in transversal direction, the local pressure is higher
and the probability of collision increases [19]. Also the on-axis beam flux is higher [20],
which is especially important for experiments using a skimmer.

Due to the statistical formation process, the final size of the clusters exhibits a broad
distribution. The shape of the size distribution shows an exponential decay at small average
sizes where the production process is dominated by monomer addition. For large average
sizes resulting from the coagulation of larger clusters, the size distribution further evolves
to a log-normal shape. It follows the formulation [21]

Fln) = —— 5" (2.4)
n)=———e 20 .
V2roN

where o is the logarithm of the geometric standard deviation and p is the logarithm of the
geometric mean.
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2.1.2 Cluster size estimation by semi-empirical scaling laws

The size of the produced clusters is determined by the applied gas stagnation pressure py,
the gas temperature T, and the geometry of the nozzle. These parameters together define
the condition for the gas flow and therefore the condition for atom condensation [22]. Semi-
empirical scaling laws were established in order to predict the mean generated cluster size
(N) in dependence on these parameters. The first scaling laws were developed by Hagena
for mono-atomic rare-gas clusters [22] and were later transformed for metals [23]. It was
shown that these simple laws can also be applied to hydrogen-bonded molecular systems
if the correct values of the degrees of freedom f were used?.

A dimensionless scaling parameter I was introduced to correlate different initial expansion
conditions, which result in the same cluster size for the same gas [24]. The scaling parameter
combines the applied gas stagnation pressure pg, the gas temperature 7Ty, and the nozzle
diameter d:

T =po- T3/ g9, (2.5)

The variable ¢ was determined in various experiments and changes for different materials.
For monoatomic gases it holds ¢ = 0.85 [24].

Developing the correlation further, in order to be able to compare cluster sizes from par-
ticles of different gases, a reduced scaling parameter ['* was defined. It includes the char-
acteristic variables r., = ¥/m/p and T.;, = AhJ/kp, where m is the atomic mass, p is the
density of the solid, and AhJ is the enthalpy of sublimation at 0 K:

I =T .03 pla/A=3/2) (2.6)

The parameter I'* is a measure of the degree of condensation in the beam. Therefore,
cluster beams produced from different materials under different conditions but with the
same ['* should have the same mean cluster size (N). In simplified form it can be rewritten
as [25, 26]

po'dq

M=Ky ————
7520/

(2.7)
with pg in mbar, deq in um, and Tj in K. The factor K, is called specific gas constant and
combines all material specific values:

100 - (1076)¢

Koy = . (2.8)
R R

The K., values for rare gases are listed in table 2.1. The increase of the specific gas
constant from helium to xenon implies a higher clustering probability.

Table 2.1: Calculated specific gas constants K, for the rare gases helium, neon, argon, krypton
and xenon, from [25]. A high clustering probability is mirrored by a high K., value.

He Ne Ar Kr Xe
K., || 3.85 | 185 | 1646 | 2980 | 5554

2For monoatomic gases f = 3 and for diatomic gases f = 5.
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The orifice diameter d needs to be replaced with the so-called equivalent nozzle diameter
deq in equation 2.7, to account for different nozzle geometries. The half opening angle « of
the cone is taken into account for conical nozzles. The equivalent nozzle diameter is then
given by

d

tan o

deqg =

(2.9)

The factor G is dependent on the type of gas. For monoatomic gases f G = 0.736 [22]. For
arbitrary gases it can be calculated by [21]

G=05(f+1)"U+D/Af/2 (2.10)

with f the degrees of freedom for the gas and the constant A = 3.22 [27]. In the experiments
performed throughout this thesis a conical nozzle with d = 200 um and o = 4° was used,
corresponding to an equivalent nozzle diameter of de, = 2105 pm.

The mean number of atoms per cluster (N) is deduced from the reduced scaling parameter
'™ by [23]

(NY=C- (158())8. (2.11)

The values for the parameters C' and B change for different size regimes (see table 2.2).
Throughout this thesis only large clusters are addressed® which fall in the regime 10* <I'*
<106.

In the basic assumption that large rare-gas clusters exhibit spherical shape, the mean
radius (R) of the produced clusters can be gained from the mean number of atoms (N) in

the cluster by
(3ma (N3
(R) = <47rp ) (2.12)

with atomic mass m, and solid density p. The expression reduces to (R) = {/(N)-0.24nm
for xenon clusters with p = 3.781 - 10* kg/m?3 and m, = 131.293 - 1.660 - 10727 kg. Figure
2.2 shows the average cluster radii for xenon clusters in dependence on stagnation pressure
and gas temperature, produced with the nozzle applied in the experiment. The vapor
pressure curve is indicated by a white dotted line. Clusters produced from experimental
conditions above the curve are expanded from the liquid phase. If too low temperatures
are applied and the stagnation pressure exceeds the vapor pressure, the gas freezes in the
nozzle and cluster production is disturbed [25]. While the generation of small rare-gas
clusters is mostly uncomplicated, the production of large clusters in a size range of several
ten to hundred nanometer in radius is more challenging. The high stagnation pressure

Table 2.2: Values for the parameters C' and B in equation 2.11. In different sizes range Buck and
Krohne (small) [26], Hagena (medium) [23], and Dorchies (large) [28] found the listed values.

| ][ 350 <I'* <1800 | 1800 <I'* <10* [ 10* <I'* <10°

C 3.84 33 100
B 1.64 2.35 1.8

3po = 9.8 bar, To = 180K, deq = 2105 um, I'* = 2.472 - 10°.
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Figure 2.2: Average cluster radius in dependence on gas temperature and backing pressure for a
nozzle with equivalent diameter of d., = 2105 pm and xenon gas, as calculated from equation 2.11.
With backing pressure the average size increases, while it decreases with higher temperature. The
experimental condition for the experiments described in this thesis is indicated by a star.

needed to produce large clusters leads to poor vacuum. In order to keep the background
pressure low, strong vacuum pumps are needed and cluster generation is often performed
in a pulsed jet instead of a continuous jet.

2.1.3 Temporal profile of a pulsed cluster jet

In a pulsed cluster jet, the concentration of the beam changes in time and space. Good
knowledge of the temporal profile of the cluster jet is necessary to predict the generated
cluster size. Up to date, two major studies investigated the temporal profile of pulsed jet
[29, 30] and will be introduced in the following.

In the first study [29], the cluster flow of ensembles of xenon clusters in a pulsed expansion
were investigated with the Raleigh scattering method for three different source geometries.
One configuration had no reservoir between valve and nozzle and the other two had a small
(15 mm?) and a large (38 mm?) reservoir respectively. As presented in figure 2.3 a, the time
resolved spectra from xenon clusters show one plateau for the source without reservoir and
two peaks for the geometries with reservoir. The second peak presumably results from
larger clusters forming late in the pulsed beam. Apparently large clusters mainly grow
if a preroom is present. It was interpreted by the authors that the gas remaining in the
preroom after valve closing can serve as condensation nuclei upon a second reopening of
the valve.

In the second study [30], a similar temporal behavior was found but a different explanation
for the underlying physical processes was used. In an experimental setup similar to the one
presented in this thesis in chapter 3, single large xenon clusters were investigated with x-
ray scattering method allowing to precisely determine the radius of every detected cluster.
The size of the preroom in the source was kept constant but the expansion conditions
were varied from large clusters (case A), over medium sized clusters (case B), to atomic
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Figure 2.3: a) Temporal jet profile for ensembles of xenon clusters produced in sources with
different preroom (reservoir between valve and nozzle) sizes. From [29]. The Rayleigh scattering
signal gives information about the size and amount of xenon clusters in the beam. Two plateaux
are visible in the graph taken with a large and small preroom respectively, while the spectrum taken
with a source without preroom shows only one plateau. b) Temporal jet profile for single xenon
clusters. From [30]. The second plateau in the atomic case hints towards a valve rebounce. The
large cluster size at the end of each plateau in case A and B respectively, indicate that the cluster
size is independent of the rebounce but results from the closing of the valve.

beams. The temporal profiles presented in figure 2.3 b show a broad plateau followed by
a pronounced peak for all three cases. The second peak in the atomic case identifies that
the valve opened twice due to a rebounce, since here the second peak cannot result from
large clusters late in the beam.

In case A, two additional small peaks are present following the plateau and the major peak.
The scattering experiment on single clusters makes it possible to determine the cluster size
directly. It shows that in these small peaks only large clusters are present, e.g. that they
appear late in the beam before the closing of the valve. A pressure shock wave arising from
the valve closing might shift the initial expansion conditions towards much more extreme
values, leading to larger clusters. Condensation in the preroom seems to be rather unlikely,
as the gas temperature in front of the nozzle throat is still high. Hence, the large clusters
detected at late times in the temporal profile can also appear if the valve does not exhibit
a rebounce.
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2.2 Basic concepts and previous results for light scattering
on clusters

For the investigations in this thesis, clusters of different size and shape were illuminated by
highly intense laser pulses. For a profound understanding of the underlying processes, this
chapter gives an introduction to light propagation in matter. In section 2.2.1, the funda-
mentals of absorption and refraction are discussed. This approach is complimented by the
microscopic treatment of light scattering. The basic concepts of elastic light scattering are
for simplicity firstly described by scattering on free electrons and electrons bound to atoms.
The formalism is later extended to multi-atomic particles. Afterwards, coherent diffrac-
tion on finite targets is introduced, distinguishing between optically thick and optically
thin objects. The second part (chapter 2.2.2), concentrates on diffraction and scattering
from spherical particles. Starting with Fraunhofer diffraction from a single aperture, the
system is subsequently extended to arbitrary two-dimensional shapes. Then, Mie theory for
three-dimensional spheres is highlighted shortly, including properties of matter. Finally, in
section 2.2.3, several previous experiments using light scattering on clusters are reviewed.
They have made use of this method in order to study the geometry and light-induced
dynamics of clusters.

2.2.1 Fundamentals of light propagation

This section gives a short introduction into the fundamentals of light propagation. For
a more detailed description the reader is referred to the literature [31, 32, 33]. Light
propagation is described by the Maxwell’s equations which are expressed in differential
form as [34]

V-D = p
V-B = 0
0B
VxE = ——2° (2.13)
oD
VxH = J"‘E

where D is the electric displacement, B is the magnetic induction, F is the electric field
vector, and H is the magnetic field vector. p and J are the free charge density per unit
volume and free current density per unit area respectively. Monochromatic solutions to
the Maxwell equations are plane harmonic waves. The electric field amplitude of a linearly
polarized, electromagnetic plane wave is expressed as [33]

E(r,t) = Eye'kr=t) (2.14)

where 7 indicates the position, w the light frequency, and ¢ the time. The wave vector
k is related to the wavelength A\ by |k| = 27/A. The amplitude of the wave oscillates
sinusoidally and the phase of the wave ¢ = kr — wt indicates the instantaneous state of
this oscillation at point r.

In free space in the absence of any charges, e.g. in vacuum, the Maxwell equations can be
rearranged to derive the homogeneous wave-equation for the electromagnetic field in scalar
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form [35]

O*E
ot
The permittivity of free space g and the magnetic permeable g can be expressed in terms
of the phase velocity for propagation in vacuum, e.g. the speed of light, as ¢ = 1/,/fo€o.

V2E — oo = 0. (2.15)

Wave propagation in medium - index of refraction

If a wave is propagating through a medium instead of vacuum, the materials’ refractive
index n has to be taken into account?. In this case, the phase velocity is vp = ¢/n, or in
terms of the wave frequency v, = w/k, which leads to the dispersion relation k = wn/c.
The complex refractive index describes refraction and absorption of a material and is often
written as [33]

n=(1-0)+ip. (2.16)

The real part accounts for the change in phase velocity of the propagating wave compared
to that in vacuum and the imaginary part accounts for the attenuation of the wave propa-
gating through medium. Based on the electric field amplitude of an electromagnetic wave
in vacuum (2.14), the plane wave solution for the Maxwell equations in dielectric isotropic

medium holds ' '
E(’I", t) _ Eoez(kr—wt)ez(l—S)kr—Bkr‘ (217)

This solution consists of a superposition of two plane waves, one in vacuum and one in the
medium of the refractive index n.

In a medium, due to absorption the wave amplitude decreases exponentially with increas-
ing distance in the direction of propagation. The decay of intensity is described by the
Lambert-Beer law as I = Iy-e #?® with Iy the incident beam intensity, x4 the linear absorp-
tion coefficient, and d the thickness of the material. The imaginary part of the refractive
index is related to the linear absorption coefficient via p = 2k3 = 47w3/A. The intensity
decreases by a factor of e over a distance [33]

1 A

laszfzi
T Anp

also denoted as penetration depth into a thick material.

(2.18)

The refractive index of a medium is dependent on the light frequency. Close to atomic
resonance frequencies the imaginary part § is larger, which implies that the attenuation is
stronger there, due to an increased absorption probability. For optical light, n is typically
larger than 1, while in the extreme ultraviolet regime it is usually close to but slightly
smaller than 1. On the microscopic level, a photon absorbed by an atom transfers its
energy to an electron, which in turn is transferred into an excited bound state or a free
state above the ionization potential. If the photon is not absorbed it is either transmitted
or scattered. Therefore, even though they are different processes, absorption and scattering
are not independent and the factors § and 3 are related®.

*Note that in vacuum n = 1.
5The real and imaginary part of the refractive index delta and beta are connected by the Kramers-
Kronig-relations (see for example [35]), relating the processes of absorption and scattering.
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If a free propagating wave impacts on an interface to a medium, the wave is scattered at
many scatterers within the material. The superposition of all scattered waves gives the
reflected wave. It is moving with phase velocity v, towards one direction, given by the
Snells law: cosa = ncosa/, where o and o' are the incident and the refracted angle [33].
In all other directions the scattered amplitudes result to zero. Hence, the real part of
the refractive index relates the angles of incidence and refraction when the plane wave is
refracted at the interface between free space and medium.

A scattered wave exhibits a relative phase shift respective to the incoming wave given by
32]

Ap = QL)\(SAT. (2.19)
If (1 —9)>1, the incoming and outgoing waves are in phase. If the the real part of the
refractive index is smaller than unity, both waves are not in phase and the phase velocity
inside the medium is larger than the speed of light®. This leads to the phenomenon of total
internal reflection. In a scattering experiment, however, the phase cannot be detected,
since only the scattered intensity is recorded, which is the modulus squared of the electric
field amplitude

I=|E(rt) (2.20)

Elastic wave scattering

In this section the scattering probability of free electrons will be acquired. In a classical
approach an impacting electromagnetic wave forces a free electron to oscillate. The
electronic charge accelerates in the external field and its oscillating motion can be described
by the Lorentz force —eFE. An electric dipole is produced. Upon its vibration the electron
acts as a source and radiates a scattered wave. The electron acceleration is derived by
Newtion’s equation of motion mea(r,t) = —eE(r,t), where m, is the electron mass. With
this and Maxwell’s equations (2.14), the radiated field is deduced to [35]

e2

1 .
= Ey sin fe'kr—t) (2.21)

E(ri)=-——°
(%) dmegmec?

e2

with scattering angle # and the classical electron radius r. = Treomo®

For linearly polarized light, the intensity distribution of the scattered wave from the dipole
induced by the oscillating electron dipole is depicted in figure 2.4. It is doughnut-shaped
with a central hole in direction of the oscillation. A measure to characterize the strength
of the scattered field is the total scattering cross-section o. It is defined by the ratio of the
average total power radiated by an oscillating electron P to the average incident power S:

P
o= = (2.22)
S|
For a single free electron it holds o = §7r2, which is also denoted as Thomson cross-section.

The amplitude of the light scattered by a single atom can be given in fractions of the
scattering amplitude of a single free electron. The ratio of scattering amplitude of an atom

5The group velocity however is still smaller than c.
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Figure 2.4: Donought-shaped intensity distribution of the radiation from a dipole which is induced
by an electron oscillating in an electric field. From [32]. The central hole lies in direction of the
oscillation a.

to the scattering amplitude of a free electron is given by the complex atomic scattering
factor f(q,w). It is dependent on the light frequency and the scattering vector ¢ = kyyt—kin,
with |g| = 2|k|sin(6/2) = 4w /X -sin(f/2). In spherical coordinates the scattering vector is
composed of [36]

gz = q-cos(f/2)cos(p),
qy = q-cos(0/2)sin(p),

) (2.23)
g = —q-sin(0/2) (m>6>0;21 > ¢ >0)

The atomic scattering factor accounts for the fact that the electrons in the atom are bound
and have different contributions to the scattering signal. It introduces binding forces and
damping and is composed of a real and an imaginary part f(q) = f'(w) — f”(w), where
f(w) accounts for the binding of electrons to the atom and f”(w) for the absorption of
photons. The field radiated from an atom is given by [33]

E(r,t) = —%f(q,w)Eo sin fe'(kr—wt), (2.24)

Hence the total scattering cross-section for an atom is o = %7?7"3| f(w)| [33].

One topic of this thesis is the light interaction with clusters, composed of many atoms.
In principle, in a system with several atoms, the wave scattered from one atom can be
scattered by a second atom and so on. However, if this multiple scattering is neglected,
the scattering amplitude from an object consisting of N atoms is simply calculated as the
summation of the scalar electric fields from an arrangement of N point scatterers [36]:

N
Alqw) =D &g w)e a1 (2.25)
j=1

where 7; is the central position of the jth atom, and {;(q,w) is the specific scattering
efficiency for each scattering atom. It contains the atom specific form factor f;(q,w), the
distance between particle and detector L, and the differential Thomson cross-section j—g of
a free electron: &;(q,w)? = ]fj(q,w)\Q(#)j—g [36]. The scattered wave is a superposition
of dipole radiations, building a spherical wave front.

Real and imaginary part of the atomic form factor f can be expressed in terms of the
real and imaginary part of the refractive index n, to connect microscopic and macroscopic
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description [33]

2 2

flw) = o, flw)= B. (2.26)

NaTe A2 NaTe A2

Here n, is the particle density and r. the electron radius.

Diffraction in the far-field

If the wavelength of the light is larger than the irradiated object, the outgoing wave is
best described by scattering, as it is the case of atoms in extreme ultraviolet (XUV) light
or clusters in infrared (IR) light. For clusters in XUV light, the obstacle is larger than
the wavelength. Here the outgoing wave is best described by diffraction. For objects
with complicated geometry exact solutions of Maxwell equations are mostly not available,
therefore approximations need to be used. The detector distance L is much larger than
7w R% /) for all experiments performed in this work, which means that the experiments are in
the far-field limit [32]. In this Fraunhofer regime the scattered waves can be approximated
as scalar functions, which behave asymptotically like plane waves.

In the small-angle scattering limit |g| << k, the relation of complementarity holds, which
is also known as Babinet’s principle. It states that diffraction from an obstacle can be
treated as diffraction from an equally shaped aperture in an infinitely extended screen.
Additionally, the far-field scattering pattern, which holds the geometry information of the
scatterer, can be described by the 2D Fourier transform of the object’s electron density
projected onto a plane perpendicular to the incoming wave propagation direction [33]

2
. (2.27)

ikr

c /p(r)eiq”di;r

I=|E(rt)* = -

This becomes evident in the definition of the atomic form factor as the integral over the
electron density of the atom p(7), which gives the probability that an electron is positioned
at a certain position r of the atom [33]

f@= [ prerdr. (2.28)

Comparing equations 2.27 and 2.28 clearly shows that the atomic scattering factor is simply
the Fourier-transform of the atomic electron density. Therefore a simple and effective
method to estimate the two-dimensional outline of a particle shape from its small-
angle far-field scattering pattern is to compare the Fourier transform of estimated particle
shapes with measured scattering distributions as done in several experiments (c.f. [11] and
chapter 4.3.1).

Only for small scattering angles, e.g. where the projection vector n, is approximately
parallel to k;,, the assumption is valid that just a single projection plane is recorded in
the scattering pattern. If a large angle range is detected, several projection planes under
various angles are contained in the diffraction patterns, as schematically depicted in figure
2.5b. If also large angles are detected in a 2D scattering pattern, the three-dimensional
shape of a particle is encoded. The 2D information can be extended to a 3D object by
accounting for the object depth with a multislice method [12].
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a) Projection plane b) Projection plane

Figure 2.5: Schematics of small and wide angle scattering. From [12]. a) In small-angle scattering
geometry the spatial information in beam propagation direction is not resolved, because the scat-
tering vector g and the projection plane are oriented perpendicular to the beam. The projection
vector my, is approximately parallel to ki,. b) In wide-angle scattering geometry 3D information is
contained in the pattern because the projection plane is rotated considerably.

To simulate a wide-angle scattering pattern, the 3D object is subdivided into a stack of
2D binary arrays with their normal vectors mn, oriented parallel to the direction of wave
propagation, which contain the particle electron density p(z,y, 2—;) at the respective slice
of number j. The phase ¢ of each object slice, accounting for the speed and direction of
light propagation, is given by [12]:

¢j(x,y) = (VK — (2?2 +y*) — k) - j (2.29)

where k is the wave vector. Subsequently, the Fourier transform is performed independently
for each array. Finally all Fourier transforms are phase corrected and summed up to one
final pattern [12]

F = [Flpla,y, z))| + /O F0m) (230)

In contrast to small-angle scattering patterns, the wide-angle images are often not point-
symmetric. This is owed to the fact that the Fourier transform of a symmetric function
is always real, while the Fourier transform of an asymmetric function is imaginary [33].
In the diffraction patterns itself this behavior is manifested in a transition from broken
point-symmetry to point-symmetry from large to small angles [12] (see also figure 2.8).

2.2.2 Diffraction and scattering from spherical objects

Rare-gas clusters grown by monomer-addition and by coagulation” are often round in shape
(cf. section 2.1). For the simple case of spherical objects one can state precise calculations
which will be highlighted in the following.

As stated earlier, due to Babinet’s principle, the far-field diffraction pattern from a circular
disk is equal to the one from a circular aperture. The latter is the well known Airy
pattern. The intensity distribution in the far-field of an aperture with radius R is given by
[33]

2J1(kRsin6)|?

I=1,-
0 kR sin 0

(2.31)

7if the cluster is still warm enough and not frozen in an intermediate state.
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Figure 2.6: Binary array with one circular object. The corresponding ring-shaped diffraction
pattern is called Airy pattern. The diffraction pattern from two point objects exhibits fringes.
Two circular objects lead to a diffraction pattern with an Airy pattern amplitude which is in itself
modulated by a set of interference fringes.

where J; is a first order Bessel function. The position of the first minimum 6,,,;, is found
at k- R -sin(0,n) = 3.83. With this relationship the radius of a spherical cluster R can
in simple approximation be deduced from the angle of the first minimum in the recorded
scattering pattern as [32]

R=0.61-— A

Sin(Ormin) (2:32)

In this formula the material dependent absorption or phase shift are not accounted for, even
though they have an additional influence on the position of the minimum. Nevertheless,
for the scope of this thesis equation 2.32 is of sufficient accuracy and has therefore been
used in the analysis in section 4.1.1 to determine the radius of the clusters to study the
size dependence of light-cluster interactions.

As introduced in section 2.1.1, clusters not only grow by monomer addition but from a cer-
tain size onwards also by coagulation. Thereby they sometimes freeze and build dumbbell-
shaped twin clusters, triple clusters, and so on, up to hailstone-shaped nano-particles. The
projection of these objects can be described by multiple circular apertures arranged on
a flat screen. A set of apertures ¢,,, which all have the same radius and are not in contact
with each other, build an overall aperture function p(x,y) = > cm(z,y). The diffracted
amplitude from this system is given by the Fourier transform of the aperture function [37]

Pk k) = F(pla,) = | [ ol g)e®dnay (2.33)

The diffraction amplitude from the individual opening, defined as Cy(k,, ky) = F(co(x,v)),
is the above introduced Airy pattern. With the addition theorem of the Fourier transforms
the diffraction amplitude from all aperture openings becomes F(ky, ky) = > Cp(kz, ky).
Taking the shifting theorem Cy, (kz, ky) = Co(ka, k:y)ei(k”m*kyym) into account, the overall
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diffracted amplitude can be expressed as [37]

N
F(kg, ky) = Colke,ky) Z eika@m+kyym)
m=1
N .
S Flpley) = Flafay) 3 et 230
m=1

This equation expresses that the total scattering pattern comprises of the Airy pattern
amplitude which is in itself modulated by a set of interference fringes, as visible from
figure 2.6. The appearance of the fringes is determined by the arrangement of the single
aperture positions. The pattern becomes increasingly complicated with increasing aperture
number.

Mie theory

The elastic scattering from a three-dimensional sphere has been described by Gustav
Mie in the context of his research on small gold colloids [38]. Based on the Maxwell
equations (see set of equations 2.14), the Mie theory describes exactly the interaction
between a plane electromagnetic wave and a homogeneous, dielectric, spherical particle,
independent of distance of detection, and detected angle range. The scattered wave depends
on the ratio of particle radius to light wavelength and the refractive index of the particle. It
becomes possible to determine the radius and the refractive index of the particle by fitting
radial profiles of experimentally recorded scattering patterns with Mie calculations. The
entire derivation of the solution is complicated and described in detail in several books
[39, 40, 41]. Here, only a short introduction and illustration of the main principles are
given.

In vector form the fields inside and outside the object are described as superposition of
partial waves. All partial waves have to be solutions of the wave equation which directly
follow from the Maxwell equations. As boundary condition the energy at the surface needs
to be conserved. The scattering field Es in matrix form as a function of the incoming field

E,; is written as [39]
ik(r—z
B, \ _e*r) (5, S By (2.35)
ELs ik?” 54 Sl ELi

with angular scattering functions 51, So, S3, and Sy and wave vector k. For fully polarized
light S5 = S4 = 0. The remaining scattering functions are infinite series. For computations,
a cutoff at a certain degree m® yields good approximations [39]:

2m+1 2m +1
S1 = T\ \Um7m bmm ; So = —  \\Umim bmm 2.36
! ;m(m—i-l)(a Tom + b Tim) 2 ;m(m—i-l)(a Tm & b)) (2:36)

where a,, and b, are scattering coefficients and m,, and 7, are angular functions of the
respective degree.

8To avoid confusion, it is necessary to note that in the book of Bohren and Huffman [39] the refractive
index is denoted m and the degree of the series is denoted n, while in this thesis they are named the other
way around. This denotation was chosen because in most literature like e.g. [32, 33] n is used for the
refractive index.
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Figure 2.7: a) First five angular functions parallel and perpendicular to the propagation direction
of the incoming beam. From [39]. With higher orders the lobes shift towards forward direction. b)
Mie profiles of a 50 nm radius sphere exposed to 13.5nm light. Their dependence on the real and
imaginary part of the refractive index are depicted. With increasing real part 1 — ¢ (phase shift)
the minima shift towards higher scattering angles (from red to blue). With increasing imaginary
part 3 (absorption) the minima get shallower (from red to blue).

The scattering coefficients depend on spherical Bessel functions J, H and its derivatives
J', H" and are calculated by [39]

S ndpy (nx)J), () — Jp(z)J], (nx) _ Im(nx)J), () — ndpm(x)J;, (nw)
" ndpm(nz)HL (z) — Hyp(2)J) (nz) " Jp(nx)H, (x) — nHpy(x)J! (nx)’

The angular functions 7, and 7, are defined as [39]

P, dp,,
=g

m .
sin 0

(2.37)

with P the Legendre polynomial. The first five modes are plotted in figure 2.7 a.

The number of degrees calculated before truncation is dependent on the particle size in
respect to the wavelength of the incoming light. With increasing order, the maximum
scattered light shifts forward and the scattering lobes become finer. With increasing sphere
size higher orders become increasingly important. For spheres with larger radius the first
minimum shifts towards smaller angles, as already evident from the Airy pattern equation
2.32. In the scope of this thesis, Mie theory is used to determine the average radius
of a cluster if the first minimum is not detected and therefore the Airy equation is not
applicable.
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The index of refraction influences the depth of the fringe minima, as depicted in figure
2.7b. For spheres with a diameter of 100 nm irradiated with 13.5 nm wavelength light the
following effect becomes visible for the diffraction pattern in forward direction: With in-
creasing real part - e.g. phase shift - the minimum shifts towards higher scattering angles,
while with increasing imaginary part - e.g. absorption - the minimum gets shallower. Mie
theory includes sharp boundary conditions, since the refractive index for the object’s mate-
rial is taken to be constant and changes abruptly at the surface layer between vacuum and
obstacle. It is a static theory which neglects dynamic effects like e.g. light-induced changes
in the electronic structure or the density of the sphere. Therefore, even though Mie theory
gives exact solutions for an ideal, homogeneous and spherical particle, the values gained
from Mie fits for the refractive index can only serve as an estimate.

2.2.3 XUV scattering experiments on large clusters

Several single-shot single-cluster experiments have been performed at free-electron lasers
up to date [42, 10, 11, 30, 12, 43, 44]. Their main goal was to investigate

e the cluster morphology, which gives indication about the cluster growth process,

e light induced ultrafast electron dynamics, imprinted in the scattering pattern by
modifying the optical constants, and

e light induced cluster ionization and fragmentation dynamics.

XUV scattering experiments on xenon clusters of about 50nm in radius produced in a
supersonic expansion from the gas phase have identified two coexisting pattern geometries:
concentric ring patterns and fringe patterns with underlying substructures [11]. Scattering
simulations, using the Fourier transform of particle 2D projections, identified that these
images result from spherical particles and more complex shaped obstacles like dumbell-
shaped twin clusters. Figure 2.8 a shows outlines of twin clusters in various degrees of
coalescence and the resulting scattering pattern simulations, matching experimental results.
In a second experiment, even triple clusters and more complicated hailstone-like particles
were found for larger clusters up to a micron radius [30]. From these final cluster shapes,
new aspects of the cluster growth process became comprehensible. While small clusters
arrange in monomer-addition, larger clusters grow in coagulation and, depending on their
temperature, can freeze out in intermediate states, resulting in complex geometries.

In more advanced scattering simulations based on scalar theory and using the Born ap-
proximation, even three-dimensional particle information was extracted from the recorded
images of multiple clusters in the interaction region [11]. Not only the particles’ size but
also their relative position, orientation, and distance within the focal volume was evaluated.

The structure of free silver clusters produced in a magnetron sputtering source was cap-
tured in another XUV scattering experiment [12]. The highly symmetric patterns, as
reprinted in figure 2.8 b, point towards particle shapes of regular polyhedra. Broken point-
symmetry in some of the wide-angle scattering patterns reveals that 3D information is
encoded (see section 2.2.1). With multi-slice Fourier-transform simulations the orienta-
tion towards the beam axis and the full 3D shape of the individual particles was assigned.
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b)  experiment simulation

a) 2D Projection Simulation Experiment
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Figure 2.8: a) Measured scattering patterns from xenon twin clusters of different geometries. From
[11]. Scattering simulations by FFTs of 2D masks illustrate the various degrees of coalescence. b)
Measured wide-angle scattering patterns from free silver clusters. From [12]. Some patterns ex-
hibit broken point-symmetry which indicated that three dimensional information about the cluster
structure is contained. The particles architecture and orientation in space was determined with
multi-slice Fourier transform simulations.

Theoretically predicted energetically preferred equilibrium shapes - like truncated octa-
hedra - were identified as well as morphologies already known from deposition studies -
like decahedra. Apart from these shapes, around hundred nanometer sized silver clusters
with icosahedral and flat hexagonal (truncated twinned tetrahedra) shape were identified.
Hence, XUV scattering is currently the only method to reveal, that silver clusters with
metastable geometry exist in way larger sizes than previously expected.

The modulation in the profile along the azimuth over a fixed polar angle, contains infor-
mation about the particle symmetry. Information about light-induced cluster dynamics
are encoded in the intensity profile along one polar axis. This fact was used in a scattering
experiment on single xenon clusters, to investigate the ultrafast (10fs) sample response
dependent on the laser power density [10]. It was found that for low laser focal flux, the
envelope of the intensity profile followed a (gR)™* dependence, known as Porods law in
small-angle x-ray scattering (see figure 2.9a). With rising power densities the envelope
increasingly deviated from this law, which was explained by an increase in the imaginary
part of the refractive index. This showed directly, that the impact of the laser beam can
change the electronic configuration within the cluster and therefore the ultrafast ionization
processes in the particle.
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a) Mie fit for low qR b) difference profiles of experimental simulated scattering profiles
scattering pattern (avg. all 400nm) with Mie code for coated spheres
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Figure 2.9: a) Scattering profiles from clusters irradiated with different power densities reveal
information about the particles refractive index. From [10]. b) An overmodulation in scattering
profile difference spectra points towards an internal refractive core-shell system within the cluster.
From [45].

Within 10 fs, the atomic form factors change with increasing degree of ionization, evident
from a deformation of the scattering amplitude envelope [10]. Using longer XUV pulses of
100fs, a supermodulation of the fringe pattern appears. It gives evidence of a refractive
core-shell system in the cluster. This is probably caused by sharp resonances of xenon
ions at 91eV photon energy, which lead to the formation of a core and a shell region
with different refractive indices inside the cluster [45]. Difference spectra of radial profiles
from clusters irradiated with increasingly bright light pulses are shown in figure 2.9 b. The
supermodulation minimum shifts to larger angles with laser flux which indicates that a
possible shell-region becomes increasingly thicker.

On an even longer time scale of several picoseconds, the scattering pattern vanishes com-
pletely as demonstrated in a recent IR-pump / x-ray-probe experiment [46, 43| (see also
section 4.3.1). It was shown that with increasing pulse delay time the scattering signal
decreases gradually from high to low scattering angles. This signature is attributed to a
softening of the single particle surface, due to the explosion of highly charged ions gradually
evolving from the cluster surface towards the cluster center.

2.3 Cluster dynamics induced by highly intense laser pulses

Since the advent of highly intense optical lasers in the sixties, many experimental and the-
oretical studies were performed in order to gain a profound understanding of laser-matter
interaction. Already introduced in sections 2.1 and 2.2, clusters can serve as convenient
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nano-labs. In the optical regime ensembles of small clusters are well studied. Compre-
hensive reviews for the optical regime can be found in literature [47, 48, 49, 50]. With
free-electron lasers emerging at the beginning of this century, coherent light pushing into
the sub-nanometer regime in ultrashort pulses became available. The new possibilities
sparked many studies on clusters in x-ray light. Work on light-cluster interaction in the
XUV domain has been recently reviewed [51, 52].

These studies show that the interaction response of matter and light strongly depends on
several properties. The cluster component determines ionization potentials, resonant
transitions, as well as binding energies and different fragmentation dynamics are found for
homo- or heteronuclear samples [53, 54, 55, 56]. With increasing cluster size bulk effects
start to dominate surface effects. Several factors are of importance for the laser beam:
the photon energy especially determines the mechanism of initial ionization, while the
intensity of the field accounts for the amount of deposited energy in the system. The
pulse length affects ionization and resonances and a spatial and temporal chirp may
influences ion energies [57]. This chapter intends to give an introduction on the manifold
dynamics taking place with emphasis on the interaction of rare-gas (especially xenon)
clusters with highly intense (102 - 10> W/cm?) XUV and IR pulses in the 100 fs duration
range.

For a comprehensive illustration of the complex processes occurring in laser-cluster interac-
tion it is useful to follow a three-phase model as often applied in literature [58, 59, 49, 50].
The interaction is partitioned in three steps independent of the exact experimental param-
eters. These are schematically depicted in figure 2.10 on the example of irradiation with
XUV light. The outline of this chapter follows those phases:

(I) In the rising edge of the laser pulse, individual atoms are initially ionized and the
cluster charges up, developing a deep Coulomb potential (see 2.3.1).

(IT) During the pulse, electrons get trapped in the cluster potential. Further energy
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transfer from laser to cluster as well as energy transfer within the cluster takes place.
The different mechanisms are introduced in 2.3.2.

(ITT) After the energy absorption from the laser field ends, energy is still redistributed
within the cluster. The particle expands and finally disintegrates, as will be discussed
in section 2.3.3.

2.3.1 Initial ionization mechanisms and cluster charging

Upon irradiation of a neutral cluster with the rising slope of a laser pulse, the light couples
to the compound atoms mostly as if they were isolated. This is especially the case for rare-
gas clusters, where electrons are strongly localized, and also in the case of core electrons
in metal clusters [49]. Instantaneously photon energy is absorbed and atoms get initially
ionized. Several excitation mechanisms - either directly via single photon absorption or
in non-linear processes - are possible dependent on the impacting laser power density and
photon energy. The electronic configuration of the atoms plays an important role in the
case of resonant excitation transitions. In this first phase the cluster environment is of
minor importance, hence for simplicity several mechanisms are introduced on the example
of atoms, following the reviews in [60, 61, 62, 50]. Finally in the context of the cluster
environment a nanoplasma is build up, which is described in the last part of this section.

Initial ionization of single atoms

Single-photon ionization takes place if the photon energy hw exceeds the ionization
threshold Ej;, so that electrons are directly emitted into the continuum, as illustrated
in figure 2.11a. This is for example the case for rare-gas atoms in extreme ultraviolet
(XUV) and x-ray light. In metal and water clusters, however, lower photon energies as
in the vacuum ultraviolet (VUV) regime are sufficient. Light sources with high photon
energies in the order of several tens of eV to one keV ionize mainly the inner electronic
shells. They are subsequently filled by Auger decays leading to multiply charged ions upon
absorption of a single photon (multiple single-photon ionization). During the pulse the
instantaneously refilled inner shells can be ionized many times. Multi-photon ionization
can take place via virtual states for energies smaller than the ionization potential (hw <
Eip), promoting a bound electron over the vacuum level (see figure 2.11b). This mechanism
proceeds over many laser cycles of the rapidly oscillating field.

At high laser intensities and low laser frequencies the strong laser field leads to a deforma-
tion of the potential combined from ionic and laser field. If the bending is strong enough
and the laser frequency sufficiently slow, an electron can escape the potential by tunnel-
ing through the barrier leading to tunneling ionization (see figure 2.11c). The weakest
bound electrons exhibit the highest ionization probability. For even stronger fields the
potential bending is so strong that the barrier is suppressed below the bound state. No
tunneling is needed and above threshold ionization takes place (fig. 2.11d).

The interaction of atomic electrons with electromagnetic radiation can be split in two
domains: the photon dominated regime where the field can be treated quantum me-
chanically as an ensemble of photons and the field driven regime where as many photons
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a)  hw >E, b)  hw <E, A hw <E, d) hw <E,
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Figure 2.11: Schemes of photon dominated (a + b) and field driven (¢ + d) atomic ionization in a
laser field. From [63]. a) If the photon energy hw exceeds the ionization potential E;, single photon
or multiple single photon ionization occurs. b) Multi-photon ionization takes place if iw < E;,. ¢)
Tunnel ionization can occur if the laser field bends the atomic potential strongly. d) If the barrier
is suppressed below the bound state above-threshold ionization takes place.

participate that light is treated as classical field. Which regime is the prevailing depends
on the laser field strength and wavelength as indicated in figure 2.12. Here also the lasing
regimes reached by optical and free-electron lasers are indicated.

Both regimes can be quantitatively separated by the dimensionless Keldysh parameter
v = w/wy [65]. Tt is introduced as the ratio of laser frequency w to tunneling rate w;. The

latter is given by [65]
ek

W A/ 2m6Eip’

where e is the elementary charge, Fy is the laser field strength, m. the electron mass,
and Ej, the ionization potential. If the tunneling rate exceeds the laser frequency (y <
1) the electron may leave the Coulomb potential by tunneling through the barrier and
therefore the interaction is in the optical field ionization regime. For v > 1, in the so-
called perturbative regime occurring at high photon energies and low intensities, bound
electrons get excited by single or multi-photon absorption.

(2.38)

It is also useful to express the Keldysh parameter by the ponderomotive potential, which is
the cycle-averaged kinetic energy of a freely oscillating electron driven in an external laser
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Figure 2.12: Photon energy over power density, illustrating the photon and field dominated
regimes with indicated regions reached by optical and free-electron lasers. From [64].
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Figure 2.13: Excitation steps and ionization channels in xenon atoms irradiated by 93 eV photons.
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with I = cegE3 /2 being the power density of the laser, €y the vacuum permittivity and c the
speed of light. Several values of the ponderomotive potential are indicated in dependence
of photon energy and power density in figure 2.12. The transition between both regimes
approximately occurs where 2 - Upong = Ejp, as seen from the Keldysh parameter when

expressed as [60]
w Ez
=— =/ 2.40
7 Wt 2. Upond ( )

In the experiments performed for this thesis, ultrashort XUV pulses with 13.6 nm wave-
length (= 91 eV photon energy) are used. They exhibit a maximum power density of about
4.1-10'W/cm? in the focal volume. With an ionization potential of E;, = 12.13eV for
xenon atoms [67], a Keldysh parameter of 29 can be calculated using equation 2.40. There-
fore, the xenon-XUV interaction in this experiment is in the photon dominated regime.
In this regime the electronic structure of the target material significantly influences the
absorption efficiency. Depending on the electronic energy levels resonant excitations can
occur. For the applied photon energy of 91 eV the so-called giant resonance appears in
atomic xenon [66, 68]. The ground state configuration of xenon is: Xe = [Kr] 4d'° 5s?
5p8. Around 100 eV resonant 4d - ef transitions with proceeding Auger decays lead to an
enhanced ionization with cross-sections from 23 Mbarn for neutral xenon up to 1000 Mbarn
for Xe%* [69, 70]. While for the first few charge states atoms are multiply and singly ionized
with only one photon, two photons are needed for ionization from Xe’™ onwards and three
from Xe!'%t onwards by stepwise absorption of single photons, as schematically depicted in
figure 2.13.

Additionally, IR pulses with 800 nm wavelength are used in the experiments for this thesis.
With a power density of 1.1 -10'% W /ecm?, the IR-xenon interaction is in the field-driven
regime, as can be estimated from a Keldysh parameter of 0.9. Farlier experiments on
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Figure 2.14: Concept of inner and outer ionization of excited electrons in the deepened cluster
potential. From [50]. If an electron is released from an ion but does not overcome the ionization
potential, it is quasi-free and called inner ionized. An electron leaving the cluster compound into
the continuum is called outer ionized.

atomic gas with these parameters yielded charge states up to Xe3t in 200fs pulses [71],
while in a later one Xe'™ was the highest charge state observed with pulses of 20 fs [72]. This
comparison reflects the non-negligible influence of the laser pulse duration and resulting
intensity and photon flux in the field driven regime.

Nanoplasma formation in clusters

The cluster environment is negligible for the initial ionization of a neutral cluster since the
atoms act as they are independent. However the cluster compound plays an increasingly
important role in the advancing processes. The liberation of each electron from the cluster
- either direct or via tunneling as in single atoms - leads to a deepening of the cluster
Coulomb potential. The individual potentials merge and atoms start ‘feeling’ each other as
depicted in figure 2.14. Electrons released from an ion which do not have sufficient kinetic
energy to overcome the potential are trapped. The efficient trapping of photoelectrons
often starts a few fs after irradiation and therefore already in the leading edge of the pulse
[50]. They trapped are referred to as inner ionized [58] or quasi-free. Together with
the ion background the cloud of quasi-free electrons forms a nanoplasma [47]. A dense
charged electron-ion system is created.

When ionized to that point, noble gas clusters become metallic since these electrons are
not bound to an ionic core but delocalized across the whole cluster. While for rare-gas
clusters a nanoplasma has to be created by inner ionization upon light irradiation, quasi-
free electrons are inherent to the system in metal clusters already in the ground state.
Quasi-free electrons in a cluster can absorb further energy during the light pulse. If they
absorb enough energy to overcome the potential, they subsequently get emitted and are
then denoted outer ionized [58]. With every expelled electron the potential barrier to
overcome gets higher and the energy span between inner and outer ionization grows. As
depicted in figure 2.10, the first phase is completed with the initial charging of the cluster.
In the next phase other processes dominate these initial processes, which are subject to
the next section.
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2.3.2 Nanoplasma dynamics

Clusters are able to absorb energy from laser pulses more efficiently than atomic gas. This
effect was found in several laser-cluster experiments investigating the emission of x-rays
[73], highly energetic ions [74], neutrons from fusion [75], and highly energetic electrons
[76]. The enhanced energy absorption in clusters compared to pure atomic gas results from
processes mainly occurring in the second phase, indicated in figure 2.10. Here, the laser
pulse interacts with an already charged cluster, where often a dense nanoplasma is present.

Like initial ionization procedures, nanoplasma dynamics can also be dependent on laser
wavelength and strength as well as on cluster size. Bound and quasi-free electrons in a
nanoplasma can absorb and exchange energy and get inner- and outer-ionized by several
different effects [48, 77, 50]. As in the atomic case, some plasma dynamics can be differ-
entiated in effects mostly driven by the laser field and in single-photon and multi-photon
effects. Additionally, also regime independent effects are possible, which are mainly deter-
mined by the intensity of the space charge and the amount and energy of the quasi-free
electrons. In most laser-cluster interaction scenarios many of these processes interact and
are highly linked to each other. Several reviews and books give a good introduction into
the complex mechanisms in the IR [47, 49, 62, 61] and in the XUV regime [50, 51, 78]. It
has to be stressed, that many concepts in literature are valid for cluster sizes smaller than
the wavelength. This is neither the case for several 10 nm radius clusters in XUV light nor
for um sized clusters in IR light, as both studied in this thesis. Still most models and ideas
are applicable to the experimental data in good approximation.

Plasma coupling regimes

In plasmas, electrons coherently driven by the external laser field give rise to collective
processes. But due to collisions of these electrons the collective motion can be destroyed
and random thermal motion takes the lead [77]. Which of these processes is dominant
during laser-cluster interaction, strongly depends on the temperature and density of the
plasma and can be deduced from the Debye number

4
Np = gne)\% (2.41)
where n, is the electron number density and Ap the Debye length [79]. The latter deter-
mines the length over which charge fluctuations are screened by the electron plasma. It is

defined as
eokpT.
Ay = 2.42
P V' nee? (2.42)

with kp the Boltzman constant and T, the electron temperature [79]. The number Np
gives the amount of electrons which contribute to the local screening. In a warm, dense,
strongly coupled plasma, where Np < 1, the electron-ion interaction strength is large
and many collisions take place. For Np > 1, corresponding to hot temperature and low
density, the plasma is weakly coupled and collective motions are preserved.

A plasma can be characterized in two regimes, according to its particle density with respect
to the incoupling laser wavelength. The plasma frequency at which electron waves oscillate
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Figure 2.15: Cluster driven by an electric field in resonance with the eigenfrequency of the electron
cloud motion. From [81]. In this state the nanoplasma receives a strong thermal excitation, which
leads to a maximized energy absorption from the laser.
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If the laser frequency exceeds the plasma frequency (w > w,), the plasma is underdense.
For xenon with a particle density n. of 1.7-10?® m™2 and therefore a plasma frequency of
7.4-10'° Hz, this is the case in 13.5nm light (XUV) with w=2.2-101° Hz. The plasma is
overdense for 800 nm radiation (IR) corresponding to w=3.7-10' Hz, where w < w,,. If
the plasma is weakly coupled, e.g. exhibits hot temperature and low density, the laser and
plasma frequencies can be matched which results in an enhancement of collective electron
motion.

in a plasma is given by [61]

Collective processes

The Mie resonance plays a major role in the ionization of overdense nanoplasmas (w <
wp) [49]. The natural collective oscillation frequency of an electron cloud is given in equation
2.43. Additionally, the quasi-free electrons are driven by the laser electric field, as depicted
in figure 2.15. With a light-induced expansion of the cluster (as subject to section 2.3.3),
the particle density drops and w, is lowered. Eventually the eigenfrequency of the electron
motion matches the laser frequency [50]:

Wp De€
Whfin = = 2.44
Mze \/g 360 . ( )

with p. the quasi-free electron density. Here the energy absorption from the laser is max-
imized due to the strong thermal excitation of the nanoplasma. This resonant collective
electron excitation was first experimentally demonstrated for small rare-gas cluster in IR
light [80]. Since this effect only applies for overdense plasmas it is photon energy dependent
and does not occur in clusters excited with XUV light. Apart from a strong wavelength
dependence, the effect of the Mie resonance is also highly influenced by cluster size.

In the approximation of the cluster as a uniform density sphere and an ionic motion with
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constant velocity, this resonance is reached after a resonance time [80]

S [( "o )1/3 - 1]. (2.45)

v 3nerit

Here R is the initial radius, v the expansion velocity, ng the initial density, and n.;; the
critical density. For metal clusters and small rare-gas clusters this resonance can be probed
with a sufficiently long single laser in the range of femtosecond to nanaosecond duration.
But for larger rare-gas clusters in fs-pulses, a dual-pulse pump-probe scheme is required
to match the timescale of cluster expansion. During the expansion, the cluster density
has radial dependence. Hence, the critical density reaches different parts of the cluster
at different times. For large clusters the simple model was extended. It shows that the
resonance is moving inwards from surface to the cluster center with time [82].

Collisional processes

Other energy-exchanging processes are electron-ion and electron-electron collisions.
Fast quasi-free electrons transfer their kinetic energy to bound electrons and either pro-
mote them to an excited state by inelastic scattering or ionize them by electron-impact
ionization [49, 50]. The corresponding cross-sections can be calculated from the empirical
Lotz formula [83]. Due to scattering of hot electrons on other quasi-free electrons, a local
quasi-equilibrium distribution establishes. This is the major mechanism leading to elec-
tronic thermalization and giving rise to an Maxwellian electron temperature distribution.
The importance of collision processes rises with cluster size, as in larger clusters bulk pro-
cesses become more prominent [84]. Collisions between ions can usually be neglected due
to the slow ionic motion, which usually exceeds the timescale of a femtosecond-laser pulse.

Collisions of laser-driven electrons with plasma ions - referred to as inverse brems-
strahlung heating (IBS) - is a highly photon energy dependent process. Inner ionized
electrons gain momentum in the laser field and transpose it to thermal energy by scatter-
ing on bound electrons. As a result the plasma gets heated. The averaged energy gain
with time interval dE/dt scales with A/ [85]. Therefore, it is most significant in the IR
regime but also has relevance in the VUV range. A IBS contribution was calculated for a
wavelength of up to 62nm [86]. However, this value could not be validated in experiments
[87]. For XUV fields the oscillations are too fast for electrons to gain sufficient velocity
and IBS is negligible.

Cluster size effects

As the last paragraph already indicated, many nanoplasma dynamic effects change in
significance with cluster size and too simple models loose their accuracy. While for small
clusters the charges can be treated as homogeneously distributed, this does not hold for
larger clusters. Here, electron screening gains importance with increasing size. Trapped
electrons migrate to an energetically favorable state in the cluster center where the cluster
potential is deepest. The charge of the atomic ions is highest at the cluster boundary and
declines towards the middle. The electron cloud screens the ionic background and for a
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temperature 1" close to zero a fully net-neutral core is established up to a radius of

Qel 1/3
o)

with Q¢ and Qo the overall charge of the electrons and ions respectively [51]. This non-
equilibrium plasma is maintained during the entire laser-matter interaction period. The
time to reach a balanced state by electron-electron collisions is in the order of picoseconds
and therefore exceeds the pulse length for femtosecond lasers [62].

Ry=R- ( (2.46)

Experimentally this non-homogeneous charge distribution was revealed in ion spectra of
Ar-Xe core-shell clusters [56]. Xenon atoms building the cluster core were surrounded by
an argon shell. While argon charges 4+ and higher were detected, highly charged xenon
ions were virtually absent. This behavior was described by thermalization of the quasi-free
electrons and a subsequent recombination of the plasma core (see also 2.2.3).

Explicit treatment of the electromagnetic wave propagation is negligible for small clusters
and microscopic processes, such as collisions and plasma microfields, are of major impor-
tance. The electrostatic approximation breaks down for larger cluster sizes in the range
of the wavelength. Here the so-called propagation regime is entered [79] where clusters
opacity plays an increasingly important role and the plasma penetration depth ¢, has to
be taken into account. For an overdense plasma with frequency w,, it is given by [32]

op = —. (2.47)
Wp
Throughout this thesis clusters composed of xenon, argon, and silver atoms are investi-
gated. The corresponding penetration depth into the clusters with solid density is about
40nm for xenon, 25 nm for argon, and 7nm for silver particles.

2.3.3 Energy redistribution and disintegration of excited clusters

In the final stage of the three-phase-model (fig. 2.10), the light pulse goes to zero and
no more energy absorption takes place. The energy inside the highly excited cluster is
redistributed by charge transfer. Radiative and non-radiative relaxation and recombination
events take place and fluctuations in charge states even out. Due to repulsive forces and
hydrodynamic pressure the sample disintegrates on a timescale of picoseconds [43] and
beyond [88]. The expansion of the ionic background results in adiabatic cooling of the
electron cloud. Eventually the cluster fragments and reaches a final state, which can be
measured in electron and ion spectra. Due to the dynamics in the previous stages, cluster
ions exhibit higher kinetic energies than ions from atomic gas.

Cluster disintegration

Tonic motion might start already during laser-cluster interaction. After the laser pulse has
gone and energy deposition into the cluster has stopped, the cluster disintegrates. Initial
cluster ionization and subsequent energy transfer in the cluster (e.g. the charge of the
cluster), the number of trapped electrons, and their temperature determine the expansion
dynamics. There are two limiting cases: (i) explosion due to repulsive Coulomb forces
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Figure 2.16: Schematic depiction of the cluster state determining the rivaling expansion mecha-
nisms, adapted from [89]. (i) A net-positively charged cluster results in Coulomb explosion. (ii) A
net-neutral cluster with a thin ambiploar shell leads to hydrodynamic expansion.

between ions and (ii) expansion by hydrodynamic pressure of the hot electron gas in a
plasma. A sketch of the charge distribution in the cluster before disintegration in both
regimes is presented in figure 4.27 a and b respectively. Intermediate regimes can occur in
non-homogeneously charged clusters.

If the net charge of the cluster is positive due to previous outer ionization of electrons,
unneutralized ions repel each other and are driving the cluster apart in a Coulomb ex-
plosion. Hence, the intensity of the laser field needs to be high enough to strip at least
one electron from an atom before ionic motion sets in [61]. The timescale on which the
cluster expands depends on the average charge state ¢. In a homogeneous expansion the
sample doubles its radius during the time [50]

/ 3 ;
toou = 2.3+ M = % (248)
e-q niq2e
with m; denoting the ion mass, rs the Wigner-Seitz radius, and n; the atom density. For
xenon with 7y = 0.24 nm the time holds ¢ = 1901s/g. The ions fly apart very quickly in
the electric field of their own space charge, holding high kinetic energies. Coulomb explosion
mostly occurs for smaller clusters [49], while for larger clusters a different mechanism is
dominant.

In a cluster where most electrons are inner ionized and a dense nanoplasma is formed,
the cluster can be highly charged but still being almost net-neutral due to the screening
of quasi-free electrons in the sample. The cluster is driven apart by the thermal energy
of the activated, hot electrons instead of repulsive inter-particle Coulomb forces. If the
electron cloud is treated as an ideal gas with temperature 7. and electron density ne, its
hydrodynamic pressure of pyyqr = nekpTe [47] is forcing the nanoplasma to drive apart
in a hydrodynamic expansion. In this regime, the time a spherical cluster with initial
cluster radius R needs to double in size is given by [48]

m;

quTe '

thyar = R - (2.49)

The timescale is slower than in a Coulomb explosion and therefore the released charge ions
hold lower kinetic energies.

The experimental determination in which of both regimes the cluster is fragmenting is
not trivial. In early experiments on ensembles of clusters, it was proposed to identify the
dominating regime by the dependence of the kinetic energy on ion charge [90, 91]. It was
claimed that while in the Coulomb case the final kinetic energy scales quadratically with
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the charge state (Eyin(q) ~ ¢2), it scales linearly for the quasi-neutral case (Erin(q) ~ q).
Experiments on water clusters however indicate that this method is often ambiguous [55].
A theoretical study showed, that this behavior is only valid for the average charge state [92],
e.g. for Coulomb explosion (Ej;,(q)) ~ (¢*) and for hydrodynamic expansion (Ej;,(q)) ~
(q). This was validated in an experiment on single clusters for the hydrodynamic case [44].

A different theoretical study suggested that ion energy spectra are not well suitable for
the identification of the expansion mechanism [52]. This study also gives a more reliable
measure for the regime in which the excited cluster disintegrates: the so-called frustration

parameter [52]
Thot

a= (2.50)

Nout

It is defined as the ratio of all (inner and outer) ionized electrons nsy; to outer ionized
electrons myy. In [52] the ionization is calculated in the photon-dominated regime with
Nt = IToN/(hw), where I is the laser power density, 7 the laser pulse length, o the
atomic cross-section for the dominant ionization channel, and N the number of atoms in
the cluster. The number of outer ionized electrons is calculated by [52]

4
Nout = %R- (hw — Esp). (2.51)

For o« < 1 the cluster is strongly charged and Coulomb explosion takes place, while for o >
1 the majority of electrons is trapped and the major expansion mechanism is hydrodynamic
expansion.

In many cases the expansion is a combination of both limiting mechanisms. As soon as there
is a plasma the cluster will always expand in a hydrodynamic expansion due to screening
by quasi-free electrons. But the shell will explode in a Coulomb explosion since the outer
ions remain unscreened after electron migration towards the cluster center [93, 94]. In a
laser wavelength dependent theoretical study on small argon clusters it was shown that
there is a smooth transition from a more hydrodynamic to a predominantly Coulombic
regime with increasing photon energy [52].

Recombination and relaxation processes

After the laser pulse is gone, the inner-ionized electrons relax either in three-body [95] or
in many-body recombination [96]. An electron is captured by an ion in the vicinity of a
second or more electrons respectively. The number of recombinations Np is dependent on
the ion density NV;, on the electron density N, and on the electron Temperature 1. For
N; = N, = Ny, the number of recombinations evolving with time ¢ can be expressed as
[97]

1
Nr(t)=No- |1 — ———|. 2.52

Q ( 1+t/ Tr> (2:52)
The recombination time is defined as 7, = 1/(2a,.N?) with the electron temperature de-
pendent factor o, = 8.75 - 107277, 4% cmbs~!. Recombination is most effective when the
nanoplasma is dense and cold.

The evolution of electron relocalization with cluster expansion is subject of a theoretical
study [98]. Small (N = 923) xenon clusters in ultrafast (30fs), XUV (92eV) pump-probe
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pulses were investigated with molecular dynamic (MD) simulations. It was found that
three-body recombinations mainly take place in the early stage of cluster expansion, and
are suppressed for long delays. The pump pulse generates a warm and dense nanoplasma
which cools down during cluster expansion, as depicted in figure 2.17. These results prove
evidence for the findings in an experimental study [99]. The number of recombination
processes is also highly dependent on the location within the cluster nanoplasma. Shell-
dependent recombination probabilities were found which are most efficient in the cluster
center.

Fluorescence spectroscopy is a versa-
tile tool to resolve charge states be-
fore recombination, which are hidden
in ion spectra. Ion spectra from clus-
ters consisting of a xenon core and an
argon shell illuminated by an XUV
pulse revealed a highly charged outer
layer but only little charged ions from
the recombined core [56]. Correspond-
ing fluorescence spectra resolved mul-
tiply charged xenon ions from the in-
ner cluster part, revealing that these
were initially as highly activated as
shell atoms [100]. This experiment
proofed that the charge states gener-
ated during the laser-cluster interac-
tion might significantly differ from the
final charge state distribution, due to
strong recombination.

Quantum
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Figure 2.17: Evolution of nanoplasma density and
temperature in a pump-probe setting calculated with
MD simulations. From [98].

However, recombination processes can also be efficiently suppressed, for example during
ionization heating. This was demonstrated with 800 eV photons by using a new experimen-
tal approach [101]. Ton spectra and scattering patterns were recorded simultaneously from
one single cluster in the interaction region. With this method, signal averaging over the
cluster size distribution due to statistical cluster growth process and the focal intensity pro-
file was ruled out. The striking observation in this paper is that exclusively highly charged
atomic ions were detected from high laser intensities of about 10! W/cm? onwards. The
absence of low charge states is attributed to inefficient electron-ion recombination in a
initially hot nanoplasma. Since this effect occurs only for the highest intensities it could
not be resolved for experiments on ensembles of clusters. There, most particles are hit in
the focal wings with low intensities.

Large clusters in IR and XUV light

Up to date, many experiments and theoretical studies were performed for small rare-gas
and metal clusters in laser light, consisting of up to a few 10000 atoms. Those experiments
helped to develop a fundamental understanding of the underlying dynamics. Less experi-
mental and theoretical data is available for larger clusters from 10° atoms onwards, since in
this size range sample generation becomes increasingly challenging and calculations com-
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putationally costly. Nevertheless, also in this domain some experiments were performed,
which could shed light on several aspects of laser-cluster interaction. This section tries to
give a short introduction to the current understanding of phenomena occurring in large
clusters from 10° atoms onwards and to point out the topics which are still under discus-
sion. The focus is on the interaction of large xenon and argon clusters with IR and XUV
light.

Dynamics of large clusters at 800 nm: The photon energies in the infrared regime
(1.55eV at 800 nm wavelength) are for most rare-gases too low for laser-cluster interaction
to be in the photon-dominated regime. Clusters are initially ionized by tunnel or above-
threshold ionization in sufficiently intense laser fields (see section 2.3.1). Subsequently inner
ionization occurs ‘from top to bottom’, i.e. from outer to inner atomic levels. The plasma
dynamics are dominated by the oscillating external laser field which drives the quasi-free
electrons back and forth over a long range within the sample. Electrons are repeatedly
forced to recollide with ions leading to inverse bremsstrahlung heating. Initially the plasma
frequency is much higher than the laser frequency. Upon cluster expansion the plasma
density drops and eventually Mie resonance is reached. This results in an enhanced energy
absorption and increased ionization. For large clusters, the critical density is expected to
be reached after picoseconds. Therefore, a dual-pulse experiment is needed to probe the
resonance condition with femtosecond-laser pulses. Eventually the cluster fragments due
to ionic motion. Large clusters usually disintegrate in a Coulomb explosion of the outer
shell and a hydrodynamic expansion of the inner part, due to electron migration towards
the center where a screened core is built.

From energy spectra the electron temperature can be deduced, like in an experiment per-
formed on ensembles of Xejsooo0 clusters irradiated with 5-10° W/em? intensity Ti:Sa
pulses [55]. A temperature of 600 eV was fitted to the electron kinetic energy distribution.
An enhancement of electron emission in the Mie resonance with shift to higher kinetic en-
ergies, and therefore more efficient heating, was observed. The emission spectra show high
angular dependence due to asymmetric barrier lowering parallel to the laser polarization.

A computational study with a microscopic particle-in-cell code (MicPIC) investigated the
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resonant Mie plasmon excitation of a R =30nm preionized xenon cluster in 800 nm light
with moderate laser intensities of < 10 W /cm? [102]. It was revealed that during the
probe pulse attosecond plasma-waves are generated by hot electrons. Those waves recollide
with the cluster surface and subsequently migrate to the cluster center where they collide
with each other. Non-homogeneous electric field fluctuations arise, which exceed the driving
laser intensity by more than 2 orders of magnitude (see figure 2.18). This results in an
enhanced impact ionization creating charge states up to Xe!™.

A one-color dual-pulse experiment with intensities of 5- 10! W /cm? on large argon clusters
(up to R = 5nm) investigated the disintegration after irradiation [103]. In ion kinetic
energy spectra after single-pulse excitation a cluster size dependency was revealed in an
increase of the maximum energy proportional to the 1.6 power of the cluster source backing
pressure. This leads the authors to the conclusion that the cluster explodes in a Coulomb
explosion, because the kinetic energy of nanoplasma-expelled ions should be independent
of the cluster size.

The anisotropy in ion emission was calculated for a R = 17.5nm argon clusters with PIC
code [104]. It shows that anisotropy is less important for large clusters because electron
collisions become more relevant. They also investigate resonant heating. The resonance
appears when the period of an energetic electron in the confining electrostatic potential
matches the laser frequency. The electron oscillation period, however, depends on the laser
intensity. Therefore, a threshold intensity in the order of 10’ W/cm? has to be reached
for this resonance. This is not the case in the experiments performed for this thesis and
can therefore be ruled out.

Dynamics of large clusters at 13.5 nm: Cluster dynamics in short-wavelength pulses
differ fundamentally compared to the optical regime. The laser field is oscillation fast
compared to the tunneling time of an electron. Tunnel and above-threshold ionization are
negligible in the XUV regime. Also IBS heating is ineffective in the XUV regime due to
a low ponderomotive potential. Additionally, the plasma is underdense from the begin-
ning such that resonant collective heating cannot occur. Unlike in IR pulses, cluster ion
charges do not exceed atomic ion charges. Instead, the sample is initially ionized in di-
rect single-photon absorption. Subsequent Auger cascades fill the inner-shell vacancies and
further electrons are ejected. The nanoplasma is heated via ionization heating [105, 52].
Higher charge states are generated by electron-collision ionization or multi-photon absorp-
tion. At 90eV collisional cross-sections for 5s and 5p states are higher (500 Mbarn) than
photoionization cross-sections (20 Mbarn) [106]. An experiment on small xenon clusters
revealed that the electron energy distribution shows two major peaks: one from directly

photoionized electrons and one from plasma electrons with a temperature of about T, =
20eV [42].

The first experiment on single, giant (R = 30 - 600 nm) xenon clusters in single-shot mode
at 13.6nm light revealed new insights into energy redistribution processes and cluster
explosion [45]. The data is depicted in figure 2.19. The newly developed method of photon
imaging coincident with ion time-of-flight spectroscopy allowed to sort single cluster data
for their size (deducted from the spacing of the rings in scattering patterns, see fig. 2.19a)
and subsequently to arrange ion spectra according to exposed power density (fig. 2.19b).
The central kinetic ion energy, extracted from the time-of-flight spectra, scales linearly
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Figure 2.19: Data taken in single-cluster single-shot experiments on giant xenon clusters with
13.6 nm pulses. From [45]. (a) Scattering patterns of clusters with different radii encoded. (b) Ion
spectra sorted for size and exposed power density. With increasing intensity higher charge states
rise and shift towards shorter flight times. (¢) Corresponding kinetic energies deduced from the
flight times plotted over charge state reveal a linear dependency and an increase in energy with
cluster size.

with charge state (fig. 2.19¢). For all four size ranges an increase in power density from
approximately 3-10'2 to 5- 10 W/ cm? results in an increase in charge states by a factor
of 3 to 4. With increasing cluster radius (by factor 3.3 from 80 to 600 nm) the ion kinetic
energy per charge state grows only by a factor of 1.7. Apparently the laser focal power
density has more impact on the laser-induced cluster dynamics than the particle size.

Charge state resolved kinetic energy distributions reveal a narrow energy distribution and
missing low kinetic energies [44] (not shown in fig.2.19). This behavior was interpreted
as indicator for strong recombination in agreement with theoretical MD calculations on
small argon clusters [52]. From a calculated frustration parameter of 6-10° deep in the
nanoplasma regime and narrow ion kinetic energy distributions for all charge states, the
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conclusion was drawn that for large clusters a thin outer shell comes off in hydrodynamic
expansion and the nanoplasma core recombines to full neutrality.

Short summary at present understanding

In laser-cluster interaction, the influence of many parameters (sample matter, and size; laser
intensity, pulse length, and photon energy) on complex processes in the cluster make it
hard to foresee the outcome of an experiment. General trends are a smooth transition from
mainly hydrodynamic to Coulomb expansion with increasing laser wavelength and intensity
as well as with decreasing cluster size. However, the assignment of process dominance from
experimental data proves to be nontrivial. Ruling out cluster size distribution and focus
averaging gives better access to underlying dynamics such as recombination frustration
and enables a charge state resolved analysis of ion kinetic energies.

Up to date not all processes during and after cluster irradiation are completely understood.
The key questions are:

e How and how fast does ultrafast ionization proceed and is a plasma built-up upon
irradiation?

e How fast is the energy redistributed inside? What is the role of collision and recom-
bination processes?

e How and on which timescale does the fragmentation of an irradiated particle pro-
ceed? What is the role of screening and recombination in the context of cluster
disintegration?

This thesis tries to contribute to answering these questions by investigating large, single
xenon, argon, and silver clusters in ultrafast, highly brilliant IR, and XUV pulses.
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Chapter 3

Experimental Setup

This thesis provides new insights into the dynamics of very large, individual xenon clusters
induced by ultrashort, highly intense light pulses. This chapter gives an overview of the
components used in the experiment and collection of raw data. The experiments were
performed in August 2011 at the Free-electron Laser in Hamburg (FLASH) at DESY in
Germany. FLASH provides ultrabright laser pulses of very short wavelength.

A schematic drawing of the setup is presented in figure 3.1. Femtosecond pulses of infrared
(IR) and extreme ultraviolet (XUV) light were coupled into the experimental chamber and
guided into the interaction region by a set of stray light apertures. Here, the pulses were in-
tercepted with single clusters, produced in supersonic expansion. Upon irradiation clusters

straylight
apertures
incoupling
mirror
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Figure 3.1: Scheme of the experimental setup. From left to right: XUV and IR beams from
the FLASH facility are colinearly coupled into the vacuum chamber. Straylight apertures guide
the beams into the interaction region. Here, they are intercepted with single large clusters. The
resulting ionized fragments are recorded with a time-of-flight spectrometer. Diffraction patterns
are captured by a scattering detector.
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are turned into a nanoplasma. The morphology and transient electronic states are captured
by XUV scattering. Fragments of the exploding clusters are recorded simultaneously with
an ion time-of-flight (TOF) spectrometer.

In a pump-probe setup, XUV and IR pulses initiate and probe the dynamics, expansion,
and disintegration of the xenon clusters. A detailed overview of the free-electron and
optical laser properties and the layout is given in section 3.1. The vacuum system, cluster
source, and detector systems are described in detail in section 3.2.

3.1 Generation of XUV and IR pulses

Research in the field of laser-matter interaction drastically increased with the emerging
of lasers, providing mono-energetic radiation with high coherence. Over the last decades
table-top lasers developed to become shorter in pulse length (down to attoseconds) al-
lowing to study processes with atomic resolution in time. Table-top Higher Harmonic
generation sources even reach the x-ray regime necessary to investigate matter with almost
atomic spacial resolution [107]. However, their peak brilliance is not sufficient for many
experiments involving imaging of individual nanoparticles. Accelerator-based synchrotron
sources deliver highly brilliant x-ray beams, but cannot compete with lasers when it comes
to pulse length. Free-electron lasers (FELs) opened up new possibilities by combining all
three characteristics, pushing into the x-ray regime with ultrashort pulses and additionally
providing high intensities [7].

In the experiments performed for this thesis, XUV laser pulses from the FEL where com-
bined with IR pulses from a table-top laser system in a pump-probe setup. A quick intro-
duction to the generation process of FEL pulses is given in section 3.1.1. The IR laser was
provided at FLASH and the system is described in section 3.1.2. For two color pump-probe
experiments, a good temporal and spacial overlap is critical. The setting and determina-
tion of the spacial and temporal overlap of the two individual pulses are explained in more
detail in section 3.1.3.

3.1.1 XUV pulse generation at the free-electron laser facility FLASH

For portraying individual non-crystalline nanoparticles by diffraction imaging, several re-
quirements need to be fulfilled by the illuminating light source [35]. A high photon flux is
crucial to gain a good signal-to-noise ratio from scattered photons. The light needs to be
monochromatic with a wavelength smaller than the particle, being in the XUV to x-ray
regime for nanometer sized targets. The length of the light pulse must be shorter than
the timescale of atomic vibrations and rotations in molecules and other targets which is in
the range of 10725 [108]. Sufficient coherence is important since interference of diffracted
waves is required. Presently, all of the above requirements combined are only fulfilled by
a short-wavelength FEL pulse.

FELs are fourth generation accelerator-based light sources using the principle of syn-
chrotron radiation generation by sending a beam of relativistic electrons through a mag-
netic structure referred to as Doppler frequency up-shifting of emitted radiation. Up to
date there are four FELs in user operation worldwide lasing in the XUV up to x-ray regime:
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Figure 3.2: Schematic drawing of the current FLASH I and planned FLLASH II setup, depicting the
constituent components required to generate a FEL beam [109]. See text for detailed description.

FLASH [110, 111, 112] where the experiments for this thesis took place, the Linac Coherent
Light Source (LCLS) in the US [113], the SPring-8 Angstrom Compact free-electron laser
(SACLA) in Japan [114], and the free-electron laser for multidisciplinary investigations
(FERMI) in Italy [115]. Development and planing are ongoing for further x-ray FEL facili-
ties like the European x-ray free electron laser (XFEL) [116], the SwissFEL [117], the PAL
XFEL in Korea [118], and for extensions of FLASH and LCLS. Detailed descriptions and
derivation of the theory behind FELs are found in literature (e.g. [119, 120, 121, 122, 123])
and a good illustration of the machine operation mode and setup at DESY is given in [124].
A short introduction into the principle of FEL radiation generation will be given here on
the basis of the FLASH layout depicted in figure 3.2.

The main components of a FEL are an electron injector, a particle accelerator, and a mag-
netic undulator as seen from left to right in figure 3.2. Free electrons are produced with
10 Hz repetition rate in a Radio-Frequency (RF) gun by illuminating photocathodes with
short ultraviolet (Nd:YLF) laser pulses. The photoemitted electrons are rapidly accelerated
to relativistic energies by radio-frequency fields. This cancels the repelling electric forces
between the equal charges by the attractive magnetic forces between the parallel currents.
The electron beam is further accelerated close to speed of light in superconducting linear
accelerators. The electrons are driven in klystrons by electromagnetic alternating fields of
more than 15 MV /m. Between the accelerating structures bunch compressors are shorten-
ing the electron pulses in length by two orders of magnitude. Here, the leading electrons
of the bunches gain less energy than the trailing ones. Forced through a magnetic chicane
the tail electrons travel a shorter distance and hence catch up.

The actual lasing process takes place in six undulator modules of 4.5m each (sketched
in alternating green and red in fig. 3.2). Forced by a long arrangement of dipole magnet
pairs with alternating polarity, the electrons follow a wavelike orbit and emit photons
with each turn. The wavelength of the emitted light is dependent on the spacing of the
magnets (undulator period A\y), the magnetic field B, and the energy of the electrons.
Continuous tuning of photon energy is realized at FLASH by adjusting the electron beam
energy. Electron beam and radiation co-propagate along the undulator interacting with
each other. The electron beam is bundled along its direction of propagation when the
undulator period Ay is chosen such that the radiation field propagates (or slips) through
the electron pulse at one fundamental wavelength per undulator period, as sketched in
figure 3.3. The electrons are now emitting photons coherently [120]. At FLASH the
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Figure 3.3: Schema of FEL radiation emission from relativistic electrons and microbunching by
velocity slipping in an undulator [123]. a) When the electrons enter the undulator their phases
are randomly distributed and radiation is emitted incoherently. While passing the undulator the
electrons start bundling by velocity slipping and eventually start to radiate cohernently, if the
electrons are bunched at the radiation wavelength.

beam is spatially fully coherent across the entire focus diameter [125]. The temporal
coherence length holds a few femtoseconds [126]. The intensity of the emitted light scales
quadratically with the undulator period I ~ N?2. The radiation power grows exponentially
until saturation sets in.

FLASH is a so-called SASE laser, which stands for self amplified spontaneous emission.
Here, the lasing starts from shot noise and hence the spontaneous undulator radiation is
amplified at the beginning of the undulator. Due to the statistical process the photon
energy fluctuates. A different approach is to stimulate the lasing process with a monochro-
matic x-ray beam. The lasing process is then seeded. Due to the controlled FEL radiation
generation the pulses have well-defined profiles and bandwidths, leading to higher bril-
liance. Additionally, there is no temporal jitter with respect to the seeding laser. A seeded
FEL in operation is the FERMI FEL in Trieste [115].

At FLASH the electron beam is deflected behind the undulators by a magnet and dumped.
Downbeam the light axis follows a photon diagnostics section (indicated by a green box in
fig. 3.2), where each shot is characterized in non-invasive measurements. The fluctuations
in wavelength - due to the statistical SASE process - are recorded with a variable line
spacing grating spectrometer (VLS). Four gas monitor detectors (GMD) determine the
position and the intensity of each pulse. Two filter wheels for attenuation of the beam are
installed. Additionally, a gas attenuator can provide continuously variable intensities.

The beam is delivered to the user’s experimental endstations through a photon beam trans-
port system with gracing incidence carbon and nickel mirrors operating under high vacuum
conditions to prevent light absorption in air. At beamline 3, where the measurements were
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Table 3.1: FLASH is a user facility since 2005 and has been upgraded several times. Listed are
the state-of-the-art radiation parameters in 2014 [127] and values of the 2011 experiment.

Parameter ‘ Current 2011
Wavelength 4.2 - 45nm 13.6 nm
Average Single Pulse Energy 10 - 500 wJ 140 wJ
Pulse Duration (FWHM) <50 - 2001s 100 fs
Photons per Pulse 10T - 1013 1013
Spectral Width (FWHM) 0.7-2% 1%
Peak Power (from av.) 1-3GW -
Average Power (example for 5000 pulses/s) | up to 600 mW -

performed, tight focusing is established with ellipsoidal mirrors of 2m focal length, result-
ing in a focus of 7 = 10 um in radius [111]. For XUV pulses centered around A = 13.6 nm
wavelength (corresponding to 91eV) with ¢ = 100fs pulse length and F = 140 nJ pulse
energy, this leads to a power density I in the focus of

E

=g =41 10MW /cm?. (3.1)

3.1.2 IR pulse generation at FLASH

The FLASH facility provides amplified Titanium:Sapphire (Ti:Sa) pulses which are tem-
porally synchronized with the FEL pulses for the performance of two color pump-probe
experiments. A detailed overview of the optical femtosecond laser system is given in [128].
The major components used for the experiments in this thesis are shortly introduced here.
A schematic drawing of the setup in the laser hutch is presented in figure 3.4.

The infrared laser pulses with a central wavelength of A = 800 nm and bandwidth of 50 nm
are generated by a Ti:Sa ultrashort pulse oscillator (Kapteyn € Murnane Laboratories,
Model MTS). To perform well defined pump-probe experiments the oscillator is synchro-
nized to the FEL master clock with a jitter of under 70fs root mean square (rms). The
oscillator seeds two amplifiers: a burst-mode optical parametric amplifier (indicated in
yellow in fig. 3.4) and a single-pulse chirped-pulse amplifier system (indicated in red in fig.
3.4). In the experiments performed for this thesis only the latter was used. It consists of
a regenerative and a 2-pass amplifier (Coherent, Hidra-25). The maximum output power
is 20mJ at 50fs pulse duration. For safe beam transportation the pulse is stretched and
later shortened with a compressor, leading to a pulse duration of 80fs for the experiment
[129].

With temporal instabilities from the amplifier, the beam transport line, and the FEL
pulse jitter the overall temporal fluctuation between FEL and Ti:Sa adds to a total of
250 fs rms [130, 131]. It is constantly monitored by a streak camera (Hamamatsu, C5680)
which records the arrival time of the optical laser pulse and the synchrotron radiation
pulse, radiated when the electrons are bent to get dumped. The relative jitter between
both pulses is saved in the data acquisition (DAQ) system. This enables to trace random
fluctuations and drifts in timing difference on-line and in post-analysis. The temporal
separation between FEL and IR pulses can be altered with a computer controlled delay
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Figure 3.4: Layout of the optical laser system at FLASH [128]. For the experiments in this thesis
only the single pulse amplifier was used.

state within a 3 ns range in steps of 10 fs. The position of the stage is linked to the bunch-
ID and also saved in the DAQ system. The optical pulses, delivered via a beamline system
to the experimental endstations, exhibit a beam diameter of 16 mm FWHM.

To couple the beam into the vacuum chamber and to focus it onto the interaction region
is in the responsibility of the users. Therefore, an optical setup was designed and imple-
mented on a breadboard positioned between vacuum chamber and beamline. The beam
was transported to the height of the optical setup with a periscope. For maximum trans-
mission, 2inch diameter mirrors (Newport) were used. The IR beam entered the vacuum
system through a CF60 window flange. To achieve good spatial and temporal overlap in
pump-probe configuration (see next section) and due to the detector setup (see chapter
3.2.3), the incoupling geometry of the IR was collinear with the XUV beam. The Ti:Sa
pulses were reflected into the interaction region via a mirror in the FEL beam path, which
had a centered hole of 2mm diameter to allow the FEL beam to pass. The mirror was
placed in a CF60 cube in the vacuum system and fixed on motorized in-vacuum stages for
full movement in all directions (three linear states with 8 mm hub (Mechonics) and two
angular stages (Newport) for pitch and tilt motion).

The focal length was chosen such that the power density in the interaction region was
maximum. Therefore, three aspects had to be taken into account:

e the focal length had to be short in order to get a tight focus,
e the divergence had to be small for the beam to fit through the detector hole, and

e the beam diameter had to be large on the hole of the incoupling mirror to keep the
power loss low.
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Table 3.2: IR radiation parameters of the optical laser system in the laser hutch [128] and at the
experimental endstation in 2011.

’ General Parameters Value H In Experiment ‘ Value ‘
Central Wavelength 800 nm Focal length 750 mm
Max Pulse Energy 20mJ Pulse energy in focus 0.8mJ
Min Pulse Duration <50fs Pulse Length 80 fs
Beam Diameter (FWHM) 16 mm focal diameter 90 pm
Repetition Rate 10 Hz Focal power density 1.1-10™ W /cm?
Energy Stability 3% rms

To fulfill all three aspects, a clano-convex lens (Thorlabs, N-BK7) with focal length of
750 mm was chosen, resulting in a spot size of 5.5 mm diameter on the holey mirror, of
90 um in the focal region, and of 1.4 mm at the detector hole. For focal spot positioning
along the beam axis, the lens was mounted on a linear stage (Thorlabs, 2 inch travel)
which was placed outside the vacuum due to the long focal length. In front of the vacuum
chamber the IR beam had a power of 1.4mJ, which was reduced at the holey mirror by
40 %. The power behind the interaction region was measured to hold E = 0.8 mJ, resulting
in a focal power density of I = 1.1-10* W /cm? with central wavelength A\ = 800 nm, pulse
length 7 = 80fs, and estimated focal spot size d = 90 um (see equation 3.1).

3.1.3 Spatial and temporal overlap in pump-probe setup

The pump-probe scheme is one of the most promising concepts to examine dynamic pro-
cesses on a picosecond time scale. While the pump pulse initiates the reaction of the
sample, the probe pulse observes the induced changes. In order to ensure that both pulses
hit the target, a reliable spacial overlap between IR and XUV pulse is required. In the
interaction region, the IR beam with focal spot size of 90 um was overlayed onto the 20 um
FEL beam with the help of a yttrium-aluminium-garnet (YAG) screen and a microscope.
The screen was moved into the interaction region with an UHV manipulator. While the
FEL focal position was fixed, the Ti:Sa focus was moved with two mirrors located on the
breadboard outside the vacuum. The beam profiles were imaged with a resolution of 7 um
by a CCD camera (Basler) combined with a zoom-objective (Edmund, VZM 450i). This
setup succeeded in establishing a spacial overlap with a precision of about 10 um in x- and
y-direction and about 300 pum in z-direction [132].

After setting the spacial overlap, the temporal overlap between IR and FEL pulses was
established in three steps. First, it was roughly set with a resolution of 100 ps by irradiating
a coaxial cable placed in both focal volumes. Upon impact the photons induced a current
in the inner conductor, which is sensitive to a broad photon energy range and exhibits a
fast rise time of 100 ps. The pulses induced by both laser beams are monitored with a fast
oscilloscope (LeCroy) and brought to overlap by movement of the IR delay stage in the
laser hutch.

In a second step, the temporal overlap was established more precisely with a resolution
of 1ps, using molecular nitrogen (N2) as demonstrated in [133]. Via a metering valve the
vacuum chamber was flooded with gaseous nitrogen up to a pressure of p = 4-10~7 mbar. By
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Figure 3.5: Temporal overlap determination with precision of one picosecond, adapted from [132]
and [133]. a) If the gaseous nitrogen is hit by an XUV beam it gets ionized and a high N3 signal
can be detected in ion TOF spectra (red curve). If a strong IR beam follows the XUV beam,
the XUV generated N3 dissociates into N* leading to a decrease in N3T signal (green curve). b)
Tracking the N§+ ion yield over pump-probe separation time dt shows the isochronous arrival of
both laser pulses, where the Gaussian error function fit (blue line) decreases to half of the maximum
N§+ signal.

pumping the gas with the XUV beam the molecular nitrogen was turned into molecular
nitrogen dications (Ng+) due to core-level ionization and subsequent Auger relaxation.
As depicted in figure 3.5a (red curve), a high N%Jr signal was detected in the ion TOF
spectrometer. When probing the XUV-ionized nitrogen molecule with the IR pulse, it
dissociates due to the intense optical field. As a result, the N§+ signal decreases (see green
curve in fig. 3.5a). To establish the temporal overlap, the IR delay stage was scanned.
The central N%Jr peak intensity was plotted over delay time and fit with a Gaussian error
function. The delay stage was positioned where the fit function decreased to the half
maximum (see blue curve in fig. 3.5b).

Once the temporal overlap was established on a picosecond timescale, it was possible to
employ a third method as described in [134]. Here, the short-lived transient ion signal of
Xe3t is indicating the isochronous arrival of both pulses with a resolution of 400fs. Via the
cluster source gaseous xenon was leaked into the chamber. Around 90eV photon energy,
xenon exhibits the 4d - ef giant resonance [66] introduced in section 2.3.1. Irradiation with
one single XUV photon leads to double or triple charged xenon, due to 4d shell ionization
and subsequent Auger decay leaving two or three electron vacancies in the outer 5p shell,
respectively. The Xe?T and Xe?* ion TOF signals therefore scale linearly with the FEL
intensity!. Long-lived intermediate states just below the Xe3T threshold can be pumped
by the IR pulse leading to a temporary increase in Xe3* ion yield as evident from figure
3.6a. The green curve shows a spectrum where the xenon gas is pumped with an IR and
probed with an XUV beam. When reversing the pump-probe scheme (blue curve), an
increase in Xe3T ion yield exhibits the excitation of XUV generated Xe?T states to Xe3t
states. In 500 TOF spectra taken at each delay time, the Xe?* yield was integrated and
normalized to the Xe?* yield. Plotted over pulse separation time dt the half maximum of
the Gaussian error function fit revealed the isochronous arrival time of both pulses with a

In the production of higher charge states nonlinear processes like multiple-photon absorption are
involved.
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Figure 3.6: Fine temporal overlap between IR and XUV pulse established with xenon gas, adapted
from [132]. a) Ion TOF spectra from xenon gas. Green curve: xenon is first exposed to IR and
after to XUV beam. Xe?* and Xe®T ion yield scale linearly with FEL intensity. Blue curve: if
the IR beam follows the XUV beam, XUV-excited intermediate states are pumped by the IR pulse
leading to an increase in Xe3* ion yield. b) Isochronous pulse arrival time is extracted from the half
maximum of the Gaussian error function fit to the normalized Xe3* ion yield plotted over pulse
separation time dt.

resolution of 400 ps (fig. 3.6b). Once both laser pulses are well synchronized in time and
space, a good overlap with the cluster beam needs to be established as described in the
next section.

3.2 Experimental chamber

The experiments were performed in an ultrahigh-vacuum (UHV) chamber. Here, the clus-
ter beam was produced and laser-cluster interaction was detected. The requirements re-
garding the vacuum system are high, since cluster generation involves heavy gas loads and
residual detection requires good signal-to-noise ratio, e.g. high vacuum. To match all needs
the UHV chamber is separated into four parts, as described in detail in section 3.2.1.

The clusters were produced in a pulsed supersonic expansion (see 2.1). Large cluster sizes
in the range of several ten to hundred nanometer could be obtained by cooling the source
and applying high gas backing pressure. A key feature of this experiment is the ability
to study individual clusters to rule out the blurring of signals due to measurements on an
ensemble of clusters. Therefore, the jet was heavily skimmed such that only one single
cluster was detected in the interaction region at a time. The cluster source used for the
presented experiments is introduced in chapter 3.2.2.

A combined approach to simultaneously detect elastically scattered photons and frag-
mented cluster ions was applied to investigate light-matter interaction on different timescales.
It is introduced in 3.2.3. The positively charged ions were collected with an ion time-of-
flight spectrometer. A scattering detector recorded diffraction patterns and fluorescence
photons of the disintegrating clusters shot by shot. The detected data was stored together
in one file with an identifier from the FEL light pulse.
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Figure 3.7: Schematic diagram of the vacuum apparatus, adapted from [132]. I) The pressure
stage served as differential pumping stage between main chamber and beamline. II) In the main
chamber the interaction region and the detectors were located. Here, the background pressure
needed to be low in order to ensure a good signal-to-noise ratio in the measurements. III) In the
expansion chamber the clusters were generated by supersonic expansion of high pressure gas into
vacuum. Since the gas load under these conditions was heavy good vacuum pumps were needed. IV)
The extension chamber separated main and expansion chamber and served as differential pumping
stage. The gas throughput was kept low by two conic skimmers with small orifices of 0.5 and 1 mm
diameter.

3.2.1 Vacuum system

Clusters were produced under heavy gas load in the same chamber where experiments
under high vacuum conditions were performed. In order to keep undesirable background
signal in the measurements low, a smart vacuum system was needed. Hence, the chamber
was divided into four differentially pumped sections, as sketched in figure 3.7. A pressure
stage (I) was located between beamline and main chamber (II) where the laser beams were
intersected with the cluster beam and the scattering patterns and ion mass spectra were
detected. The clusters were formed in the expansion chamber (III) which was separated
from the main chamber by a set of small skimmers and a differentially pumped extension
chamber (IV). The whole vacuum setup was pumped by a set of turbo-molecular pumps
(TMP) and prevacuum pumps and constantly monitored with several pressure gauges
(Pfeiffer, Full range gauges and Pirani gauges connected to a Maxi Gauge controlling
unit). A safety system ensured controlled venting of the entire vacuum chamber, either
manually, or automatically if an error occurred at any of the vacuum pumps.

The pressure stage (fig. 3.71) served as incoupling stage for the IR laser, as already in-
troduced in section 3.1.3. Additionally, it ensured that the vacuum in the experimental
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chamber was always better than in the beamline. This prevented residual carbon hydrates
from migrating into the beamline where they could coat the mirrors. Both vacuum sys-
tems were separated by a pressured valve which automatically closed if the pressure in the
pressure stage rose above the pressure in the beamline. Therefore, the valve was coupled
to the signal of the pressure gauge in the pressure stage and could only be opened if the
pressure was below p;y = 10~%mbar. A TMP (Pfeiffer) was installed to achieve this pres-
sure, reaching down to p; = 10~% mbar. The TMP was coupled to a scroll pump ( Franklin
Electric) providing a prevacuum of p = 1072 mbar.

In the main chamber (fig. 3.71I) the jet of free clusters was channeled into the pulse trains
of the XUV and IR laser. The detection of scattered photons and fragmented ions as
residuals from the interaction demanded for low background pressure to ensure a good
signal-to-noise ratio in the measurements. With a large TMP (Pfeiffer, TMU1000PC)
background pressures of py; = 10~? mbar and pr; = 10~ mbar were reached, without and
with cluster source switched on respectively. The prevacuum system was coupled with the
pressure stage. Gaseous residuals in the vacuum were analyzed with a quadrupole mass
spectrometer (MKS, e-Vision 2) which was also used for the alignment of the cluster source,
as described in section 3.2.2.

The clusters were generated in the expansion chamber (fig. 3.7 III) in supersonic expansion
with 5 Hz and backing pressure of 9.8 bar (see next section for setup of the cluster source).
Despite the heavy gas load, a background pressure of prp = 104 mbar was reached due to
two TMPs (Leybold, volume flow rate of 3451/s) coupled to a strong prevacuum system.
This prevacuum system consisted of a roots (Oerlicon Leybold Vacuum, WSU251) and a
scroll (Edwards, XDS351) pump, reaching a pressure of p = 1072 mbar without gas load
[132]. The same system was used for two TMPs, which were pumping the extension
chamber (fig. 3.7IV) down to a pressure of pry = 107° mbar. The extension chamber was
located between expansion and main chamber. All three chambers were only connected
via two conical skimmers with orifice diameters of 0.5 and 1.0 mm respectively. These were
not only used to keep the gas throughput low, but also to extract only the central part of
the cluster beam, where the largest particles are present.

3.2.2 Cluster source for large xenon cluster generation

Large xenon clusters were generated in a cryogenic, pulsed cluster source, using the princi-
ple of supersonic expansion as introduced in the theoretical section 2.1. The main compo-
nents of the source were a nitrogen cooled cryostat, a solenoid driven pulsed valve, and a
conical nozzle. The commercial cryostat (CryoVac) was mounted on a flange with several
feedtroughs for liquid cooling material, temperature sensors, heat and valve control, and
gas inlet. The xenon gas was sent through a steel tube and cooled in a spiral around the
cryostat. From there, it was sent through the valve which was housed by a gold shield
where a temperature sensor and heat capacitors were located. The nozzle was directly
attached to the valve with an indium gasket to minimize leakage while optimizing heat
transport. To prevent clogging of the nozzle orifice, a sintered filter (Swagelock, 15 um
pore size) was installed in front of the gas inlet.

To enable imaging of the clusters by XUV scattering, the samples had to be larger than
25nm in radius, corresponding to about 110000 atoms in a spherical xenon cluster (see
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Figure 3.8: Schematic depiction of the cut through the solenoid pulsed valve and the conic nozzle,
adapted from [135, 136]. The atomic gas enters the valve from the left and exits it on the right when
the poppet in the armature is pulled back due to a magnetic filed induced in the coil assembly. The
gas expands in a supersonic expansion through the conic nozzle and thereby clusters are formed.

equation 2.12). To generate such large particles the xenon gas was cooled to T' = 180 K.
A conic throat nozzle with an orifice diameter of 200 wum and a half cone angle of 4° was
chosen for a relatively low but well directed gas flow. With a backing pressure of 9.8 bar the
resulting average number of atoms per cluster should have been (V) = 210000 according
to empirical scaling laws [28] (see also equation 2.11). Since the producible cluster size is
limited by the background pressure and pumping speed a pulsed valve was used to keep
the gas load low. Pulsed operation has considerable advantages towards continuous jet
flow:

the stagnation pressure can be increased

e pumping requirements are reduced

cleaner spectra with increased signal-to-noise ration can be detected and

characterization of the velocity distributions in the jet is facilitated.

A schematic sketch of the solenoid valve (Parker General Valve Corporation, series 99) is
presented in figure 3.8. The valve is sealed by a vespel poppet pushed into the valve orifice
by the main spring. The poppet is located at the tip of a teflon coated, magnetic armature
which is pulled back by the induced magnetic field of a coil assembly when current is
applied. As long as the current is kept and the poppet is held back, the gas can flow freely
through the valve. Upon switching the current off, the poppet is pushed back into the
orifice by the main spring and the gas flow is stopped. The valve is controlled by a pulse
driver (Parker, IOTA ONE) which initiates valve opening with a -28 V opening pulse and
keeps it open with 250 mV holding voltage. An opening time of 5ms was chosen for the
experiments. A minimum opening time of 1 ms is needed for the generation of clusters as
reported for similar experiments [137]. When the valve is closed between two pulses, the
dead reservoir between valve and nozzle is exhausted by pumping through the nozzle.

The repetition rate of the valve was set to 5 Hz which was half the frequency of the laser
pulses. For temporal synchronization of cluster beam and laser pulses the valve driver was
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triggered with a TTL input from the FEL. The timing was controlled with a digital delay
generator (Stanford Research Systems), which received the timing pulse from the DESY
master clock and produced a preset beam duration after the desired delay. The XUV pulse
arrived 24 ms after the master signal in the interaction region [138]. In order to record
the temporal profile of the jet pulse, the delay was scanned between 0 and 14 ms after the
light entered the interaction region. The temporal profiles for the atomic beam and the
cluster beam are presented in figure 2.3b. Atomic background spectra for reference and
optimization procedures were taken in the rising edge at 0.5 ms delay.

In order to establish single-cluster mode, the cluster jet had to be skimmed down in front
of the interaction region. The jet issuing from the cluster source was heavily skimmed
by a set of two conical skimmers downstream of the nozzle with 1 mm and 0.5 mm orifice
radius respectively. The shape of the skimmers is essential and follows the rules for skim-
mer design [17], which are introduced in section 2.1. The main part of the incoming gas
remained in the expansion chamber and only the central beam part containing the largest
clusters was guided into the interaction region. Precise adjustment of the cluster beam
axis was necessary to establish a clear path through both skimmers and spacial overlap
between cluster and laser beams. Therefore, the cluster source was mounted onto a me-
chanically translatable XYZ-manipulator and adjusted to a high dimer-to-monomer signal
ratio in a quadrupole mass spectrometer (QMS) downstream of the skimmers (see [45, 132]
for detailed description of the alignment procedure). The dimer signal indicates whether
clustering is effective.

The narrow beam in the main chamber could additionally be cut with a skimmer slit which
is continuously variable in size. By varying the width of the skimmer slit, the number of
clusters in the focal volume was controlled. The slit consisted of two razor blades mounted
onto a piezo-driven shutter system (Piezosysteme Jena). The shutter closed upon applying
voltages up to 150 V. The resulting width varied between 0 and 1.5 mm. Reference values
between 0 and 10V are monitored and converted into slit opening dg;; by the following
calibration relation

dgiw=a—b-U+c-U? (3.2)

with @ = 1500 um, b = 227.2um/V, and ¢ = 7.3 um/V? [132]. For single cluster experi-
ments, the skimmer voltage was adjusted to a read-out value of U = 8V, corresponding to
a slit width of dg;; = 150 um.

3.2.3 Coincident photon and ion detection

Once the cluster source and the laser beams were set correctly and all beams intersected
in the interaction region, the residuals from the light-matter interaction were detected. A
combined approach was used to investigate different time scales: during the interaction
on a femtosecond timescale and after the pulse on a nanosecond timescale. With a scat-
tering detector elastically scattered photons were collected, which contain traces of the
change of the optical constants and therefore transient electronic configuration during the
pulse. Complementary data was recorded with an ion time-of-flight spectrometer. After
cluster explosion fragments were detected when ultrafast processes like electron collisions
and recombination were already finished. For easy data post-processing, both datasets
were stored coincidentally in one file [139], together with other information like e.g. laser
parameters.
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Figure 3.9: Scheme of the scattering detector setup, adapted from [132]. The elastically scattered
and fluorescing photons hit the front of the MCP where they induce electron avalanches. The
amplifies signal is converted into visible light by the phosphor screen. The out-of-vacuum CCD
camera records an image of the back of the phosphor screen through the window via the mirror
under 45 degrees. The camera trigger is synchronized to the FEL pulse. The TOF electrodes cast
a shadow on the detector limiting the detected diffraction pattern in vertical direction.

Scattering detector

The scattering patterns were captured by a 2D area detector (Photonis), used in several
previous experiments [42, 10, 30]. It is a robust and affordable solution which fulfills
the requirements of spacial resolution, dynamic range, x-ray sensitivity, and fast read-
out time. X-ray sensitive in-vacuum charge-coupled device (CCD) cameras are either
extremely expensive [140] or have insufficient resolution or readout rate. The here applied
detector uses an optical CCD-camera after conversion of the diffracted XUV light into
visible light and redirection of the image out of the vacuum chamber. The detector assembly
is composed of four major parts, as depicted in figure 3.9: (i) a multi-channel plate (MCP)
stack which transfers the XUV photon signal into electronic signal, (ii) a phosphor screen
which converts the electronic signal into visible green light, (iii) a mirror which reflects
the diffraction pattern out of the vacuum chamber, and (iv) a triggered out-of-vacuum
CCD camera to ultimately record the pattern. The first three detector components have a
central hole to pass the direct laser beam through and protect the components from beam
damage.

The large-area MCP stack consists of two MCPs twisted by 180 degrees to each other.
Both have a sensitive area of 75 mm diameter and channels with 25 pm under 8 degrees
to the surface. Due to this set-up, the detector has reduced detection probability at one
spot of under 8 degrees scattering angle (see scattering pattern in figure 3.9). A voltage of
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-1660 V was applied to the MCP front, facing the interaction region, in order to accelerate
the electrons to the second MCP which was grounded on the back. Electrons produced
in the interaction region were repelled by the negative charge. To prevent the MCP from
detecting attracted ions, the voltage supply was gated by a fast high-voltage switch (Behlke)
from -1660 V to -1260 V after photon impact.

With 42000V applied to the phosphor screen close behind the MCP stack the electrons
were accelerated towards the screen. Here the electronic signal was converted into green
light with a wavelength around 550 nm. The screen consisted of a fiberoptical plate coated
with P20-type phosphor. A mirror angled at 45 degrees reflected the diffraction image out
of the vacuum chamber through a CF60 flange window. The images were detected shot-to-
shot by an out-of-vacuum CCD camera (Basler, 1392x 1040 pixel with 69 um pixel size),
triggered synchronously with the arrival of the FEL pulses. An IR filter was installed at
the outcoupling window to protect the camera from direct IR light reflected in the mirror.

Great care needed to be taken to minimize stray light, originating from optical components
in the beampath. One circular aperture was positioned in the FEL path upstream from the
IR incoupling mirror. Additionally, a light baffle system for the IR path was constructed.
It consists of three circular apertures of 2.0, 1.5, and 1.1 mm diameter placed at 90, 70,
and 50 mm upstream from the interaction region respectively. Between the apertures the
beams were covered by black tubes to prevent IR reflexes from the vacuum chamber walls.

With the scattering detector mounted at a distance of 61.6 mm from the interaction region,
scattering angles from 4 degrees to a maximum angle of 31 degrees were covered. The
corresponding maximal momentum transfer is ¢ = 47/ - sin(0/2) = 0.25nm~! (with
A = 13.5nm), limiting the detection resolution to 27/¢ = 25nm. In vertical direction,
the maximum detected angle is limited to 11° due to a shadow originating from the TOF-
spectrometer electrodes (see fig. 3.9).

Ion time-of-flight spectrometer

The ion mass spectra in this thesis were detected with an ion time-of-flight (TOF) spec-
trometer. The atomic and cluster ions created in the interaction region upon laser impact
were accelerated and guided towards a detector using electric fields. A schematic depiction
of the spectrometer principle is presented in figure 3.10a. A difference in potential between
two electrode plates, located around the ion starting point, generates a field that pushes
the ions towards the time resolved detector. Between acceleration region (with length s)
and detector lies the drift region (with length d) where the ions fly in a field-free environ-
ment. TOF spectrometers are based on the principle that the acceleration of a particle in
a homogeneous electrical field depends on its mass-to-charge ratio (m/q) [141]. When the
mass m is known the charge ¢ of the ion and their initial kinetic energy is determined by
the flight time trop elapsing between creation and detection. The flight time is given by

m 2-5-58] d- s
¢ _ 22l 7 3.3
ror q (\/ U, +\/2~U1-s> (3:3)

where U; is the repeller voltage.

The ion TOF spectrometer applied in this thesis is equipped with a bipolar detector and
introduced in detail elsewhere [93]. In principle it can detect both, ions and electrons,
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Figure 3.10: a) Scheme of the TOF-spectrometer principle with measures of the used spectrom-
eter, adapted from [139]. Tons are accelerated upwards in the electric field around the interaction
region. They fly field-free in the drift region until they get post-accelerated toward the detector
behind the mesh. b) Depiction of the TOF design with voltages applied in the experiment, adapted
from [132].

depending on how voltages are applied. It consists of a repeller plate for acceleration of
particles and an extractor-plate. The extractor plate has a limiting aperture of 3.5 mm
diameter, so that only ions originating from the interaction region are collected and the
residual gas spectrum is cut out. Behind the repeller plate is a grounded drift tube made
out of p-metal?. It is covered with a mesh in order to keep the inner tube field-free, and
a detector. The measures of the spectrometer are indicated in figure 3.10a. Behind the
drift tube is a commercial detector (Burle Industires). It is composed of a MCP for signal
amplification, a scintillator crystal which converts the electronic signal into photons, and
a photomultiplier which enhances and reconverts the optical into electronic signal. The
voltages® applied during the experiment are indicated in figure 3.10b.

The spectrometer is non-Wiley-McLaren [142] and can therefore also resolve initial ion ki-
netic energies. lons with higher momenta are faster and recorded earlier in the flight-time
spectrum. For the conversion of flight time into kinetic energy the exact spectrometer
geometry needs to be taken into account. Xenon cluster flight-time spectra for the spec-
trometer design were modeled with SIMION in [45]. The resulting simulated conversion
function is linear

Epni=18-107%¢72—444 . ¢ (3.4)

with ¢ the flight time and ¢ the charge. As plotted for the first five xenon cluster ion charge
states in figure 3.11 a, the kinetic energy is reciprocal to the squared flight time.

2ji-metal is a nickel copper alloy which effectively shields magnetic fields.
3With different voltages applied also electrons can be detected with this system.
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Figure 3.11: a) Time-to-energy conversion curves for the first five charge states and b) transmis-
sion function for the first eight charge states of xenon clusters simulated with SIMION [45].

When analyzing the TOF spectra for signal intensities, the spectrometer transmission has
to be taken into account. The transmission is dependent on the emission angle, charge
state, and momentum of the ions. The simulated transmission functions of the TOF
spectrometer for the first eight charge states are plotted in figure 3.11b [45]. For ions
with low kinetic energies the detection probability is higher than for high kinetic energy
ions. The latter are thus underrepresented in the TOF spectra. Additionally higher charge
states are transmitted better, since their trajectories are stronger influenced by the electric
field. A prominent feature in the transmission function spectra are sharp peaks at high
kinetic energies. They result from an artifact owed to the detector geometry. In the TOF
spectra back-peaks are present, originating from ions which are initially ejected away from
the detector but later pushed towards it by the electric field of the repeller electrode. A
small aperture in the repeller plate distorts the field and leads to a lens effect, efficiently
focusing high energy ions onto the detector. Therefore, their transmission is high and
strong contributions from back-peaks can be found in TOF spectra of strongly excited
clusters.
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Chapter 4

Results: Cluster evolution in
intense XUV and IR pulses

The power of the approach of measuring matter-light interaction of single, free clusters
lies in the access to phenomena which are hidden when averaging over an ensemble of
clusters [42, 10]. Together with the combined approach of elastic-light-scattering detection
and coincident ion spectroscopy, complementary aspects and different time scales of laser-
cluster interaction are accessed in unprecedented detail [101, 44]. Precise morphological
characterization of non-periodic, nanoscale particles and analytical examination of the
individual degree of laser impact become possible with this method [11, 12]. The great
wealth of recorded information holds the potential for extensive examinations. However, it
also demands for the design of new data-processing tools and filtering routines [143]. Their
development and implementation are subject to the first part of this chapter (section 4.1).

Cluster disintegration as a consequence of laser impact is the main topic of this thesis.
Single-pulse measurements with changing parameters are studied in detail in section 4.2 to
disentangle the particular influence of different materials and laser characteristics on the
particle evolution. Distinctions and analogies in cluster disintegration for varying particle
sizes and chemical components, as well as for tuned laser intensities and wavelengths reveal
interesting correlations in nanoplasma dynamics on the femto- up to picosecond timescale.

To trace the cluster ion motion, the experiment has been pushed further to an extended
timescale of up to nanoseconds by applying a pump-probe scheme (fig. 3.1). Single large
xenon clusters have been exposed to intense, extreme ultraviolet pulses to initiate an ex-
pansion process, which is topic of chapter 4.3. The simultaneous imaging of the clusters
upon pump-pulse impact allowed for good characterization of the initial particle condi-
tion. The subsequent gradual dilution of the sample was tracked with an infrared pulse by
probing the time of collective quasi-free electron motion driven by the laser field.

Finally, the disintegrating cluster was directly imaged in a reversed pump-probe setup.
A strong IR pulse triggered nanoplasma formation and evolution. It was followed by a
delayed XUV pulse, which recorded structural changes at consecutive points in time. The
emerging 'movie’ presents a variety of insights into different expansion states. Simulations
based on scalar theory of light scattering manifest the survival of large clusters on long
timescales (section 4.4).

59
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4.1 Filtering and processing single-shot single-particle data

Single-shot single-particle measurements open up a wide range of new possibilities to pre-
cisely explore laser-induced nanoplasma dynamics on well-characterized systems. Up to
date most experimental studies of cluster-light interaction are performed on ensembles of
clusters (cf. [47, 59, 144]) - while almost all theoretical investigations deal with calculations
for single clusters (cf. [48, 49, 50]). This discrepancy often complicates a simple compar-
ison between measured and simulated data [145]. On the one hand, data from a cluster
ensemble exhibits spreading due to a size distribution resulting from the statistical growth
process of clusters (see section2.1). On the other hand, the Gaussian distribution of laser
intensity in the focal area adds further averaging of measured signals. This is caused by
the fact that clusters are hit in different places within the focus and therefore experience
different power densities.

Both resolution-lowering distributions are circumvent with the imaging of single particles
by XUV photon scattering, in contrast to experiments on cluster ensembles. Every in-
dividual shot is stored together with its FEL-allocated bunch-ID, giving the opportunity
to combine each hit with its corresponding pulse characteristics data in post analysis, as
introduced in section 3.2.3. The amount of photons scattered at one particle increases
with the amount of impinging photons. It therefore gives information about the imposed
laser power density (see 4.1.1). Additionally, the size of each individual target is precisely
recorded in its diffraction pattern. As consequence, size distribution averaging can be ruled
out which opens the possibility to study radius-dependent effects in great detail. Pioneer-
ing experiments on individual xenon clusters displayed a vast amount of target sizes and
shapes [146, 11]. A different experiment was able to reveal the change of optical constants
dependent on laser intensity completely independent of size effects [10] and just recently
shock waves were observed in nanoplasmas [147]. These publications impressively prove the
necessity of single-particle detection to gain access to information concealed in ensemble
measurements.

A tremendous gain in information lies in the combined approach of collecting scattering
patterns and ion time-of-flight (TOF) spectra from the same sole sample. While nano-
plasma processes occurring on a femtosecond timescale are imprinted in CCD images, ion
spectra contain information about expansion mechanisms taking place picoseconds after
illumination (discussed in 4.1.2). Unexpected details about cluster fragmentation and elec-
tron recombination were revealed in the first experiment using this composite practice
[101]. This method allows to uncover previously hidden processes, but also demands for
the collection of a large amount of data to reach significant statistics with meaningful asser-
tion. Novel filtering and analyzing procedures for efficient, automated, and unsupervised
sorting are inevitable to process these huge amounts of data [143].

All measurements investigated in the scope of this thesis were taken at two different beam-
times at the free-electron laser FLASH in Hamburg. The first took place in 2011 and the
second a year later in 2012. All together over two Terabyte of data containing about a mil-
lion single shots were recorded to fulfill the needs of good statistics. In the first beamtime,
large xenon clusters were investigated with 13.6 nm wavelength FEL pulses and 800 nm
wavelength Ti:Sa pulses - either separate or consecutive in pump-probe configuration. In
one 16 h shift a total of 180 runs containing almost 100000 shots were recorded. By mea-
suring all data in one single shift it was ensured that all xenon clusters were produced
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under very similar conditions and that laser specifications stayed relatively constant over
the whole experimental period. In the following year, only XUV pulses were used. This
time, additionally to xenon clusters, also silver and argon clusters were inspected. Due
to remodeling of the vacuum chamber by installing different cluster sources, the data was
collected over several days. With over 100000 shots recorded for each cluster component
meaningful statistics were gained to ensure a significant characterization of the studied
processes. During the course of this thesis, I wrote a whole set of filtering routines in
MATLAB [148] for handling of this massive amount of data. The three main filters are
sorting for

e cluster size, determined by fringe spacing from the scattering patterns,
e intensity of the CCD image, and

e high kinetic energies in ion TOF spectra.

The filters will be presented in the subsequent two sections.

4.1.1 Filtering by CCD image

Imaging in single-cluster mode was reached by cutting the cluster beam such that the
majority of shots in which clusters are hit by a laser pulse comprises only one single
cluster. A piezo-driven slit (see section 3.2.2) was set to the position where the minority
of the produced clusters gets through to achieve this condition. In this configuration, the
target beam was diluted so strongly that a vast amount of shots actually contained no
cluster but only atomic residual gas in the interaction region. Images resulting from pure
atomic signal in the focus had to be sorted out for analysis of laser-cluster interaction.

Four exemplary raw CCD images are shown in figure 4.1: the first two images, a and b,
show photons fluorescing and scattered from xenon and residual gas, hit by either an XUV
or by an IR pulse respectively. The hole which protects the detector from the direct laser
beam is visible in the center of the subfigures. In the first image (a), the high circular signal
around the hole arises from XUV photons secondarily scattered at the focusing mirror in
the beamline. In the second image (b), only little stray-light signal is seen to the left
side of the hole since the IR laser is focused by a lens (see section 3.2). Only IR light
falling directly through the hole of the detector can be detected since the detector MCP is
insensitive to the IR wavelength. The diffuse signal on the lower left side originates from
a reflection at the outcoupling window. The second set of images (c and d) depicts single
clusters hit by either an FEL or a Ti:Sa pulse respectively. Here, the shade from the TOF-
spectrometer electrodes falling on the round scattering detector becomes clearly visible.
The pattern from the XUV irradiated cluster (c) exhibits characteristic diffraction rings
due to strong forward scattering. In the last image (d), heterogeneous scattering signal
from the long-wavelength infrared in combination with fluorescence is visible. Under an
angle of 8 degrees the detector sensitivity is lowered due to the detector configuration as
introduced in section 3.2.3. All images exhibit a few dead camera pixels which do not
affect the analysis and are therefore ignored. Above the detector hole a stripe with low
detection signal is visible. It is attributed to a local degradation effect. It results from
ionized background gas in the chamber which is repelled from the lower TOF spectrometer
electrode (compare section 3.2.3).
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XUV scattering NIR fluorescence

Atomic signal

Cluster signal

Figure 4.1: CCD camera images showing scattered and fluorescing photons from xenon gas as well
as residual gas irradiated by a) an XUV pulse with maximum power density of 4 - 104 W/cm? and
b) an IR pulse with with maximum power density of 1-10* W /cm?. ¢) Scattering pattern from a
single xenon cluster hit by the XUV beam with minor fluorescence contribution. d) Fluorescence
from a xenon cluster irradiated the IR beam. Note that the MCP of the detector is insensitive to
elastic scattering in the IR wavelength regime. The red box indicates the region used to identify
the average scattering and fluorescence intensity.

The sum of pixel intensities over a suitable area of the detector (as indicated by a red box
in figure 4.1 d) was calculated for every shot in order to sort out ’atomic pictures’. Images
with intensity values falling under a certain threshold were rejected for further analysis. All
remaining images were cut to the scattering region to save memory and speed up filtering
algorithms.

After assuring that only patterns from clusters were left, a different type of image was
sorted out: patterns which result from more than one cluster in the interaction region.
The are often referred to as ‘newton rings’ [11]. Here, three-dimensional information is
encoded in the 2D images (introduced in section 2.2.3). These types of images constitute a
whole interesting field of its own. Since they are not subject to this thesis they were sorted
out and neglected in the analysis.

Determination of cluster size from radial profiles

For spherical clusters the radius of the object is encoded in ring patterns of XUV photons
scattered, like the size of an aperture is contained in its airy disk [31]. For this thesis an
algorithm was developed for automatized extraction of the sample radius from each image
and is described in the following. The intensity value at each pixel is divided by a factor
of cos3(#) to account for the flat detector [10, 149]. First, the radial profile was generated
by averaging intensity values over scattering angle 6. The evaluated area was restricted to
a sector of the image to avoid including detector artifacts. In figure 4.2 four characteristic
scattering patterns and corresponding azimuthally integrated profiles are presented. In a
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Figure 4.2: a) 3D plots of XUV scattering patterns from spherical xenon clusters with different
sizes and b) their corresponding radial profiles plotted over scattering angle 6. The respective
cluster size is determined from the angle of the first minimum for small clusters and from fringe
spacing for large clusters. ¢) The histogram of cluster radii reveals a log-normal distribution with
maximum at 34 nm radius and several very large clusters up to 700 nm radius.

second step, local minima and maxima of the profile were identified and their separation
was determined. If the first minimum was detected the radius was simply estimated by
the relation [31]

122 )
with 60,,;, the angle of the first minimum. A different approach was applied if the imaged
target was so large that the first minimum is overlaid by stray light or disappears in the
detector hole. Profiles were generated in Mie simulations for several radii ranging from 100
up to 700 nm. Subsequently, measured data was assigned to the simulated profiles by the
distance of profile minima. For cluster sizes above 700 nm radius, the interference fringes
were too fine to get resolved due to the detector spacial resolution. In line with recent
findings [44], smaller particles are round in shape reflected by circular scattering patterns
(fig. 4.2 a bottom). Particles of larger sizes exhibit a rough surface, since they freeze out in

R (4.1)
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Figure 4.3: a) Illustration of a Gaussian focal density distribution with FWHM of 20 pm. Clusters
in the size range of several ten to hundred nanometer can be exposed to varying positions within the
focal volume. b) Scattering patterns of equally sized clusters exhibit various amounts of scattered
photons. ¢) Radial profiles of both patterns set in direct comparison reveal a difference in intensity
of scattered photons by a factor of 1.5.

non-spherical shapes during their growth by coagulation (fig. 4.2 a, see also section 2.2.3).

For xenon clusters measured in the 2011 experiment, the radii of all single clusters were de-
termined from XUV only and XUV /IR pump-probe data. They are depicted as histogram
in figure 4.2 c. A log-normal distribution with maximum of 34 nm radius was fitted. This
result corresponds well with pertinent scaling laws [28]. Xenon clusters of 34nm radius
consist of N a2 2.6-10° atoms while the scaling law predicts (N) = 2.0-10° for the expansion
conditions applied in the experiment (p = 9.8 bar, T = 180K, d¢; = 2105 pm). Extraordi-
narily large sizes with radii of several hundreds of nm originate from valve closing in pulsed
cluster generation as stated in 2.1.3 [44]. Due to the missing detector resolution the size
of clusters larger than 700 nm cannot be resolved and are indicated in the histogram (fig.
4.2¢) as 700 nm radius clusters.

As a matter of course this procedure only works for patterns recorded from particles ir-
radiated with a short-wavelength pulse. For IR data the radius cannot be extracted due
to missing minima in forward scattering direction. All experiments were performed in one
long experimental run with stable cluster source conditions, switching back and forth be-
tween laser settings to ensure that the cluster size distribution is alike for data taken with
IR pulses only or in IR/XUV pump-probe configuration.

Experienced power density dependent scattering intensity

The clusters range in a size scale of several tens to hundreds of nanometers. In comparison,
the focus spot of the FEL beam was about 20 pum FWHM [111]. Hence, each cluster
experiences a different power density dependent on its position within the laser focus (see
figure 4.3 a).

The exposed power density a cluster experiences was 4.1 - 1014 W /cm? in the focal maximum
of the FEL pulse. It drops to zero outside the wings. The main quantity of the clusters
are hit in the sides [97]. Exemplary two CCD images with equal ring spacing from clusters
of same radius are presented in figure 4.3b. The slopes of both patterns are set in direct
comparison in figure 4.3 ¢. They reveal a disparity in signal intensity by a factor of 1.5. The
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difference in brightness is a direct indication for the discrepancy in scattered photons due
to the different extend of irradiation. A direct determination of absolute power densities
from an averaged detector intensity is not possible since clusters of different size scatter
with varying strength. Additionally, the electronic configuration within the cluster changes
with FEL impact, which results in a change in the scattering-profile slope [10]. The overall
amount of scattered photons increases with higher exposure power density value. Therefore,
the method of filtering for sample radius and subsequently for detector intensity has proven
to be a versatile tool to investigate cluster-size and power-density dependent nanoplasma
dynamics [101, 45].

This method is not applicable for images recorded from particles irradiated with 800 nm
light only. The CCD images exhibit homogeneously distributed fluorescence instead of ring
patterns (see figure 4.1d). Still the screen intensity gives a hint about the rage of the size
of exposed cluster and impacted laser intensity. An earlier experiment with photonenergy-
sensitive pnCCD detectors revealed that with raising power density of an infrared laser, the
fluorescence yield increases due to higher ionization and subsequent radiative decay [46].
Furthermore, larger clusters scatter more intensely. Therefore, the assumption is justified
that the brightest CCD images result from very large clusters hit in the focal center.

4.1.2 Filtering by ion time-of-flight spectrum

Ton TOF spectra from atomic gas and from
clusters differ significantly. In figure 4.4
three exemplary ion spectra of xenon ir-
radiated by XUV pulses only are shown.
Single-shot atomic data is plotted in figure
4.4 a. It exhibits pronounced peaks which
are even isotope resolved. Singly ionized
xenon is almost not detected due to Auger
processes and missing recombination as al-
ready discussed in section 2.2.1. Charge
states up to Xe?T are detected for a focal
power density of 4.1-10* W /cm?. Cluster 150
spectra are presented in figure 4.4b and c. 4 L, c)
The peaks are broadened towards shorter 100 — [_AR

flight times from accelerated cluster ions 50— /'Fi)ge’:k

which override the residual gas peaks. The 1+
assignment of single charge states becomes 0 —
difficult because the peaks merge into each

other. For a cluster hit in the focal wing

Xel!™ is the most pronounced peak (fig.

4.4b), while for a strongly exposed cluster Figure 4.4: Single-shot ion time—of—.ﬂight spec-
the distribution is shifted to higher charge tra of (a) xenon atoms and (b+c) single xenon

. . . lust d t 91eV FEL pulse. Spect
states (fig. 4.4 c). Sorting according to ion ¢ uoters exposed o 8 S ey prise. periia
. : / O differ significantly. By filtering on characteristic
yield at flight times where no atomic sig-

- . : features (Ek, > 0, areas marked in red) atomic
nal is detected (indicated by the light red and cluster data can be reliably separated.
areas in fig. 4.4) is a very reliable filter to

distinguish cluster data from atomic data.
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In addition to ions, scattered light under 90 degrees was collected by the MCP of the TOF
spectrometer causing a light peak in the spectrum. Compared to the ions arriving at the
detector on a nano- to microsecond timescale, the light is detected almost instantaneously.
It was therefore used for calibration of the spectra to zero flight time. Further, the light
peak yield can be utilized to measure how well the cluster was hit in the focal area of
the laser pulse. Graph 4.4b from a cluster exposed to the focal wing does not show a
light peak. However, a light peak is present in the spectrum of a cluster encountering the
focal center (4.4c¢). While the scattering detector detects light from a broad region in the
experimental chamber, the TOF spectrometer only collects photons originating from the
interaction region, due to a small aperture in the drift tube. Since it is a time-resolved
signal the light peak also shows a fluorescence tail, especially in pump-probe data taken
at late delay times (cf. chapter 4.4). This helps to distinguish scattering and fluorescence
signal, which is not possible with the scattering detector.

4.2 Universal dynamics in large cluster nanoplasmas

The previous chapter explains how single-shot single-particle data was prepared and sorted
for further analysis. Based on that, this chapter focuses on the complicated dynamics of
clusters induced by irradiation with an ultrafast and highly brilliant laser pulse. With the
method of single-cluster imaging with coincident ion spectroscopy, it became possible for
the first time to disentangle the contributions from various experimental parameters to
laser-cluster interaction with unprecedented detail. In this chapter, several comparative
analyses focus on the expansion mechanism of single, large clusters. First, insights into
the affect of cluster size and laser intensity are given by the analysis of a single-shot
experiment on extremely large xenon clusters excited by 13.6 nm light discussed in section
4.2.1. Subsequently, in section 4.2.2 the material response is compared for xenon, argon,
and silver clusters of similar diameter under similar laser conditions by investigating their
ion kinetic energies. In a third study, the influence of the laser photon energy is examined
in detail in section 4.2.3, by means of ion spectroscopy on xenon clusters in single XUV
and single IR pulses respectively.

4.2.1 Ionization and ionic motion in XUV irradiated xenon clusters

The affect of laser intensity and cluster size on the laser-matter interaction is in principle
identified from theoretical models [49, 50] as introduced in chapter 2.3. With increasing
cluster size and laser intensity hydrodynamic expansion becomes more probable, while
with smaller cluster size and laser intensity the clusters are more likely to disintegrate in
Coulomb explosion [52]. Which of the two is the prevailing expansion mechanism can be
estimated by the frustration parameter « (see equation 2.50). It is given by the ratio of
photoactivated nyy to photoionized ngy; electrons [52]. In the case of xenon clusters in
XUV light, where the photon energy exceeds the ionization threshold, cluster atoms are
photoionized and field driven effects are either not present or negligible.

In this section, large xenon clusters exposed to 91eV laser pulses will be analyzed in
size and focal intensity resolved manner. As introduced in section 4.1, examined cluster
sizes are ranging between 25 and 1000nm and the peak FEL pulse power density holds
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4.1-10* W/em?. Upon XUV photon impact the amount of outer-ionized electrons before
frustration ng,; is calculated with equation 2.51 in the photon dominated regime. The
maximal kinetic energy is hereby not defined by the difference between photon energy and
ionization potential (fuw— E;;,), but by the Auger electrons with ~ 32eV [42, 52]. Therefore,

we get
4meq

nout(photon) =32 @T R=2222-R [nm] (42)
For the entire cluster-size range, n,,; varies between ~ 550 and & 22200 electrons. Note that
secondary processes like ionization heating, electron thermalization, and electron-impact
ionization are neglected in this calculation. The total amount of outer ionized electrons
most probably exceeds the values calculated here.

The amount of overall (outer- and inner-) ionized electrons ny,; can be determined by ab-
sorption cross-sections with equation 2.51 introduced in chapter 2.3.3. However, in 13.6 nm
wavelength light very large clusters are optically thick and the laser cannot penetrate the
entire particle. The absorption length of xenon is lgs = A/(475) = 24nm (see equation
2.18) with 8 = 0.0445. Therefore, a simple calculation via atomic absorption cross-section
might give misleading results. Instead, n;; can be simply approximated by geometric
cross-sections. It is estimated that every atom is charged twofold by photoionization with
succeeding Auger excitation, as long as the number of photons impacting on the laser is
larger than the number of atoms in the cluster [66]. This is the case for a laser pulse
with focal power density of 4.1-10'* W/cm? where the number of photons is estimated as
Nphoton = 1.7 - 1019 [45]. The number of atoms in a xenon cluster of solid state density is
calculated by

N = = 72.67 - (R[nm])? 4.3
- (Rfnm)) (4.3)
with p = 3.781 - 10% kg/m? and m, = 131.293 - 1.660 - 10~ 2" kg for xenon clusters (compare
equation 2.12). This results in N = 1-10% and N = 7-10'° for clusters with 25 and
1000 nm radius respectively. Only a very small fraction of all excited electrons leaves the
cluster. The frustration parameter is calculated as

o = Ntot _ 2N (4.4)

Nout Nout

For the experimentally detected cluster-size range the frustration parameter results between
a =~ 2000 and o ~ 3 -10%. It is deep in the nanoplasma regime (a >100) and therefore
the expansion is expected to be far in the hydrodynamic limit for all data analyzed in this
section.

While the nanoplasma model was established for clusters exposed to infrared laser light, it
also holds for clusters in the XUV regime. This was demonstrated in earlier experiments
[93, 150] and theoretical calculations [52]. The majority of activated electrons resides quasi-
free in the cluster compound as the approximation above shows. These charges redistribute
to lower the total energy stored in the clusters [56, 151]. The electrons move towards the
center of the sample where they screen the positive cluster charges while at the surface the
ions stay partially unscreened. Thus a net-neutral core with a highly charged surface is
built.

The dense, cold nanoplasma in the net-neutral core allows for recombination via many-
body collisions. At the same time hydrodynamic expansion takes place upon the pressure
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of the energetic quasi-free electrons. The cluster expansion starts at the outer surface and
proceeds layer-wise towards the cluster center [52]. While an ion at the cluster surface is
strongly accelerated during dissociation, an ion at the center is screened by the surrounding
electrons and hardly obtains kinetic energy. Therefore, the kinetic energy distribution,
detected e.g. in ion TOF spectra, mirrors the spacial distribution of the ion within the
cluster [151]. Recombination processes are manifested in TOF spectra by a missing of low
kinetic energy contributions in higher charge states, as well as by a strong contribution of
lower charge states. While these features predicted by theory are washed out in ion spectra
detected on ensembles of clusters, they are evident from single-cluster ion spectra as will
be demonstrated in the following section.

Expansion signatures in size and intensity characterized single-cluster ion spec-
tra

Here, an extended analysis of scattering patterns and ion TOF spectra from very large,
single xenon clusters in highly intense, ultrashort (100 fs) XUV pulses with 91 eV photon
energy is presented. A similar study was performed and analyzed in previous work [45].
It gives a good description on how to analyze single-shot coincident measurements. The
results of this study are the fundamentals for further investigation in this thesis and its
understanding is a prerequisite for the following sections. Data analysis methods developed
in [45] were applied to the data set collected for this thesis and are presented in the
following.

After determining the cluster-size distribution (see section 4.1.1), single clusters in a size
range between 100 nm and 1 um radius were picked for further investigation. They were
grouped in three categories with radii of (200 4+ 100) nm, (500 + 200) nm, and larger than
700 nm. Three representative scattering patterns revealing the size of the investigated clus-
ters are presented in figure 4.5a. Within the three groups all shots were sorted according
to the intensity of the recorded scattering pattern. It gives an indication of the sample
position within the Gaussian focal distribution of the laser pulse and therefore the exposure
power density (see section 4.1.1). Ion spectra were sorted accordingly and several selected
single-cluster ion spectra are shown in figure 4.5b.

Several features in the sorted single-cluster ion TOF spectra illustrate power density and
cluster size dependent effects in nanoplasma dynamics. Within one cluster-size range a
redistribution from lower to higher charge states takes place with rising exposure power
density (fig. 4.5b). The ion charge-state peaks shift towards shorter flight time and be-
come narrower for similar laser intensity but increasing target radius. This indicates that
the kinetic energy of the ions rises and develops towards an increasingly mono-energetic
distribution. The kinetic energy is a fingerprint of the ion position within the cluster [151].
Therefore, a narrow flight time distribution for one charge state is a strong indication that
these ions originate from a rather narrow cluster shell. Peak truncations at short flight
times - thus lower kinetic energies - point towards recombination processes taking place in
the dense cluster nanoplasma [52].

However, charge-state abundance and kinetic energy are not directly resolved in TOF
spectra. Accounting for spectrometer transmission and conversion to energy scale are
necessary to directly extract kinetic-energy distributions from the recorded TOF spectra.
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Figure 4.5: a) Single-cluster scattering patterns of single xenon clusters with about 200 nm and
500 nm radius, extracted from the fringe spacing in the pattern. in the last image the fringes are
too fine to be resolved due to the detector resolution. This indicates that the cluster is larger than
700 nm in radius. b) Ion time-of-flight spectra sorted first on cluster size and within one range to
assigned laser power density. The peak power density in the beam is 4.1-10'* W /cm?. While higher
charge-state yields rise dramatically with intensity the influence of the change in size is relatively
small.

A full characterization of the spectrometer used for this thesis is given in literature [152,
45]. In principle, every single ion spectrum needs to be simulated for a full charge-state
resolved kinetic-energy distribution. This procedure is extremely time consuming while the
information gain is relatively small. Instead, only the central kinetic energy in dependence
on the charge state is investigated here. The central kinetic energy is extracted from every
TOF spectrum depicted in figure 4.5 by polygon fits and subsequent adjustment to the
transmission function of the spectrometer as described in [45]. Plotted over charge state
in figure 4.6, a linear dependence is prominent for all shots.

Up to date there is an ongoing debate how the correlation of kinetic energy and ion charge
can contribute to distinguish between both limiting expansion scenarios: Coulomb explo-
sion and hydrodynamic expansion. It is often claimed that the mean kinetic energy (E)
scales linear with the ion charge in the case of hydrodynamic expansion, but quadratic for
Coulomb explosion:

<EHydro> xq , <ECoul> X q2- (4'5)

Several experiments on ensembles of clusters used this dependency to explain their explo-
sion mechanics [90, 91, 55, 93]. However, from Monte Carlo classical particle-dynamics
simulations of a cluster undergoing Coulomb explosion, a quadratic dependence was only
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Figure 4.6: Central kinetic energies over charge state extracted from the TOF spectra presented
in figure 4.5. The color coding is maintained. With increasing exposed power density the central
kinetic energies are increasing and higher charge states appear. A linear dependence is found for
all spectra indicated by straight lines.

found for low charge states, while for higher charge states it was linear [92]. There, the
quadratic behavior was attributed to an artifact from the laser focal averaging. More re-
cent simulations using molecular dynamics calculations investigate single clusters [52]. The
authors suggest that ion spectra from clusters undergoing Coulomb explosion and hydro-
dynamic expansion do not significantly distinguish if recombination processes are taken
into account. However, the ion spectra contain only charge states up to 4+ and authors
do not comment on the linear/quadratic behavior discussion.

With the single-cluster ion spectra presented in this chapter it becomes possible to at-
tribute a linear correlation of mean kinetic energy and ion charge (fig. 4.6) to cluster in
hydrodynamic expansion (estimated with equation 4.4) without influence of laser power
density and cluster size averaging. Since the experiments performed here on very large
clusters in the XUV regime reside deep in the nanoplasma regime, no comment can be
given on the behavior for clusters undergoing Coulomb explosion. Therefore, single-cluster
imaging experiments in coincidence with ion spectroscopy has to be performed on smaller
clusters with higher photon energy, like it is available at the hard x-ray FELs, e.g. the
LCLS or SACLA.

4.2.2 Relationship between material characteristics and ionization dy-
namics, studied in a comparison of xenon, silver and argon clusters

The electron temperature and density inside an XUV laser excited cluster is strongly
influenced by the particle material. The excess energy, e.g. the remaining kinetic energy
of a photoelectron after ionization, varies for different chemical components due to the
respective electronic configuration. An attempt is made to understand the role of the
electronic configuration for large clusters in XUV light. Therefore, the well studied ion
spectra of individual xenon clusters are compared with TOF spectra from other materials,
taken under the same free-electron-laser conditions (wavelength: 13.6 nm, photon intensity:
150 wJ, focal spot size: 20 um and pulse length: 100 fs).



4.2. Universal dynamics in large cluster nanoplasmas 71

ion yield [arb.u.]

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
time of flight [us]

Figure 4.7: Ion time-of-flight spectra of silver clusters, sorted by particle radius (independent
of the exact cluster shape) into groups of (65 £ 12.5), (90 £ 15), and (120 £ 15) nm. Within one
size range spectra are arranged for exposed power density with a maximum of 4.1 - 104 W /cm?.
Characteristic features are prominent, like an increase of high charge-state yield with laser focal
power (bottom to top) and a narrowing of charge-state flight-time distributions with cluster size
(left to right).

Xenon is a special case for 91 eV photon energy because of its 4d giant resonance resulting in
high photoionization cross-sections (see chapter 2.3.1). The initial ionization proceeds from
inside out, starting in the 4d-shell followed by the 4s, 5s, and 5p shell [66]. Argon is chosen
for comparison since it is also a rare-gas and clusters are grown under similar conditions. It
is likewise Van-der-Waals bound, but has a different electronic configuration and therefore
no resonant energy absorption at 91 eV photon energy. The electron excess energy in argon
(E* = 22¢V) is higher than in xenon (E* = 20eV) [42]. This leads to a higher electron
temperature and lower quasi-free electron density within the cluster. Contrary to xenon,
argon is ionized outside in. Another juxtaposition is made with silver because it has metal
bonding and already delocalized electrons in the ground state. In comparison with xenon
it has similar energy levels, leading to similar electron temperatures. Ionization proceeds
likewise from inside out. Xenon, argon, and silver clusters are expected to have a different
response to the light pulses because of different photoionization cross-sections and atomic
electron levels.

In a collaboration with the group of Prof. Meiwes-Broer from the University of Rostock first
scattering [12] and ion spectroscopy experiments were performed on large silver clusters
at FLASH. Due to a different cluster generation mechanism [153], the silver particles are
smaller than the xenon clusters and statistics are low for largest clusters. Like with xenon in
the previous section, silver shots are sorted according to sample radius and within one size
bucket sorted on intensity as presented in figure 4.7. Spectra are shown for radii ranging
between 65 and 120 nm and exposure power densities up to 4.1-10* W/em?. Comparison
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Figure 4.8: (a) Scattering patterns from single argon (R = 160nm), silver (R = 120nm) and
xenon (R = 280nm) clusters exposed to a 100 fs XUV pulse. (b) Corresponding single-cluster ion
time-of-flight spectra. Despite different flight times due to particle mass, all three spectra exhibit
similar features. Charge states up to 5+ are detected and peak widths for higher charge states are
rather narrow.

of the spectra in figure 4.5 and 4.7 reveals that ion spectra are different for xenon and
silver particles, but the overall size and intensity dependence is similar. With increasing
cluster radius charge state peaks get narrower and more pronounced and higher charge-
state yields increase. Within one size range, the charge-state distribution shifts towards
higher values with increasing exposure power density. The fact that these characteristics
are equal for xenon and silver targets points towards very similar ionization processes
taking place independent of the bond type, the target geometry, and exact ground state
electron configuration.

Another juxtaposition is made with argon clusters. For argon, size and intensity resolved
analysis is disregarded for redundancy reasons. Rather a single ion TOF spectrum is set in
direct comparison with a single spectrum from a xenon and a silver cluster. As presented
in figure 4.8 all three images show comparable cluster radius and exposure power density.
Flight times are slower for heavier particles, and therefore the time axis differs for varying
materials, but the main features in the spectra are quite similar. All three particles are up
to fivefold ionized and, apart from the first charge state, flight-time distributions of single
charge-state peaks are rather narrow.

Since ion spectra mirror the final state after cluster fragmentation, no information about
initial cluster charging can be directly extracted from the spectra. However, the cluster
expansion dynamics and the resulting ion kinetic energies are determined by energetics of
the nanoplasma, which itself results from the initial cluster charging process. Photoion-
ization energies are different for xenon, silver, and argon (see table 4.1) and therewith
the following absorption cross-sections and Auger-decay rates. While xenon atoms exhibit
the 4d giant resonance around 91 eV, resulting in high absorption cross-section (23 Mbarn),
photoionization processes in silver and argon are without any resonances. Their absorption
cross-sections at 91 eV photon energy are correspondingly small as can be seen from the
comparison in table 4.1.
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Table 4.1: First three ionization energies (Ip in eV) [32] and absorption cross-sections at 91 eV
(o in Mbarn) for xenon, silver, and argon atoms respectively [154]. Clusters sizes extracted from
figure 4.8 a respectively and corresponding total atom numbers N. Calculation of the amount of
outer photoionized electrons n,,+ upon 91 eV pulse impact and the corresponding ratio from total
atom number to outer photoionized electrons.

| Eip [eV] | ELF | ELF | o [MDb] || R [nm] | N | nout | N/nout |
Xenon 12.1 | 210 31.1 23 280 | 1.6-107 | 5200 | 3.1 -10°
Silver 6.5 20.8| 355 2.03 120 | 4.2-10° | 800 | 5.2 -10°
Argon 15.76 | 27.63 | 40.74 1.2 160 | 7.7-10% | 2300 | 3.3 -10°

Despite varying initial ionization, for all materials only a small number of electrons n,,: gets
outer ionized before photoionization frustration sets in as calculated from equation 2.51.
The calculated numbers for clusters of the sizes presented in figure 4.8 are listed in table
4.1. Due to the very large cluster sizes initial ionization only contributes marginally to the
overall ionization and nanoplasma effects take the lead. lonization heating and electron
impact ionization become dominant [105]. In a comparative paper where ionization of
silver and argon is calculated [84], electron impact ionization effects play a major role.
With increasing cluster size, the mean ionic charge number increases. Hence, for larger
clusters the impact ionization is more efficient during the cluster expansion compared to
smaller clusters. The ionization processeses in the nanoplasma have to have the same
impact as final spectra (fig. 4.8 b) show a high resemblance. Many nanoplasma processes
are independent of target material: electrons migrate to the cluster center, while an outer
shell comes off since it remains unscreened. The narrow distribution of the charge states
again hints on the explosion of a thin shell in hydrodynamic expansion. It seems that
with increasing cluster size, the amount of trapped electrons plays a major role. Plasma
dynamics become so dominant that the cluster dynamics become universal independent of
the particle material. This behavior is known from large clusters exposed to laser pulses
in the infrared regime [53]. Large xenon clusters in IR light will be the subject of the next
section.

4.2.3 Multistep vs field ionization: XUV and IR irradiated clusters

Above, expansion dynamics were examined in dependence on laser focal power density, clus-
ter size, and cluster component. In this section, cluster expansion is addressed regarding
illumination with a laser pulse of different photon energy. Therefore, ion spectra from large
xenon clusters exposed to near-infrared laser pulses (A = 800nm, I = 1.1 - 10 W /cm?,
7 = 80fs, see also section 3.2.2) are analyzed and set in comparison to the previously
analyzed spectra from clusters excited by extreme-ultraviolet laser pulses (A = 13.6 nm,
I =4.1-10"W/cm?, 7 = 100fs). In both cases cluster charging proceeds through different
ionization processes. In contrast to 91eV XUV photons, direct single-photon ionization of
xenon atoms is not possible for IR photons of 1.55eV photon energy. At least eight pho-
tons are necessary for multi-step ionization of a single neutral xenon atom. In the infrared
regime, field driven effects like tunnel ionization are dominant.

To investigate the influence of initial ionization regime on cluster expansion, ion TOF
spectra of clusters in XUV pulses are now compared with spectra from clusters in IR
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pulses. As stated earlier, in contrast to data recorded upon XUV illumination, size and
intensity resolved sorting is not possible for images and ion spectra upon IR excitation due
to missing interference fringes in scattering patterns (compare figure 4.1d). Nevertheless,
the cluster size distribution should be equal to the one determined with XUV scattering
- with radii between 25 and 1000 nm and maximum distribution at 34 nm radius - since
xenon clusters are produced under the same expansion conditions (see figure 4.2 ¢ for cluster
size distribution upon XUV irradiation). The intensity of the scattering images only gives
limited information. Images with moderate intensity might result from a large cluster hit
in the focal wing as well as from a small cluster exposed to the focal center. Therefore,
the most reliable filter is sorting for highest detector intensity which results from largest
clusters located in the focal center.

To map the higher value ends of size and
intensity distribution, the brightest 200
shots out of a total of 5000 shots are sub-
divided in five groups. lon spectra coin-
cidentally recorded with the 10 brightest
scattering images are averaged for XUV
and IR exposure respectively and plotted

in figure 4.9a. TOF spectra for decreas- ;
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higher for XUV exposure. This is most 00—

likely a result from different initial cluster 0 1 2 3 4 5 6 7
charging mechanisms, namely photoion- time of flight [ps]

ization for 91 eV and tunnel ionization for

1.55 6V photon energy, as well as from dif- Figure 4.9: Averaged ion time-of-flight spectra

o from single xenon clusters, irradiated either with
ferent laser power densities (Ixyv =4.1 - 1 light (red graphs) or XUV light (blue graphs).
10" W/cm? and frg = 1.1-10" W/cm?).  Average of (a) 1 to 10, (b) 11 to 25, (c) 26 to 55,
For IR spectra the Xe!™ peak is the most (d) 51 to 100, and (e) 101 to 200 brightest respec-
prominent. It exhibits higher kinetic en- tively. Cluster sizes can only be determined from
ergies than for the XUV spectra. For corresponding single scattering patterns upon XUV
xenon clusters in XUV light ionization radiation, but not upon IR irradiation.

starts from inner shells proceeding to the valence levels via single photon absorption.
The opposite holds for the infrared case, with ionization from the outer to inner levels.
Therefore, lower charge states are produced first and higher charge states are generated by
subsequent heating and particle collisions.
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Figure 4.10: Blue graphs: Single-cluster ion time-of-flight spectra from xenon clusters irradiated
with XUV pulses with peak power density of Ixyy = 5 - 1014 W/cm?, sorted for cluster size and
exposed power density, as already presented in figure 4.5. Red graphs: Matching ion spectra from
clusters exposed to IR pulses with peak power density of Irg = 1 - 10'* W/cm?. Note that the size
for the clusters in IR light is unknown.

Although sorting for cluster size and laser power density is not possible for single-cluster
IR spectra, their investigation can uncover characteristics hidden in averaged spectra.
Comparison with single-shot XUV spectra exhibits an unexpected similarity for several
shots. Blue graphs in figure 4.10 present the size and intensity sorted single-cluster ion
spectra from xenon clusters under XUV radiation already plotted in figure 4.5. With the
help of a filter that compares all recorded spectra and subsequently sorts for similarity,
spectra from IR excited clusters are plotted on top of the most similar spectra from XUV
irradiated particles'. In direct comparison single spectra from clusters irradiated by XUV
or IR pulses reveal astonishing resemblance. Even though the initial excitation mechanisms
of the two pulses with different photon energies differ drastically, the overall deposited
energy seems to be the same resulting in similar cluster expansion. Due to the alike
appearance of the ion distributions, the linear increase in central ion kinetic energy over
charge state is equal. This indicates that large xenon clusters in strong IR pulses likewise
undergo hydrodynamic expansion of outer shell layers as predicted from earlier calculations.

The mechanism of initial ionization seems to be secondary, as long as a certain amount of
quasi-free electrons is trapped inside the cluster and the major part of the cluster is turned
into a nanoplasma. This is most likely the case for large clusters. Therefore, from a certain
particle radius on the expansion dynamics might be dominated by the large cluster size
instead of the laser photon energy. Independent of the regime of initial cluster charging,
the outer particle shell blisters off in hydrodynamic expansion and a recombined center

!Note that for highest intensities no matching shots are found, which is due to the lower power density
of the IR laser.
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core remains. The detected ion distribution results in the same charge states with the
same kinetic energy distribution.

To conclude, similar expansion dynamics were found for large xenon, argon, and silver
clusters after the interaction with a strong XUV pulse. This suggests that the exact
electronic configuration of the cluster seems to play a minor role for the particle evolution
after nanoplasma formation. Similar dynamics were also found when large xenon clusters
were irradiated with strong IR pulses. Independent of the initial ionization regime (photon
dominated in XUV light and field driven in IR light), the dynamics seem to be mainly
determined by the large cluster size and similar exposed power density (Ixyy = 4.1 -
10 W/em? and g = 1.1 - 101 W/ecm?). Therefore, it is not a single cluster or laser
parameter that gives information about the final explosion process, but the ratio of outer
to inner ionized electrons. Hence, light-matter interaction under strongly different initial
situations can lead to astonishingly similar final results.

While recorded ion TOF spectra can give insight about the final state of the cluster after
fragmentation, the plasma evolution in intermediate states stays unidentified. The cluster
density is scanned in a dual-pulse experiment to trace the plasma disintegration step-by-
step, which is subject to the next section.

4.3 Probing collective electron oscillations in pre-expanded
clusters

Clusters are systems which exceed atoms and solids in efficient energy absorption from laser
radiation [47]. This effect is further drastically increased in resonance condition. Here, the
electron cloud inside a cluster is collectively oscillating driven by an external laser field as
demonstrated in several experiments on rare-gas and metal clusters [80, 155, 156]. This
so-called Mie resonance, introduced in chapter 2.2.2, is met when the frequency of the
collective electron oscillation wp is close to the laser frequency wy, [38]. The resonance Mie
plasmon frequency is then given by wasie = wp/ V3 &~ wr/v/3. Solid density xenon clusters
in IR fields are overcritical. This means that the density dependent plasmon oscillations are
faster than those of the driving laser field. Matching condition between laser and plasmon
frequency is reached by reducing the particle density due to the laser-induced expansion of
the cluster. For very large clusters, the evolution time until resonance condition with an
infrared pulse is met often exceeds the ultrashort pulse length. In this case the powerful
concept of the pump-probe technique can be applied to push the experiment to longer
timescales.

Since the Mie resonance occurs for a certain cluster density, the delay time At at which
it occurs gives information about the expansion speed of the disintegrating cluster. This
fact is used here to further investigate the expansion behavior of large xenon clusters af-
ter XUV excitation. In dual-pulse configuration an FEL pulse (13.6nm = 91eV, 100 fs,
4.1-10" W /cm?) formed a nanoplasma, induced plasmons, and triggered the free target ex-
pansion. With a temporally delayed Ti:Sa pulse (800 nm = 1.55eV, 80fs, 1.1-10'* W /cm?)
the Mie resonance condition was probed. The particle’s characteristic expansion time
Atepar required for frequency matching is radius dependent as introduced in chapter 2.2.2.
The delay between the pulses was scanned in a wide range from 1ps up to 1500 ps to
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account for the large cluster size distribution with radii from 25nm to 1 pum. The initial
state of the single object was imaged by choosing XUV photons for the leading pulse. This
enables extraction of cluster size and exposed focal flux information from the scattering
patterns. This method opens the possibility to study the Mie plasmon resonance under
well characterized sample conditions, utterly impossible in earlier studies on ensembles of
clusters.

In this chapter, the resonance behavior is examined by means of highest charge-state yields
from single-shot single-cluster ion TOF spectra, which were recorded simultaneously with
scattering patterns. First, ion spectra from size-selected clusters are investigated as a
function of laser pulse delay, revealing a pronounced characteristic pulse separation time
for enhanced target ionization (section 4.3.1). Subsequently, the resonance behavior is
revisited for several intensities of laser focal power and discussed in the context of charge-
dependent cluster expansion (section 4.3.2). To conclude, in section 4.3.3, the influence of
the cluster radius on field-driven collective electron motion is investigated and compared
with hydrodynamic expansion theory. All results in this chapter were gathered together
with Mario Sauppe within the scope of his master thesis [132].

4.3.1 Driving collective electron motion in xenon clusters

As described in detail in chapter 3.2, free-electron laser pulses delivered by the FLASH
facility hold a peak power density of Ixyy = 4.1-10" W /cm?, pulse length of 7xyy = 100 fs,
and a wavelength of Axyy = 13.6 nm. The thereto synchronized Ti:Sapphire laser pulses
hold I1g = 1.1-10™ W /ecm?, g = 80fs, and Ajg = 800 nm. In this dual-pulse configuration
several fluctuations influenced the outcome of the detected single shots. Apart from cluster
sizes and exposed focal intensity varying from shot to shot, the laser beams exhibited spatial
and temporal jitter with each other. While the temporal jitter in the order of 250 fs [130]
is negligible in the time range examined, the spatial jitter has a larger impact. The 20 pm
and 90 um focus of XUV and IR vibrated against each other, such that for some shots the
beams did not overlap completely. Therefore, a small amount of data was detected resulting
from clusters hit only by one single laser pulse - either FEL or Ti:Sa respectively. This fact
demands for accurate filtering routines. Scattering patterns from clusters only irradiated
by the IR pulse do not contain any fringe signal, but only homogeneously distributed
fluorescence. They are therefore easily recognizable as seen in figure 4.1d. Scattering
patterns from exclusively XUV excited clusters do only contain fringe patterns but only
minor fluorescence and can be identified by the low signal at high scattering angles (see fig.
4.1c). After precise sorting, data from single-pulse excited clusters was neglected which
decreases the overall statistics. For the further analysis only pump-probe data was taken
into account.

The previously introduced concept (see section 4.2.3) of basic filtering by investigating
best hits with highest detector intensity leads again to large clusters with highly excited
ions and large kinetic energies. This method is preferable for introducing approach since
differences in ion spectra are most prominent for large clusters as seen in chapter 4.2.1.
To make spectra comparable, highest excited clusters with 200 nm radius are chosen and
the resulting ionization of the cluster is evaluated as a function of the time separation
At between the pulses as depicted in figure 4.11. An increase of higher charge-state yield
(between 1 and 2 us flight time) is visible with up to 12 ps delay. At the same time the lower
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Figure 4.11: Single ion spectra of R = 200 nm clusters for different delays between leading XUV
and following IR pulse. Enhancement of high charge-state yield and kinetic energies with delay up
to 12ps and subsequent decline hints on resonance feature. The same behavior is found for the
light peak measured at 0 ps flight time [132].

charge states gain in kinetic energy, indicated by the peak shift towards shorter flight times.
For longer delays, the ion distribution shifts back to lower charge states and the overall
signal decreases. The same rise-and-fall behavior is found for the light peak measured at
0 us flight time, consisting of scattered and fluorescence photons detected under 90 degrees.
Due to the statistical growth process leading to a log-normal cluster size distribution (see
fig. 4.2) statistics are very few for large clusters. No shots were found for R = 200 nm
at pulse separations of 20, 50, and 100 ps resulting in a big gap between the ion spectra
taken at 12 ps and 200 ps delay. Therefore, a qualitative analysis of the collective motion
of quasi-free electrons in clusters in this size range is not possible from this limited dataset.
Still the ion signals give strong evidence for resonant energy absorption in accordance with
theoretical predictions [157, 158, 159, 49, 50].

For better statistics, a size range around the most frequently detected radius of 34nm
was chosen, from 27.5 to 40.5 nm, holding between 100 and 200 shots for each delay time.
Since the photon detector is not energy resolved, the signals resulting from XUV and IR
pulses respectively are hard to disentangle and sorting for exposed power density of both
pulses becomes extremely challenging. Sorting for detector intensity was renounced to
avoid misleading results by false assortment. All ion spectra measured for 34 nm xenon
clusters were averaged for each delay and plotted in figure 4.12 a. Every averaged spectrum
shows strong contribution from residual gas and uncondensed xenon atoms in the cluster
beam. They originate from single shots by clusters hit in the low-intensity focal wing.
Since those are the most frequently apparent their contribution is strongly prominent. In a
small region around short flight times between 1 and 2 ps cluster and atomic signal is well
separable. Averaged ion spectra at this high-charge-state region are set in comparison in
figure 4.12b.

To extract pure cluster signal, each single-shot spectrum is integrated for flight times
where no background signal is detected as indicated by a red box in figure 4.12b. In this
region, ions with higher charge states and kinetic energies than from pure xenon atoms
are measured. Subsequently, the single integrated values are averaged for each run. When
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Figure 4.12: a) Averaged ion spectra for xenon clusters of 34 + 6.5 nm radius taken with varying
pump-probe delays. Despite large atomic background signal an enhancement of high charge states
for certain delays is prominent. b) Zoom to the flight-time region where high charge states appear.
The maximum ion signal is obtained in spectra recorded at a temporal separation of At = 8.8, 3.8,
and 6.1 ps. The red box indicates the integrated high-charge-state region.

plotted over delay (figure 4.13 a) it clearly shows that the enhanced ionization is a function
of temporal delay. The large error bars calculated by the standard deviation result from a
strong fluctuation of the high charge-state yield on a shot-to-shot basis. Highest ion signals
are detected at 6.1, 3.8, and 8.8 ps. This indicates that after these times the density of the
cluster has dropped sufficiently to reach coincidence between the frequency of collective
quasi-free electron motion in the cluster and the IR laser frequency. The delay time for
maximum resonance condition is determined by a log-normal fit [80]

(m(m/‘?/tchw) )2

I=Iy+A-e” (4.6)
with initial intensity Iy, Amplitude A and full width at half maximum W. A value of 6.3 ps
is found as indicated in figure 4.13 a.

The size of the expanded particle at point in time upon probing is disguised, even though
in the recorded scattering patterns the initial cluster radius is imprinted. For the resonance
condition, however, it can be calculated as demonstrated in the following. The so-called
Mie surface-plasmon corresponds to collective oscillations of the quasi-free electron cloud
against the ionic background. Its frequency is approximately given by [38, 50]

Wp € Pion
WMie = =
\/§ 360me

(4.7)

with the electron mass m., the vacuum permittivity ep, and the ion density pion. A
nanoplasma is generated by the leading XUV pulse. It the quasi-free electrons oscillate
with the same frequency as the probing IR laser field (w; = 3.7 - 10" Hz), the energy
absorption is enhanced. This leads to the direct acceleration of electrons and strong thermal
excitation [160]. A critical ion density has to be reached to fulfill this resonance condition:
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Figure 4.13: a) High charge-state yield of 34+ 6.5nm radius clusters integrated over the flight
time range indicated by the red box in figure 4.12b. Plotted over XUV /IR pulse separation time
At an increase in ion yield by one order of magnitude becomes prominent. Fitted with a log-
normal distribution the maximum appears at 6.3 ps. The maximum signal is accounted as evidence
of resonant collective electron excitation. b) Expansion time calculated with the uniform density
model over charge state. The initial radius is taken to be 34 nm and the electron temperature an
19.7eV. The measured expansion time of 6.3 ps is indicated by a dotted red line.

Pion = 3€omew% /e. The leading FEL pulse excites the cluster and initiates its expansion
by Coulomb and hydrodynamic forces. Accordingly the target density drops as a function
of time due to an increase in cluster volume

Pion(t) = (4.8)
with the number of atoms in the cluster N, the average charge state (¢q), and the time
dependent cluster volume V'(t). The latter is given by

V(t) = 4n/3- R(t)>. (4.9)

When combining equations 4.7, 4.8, and 4.9, a critical radius is found where the resonance

condition is matched [50]
Al NN |3
Repip = | =X )7 4.10
! (167r360m602) ( )

For a cluster with R = 34 nm the number of atoms in the cluster is calculated to N = 2.9-10°
from equation 2.12. To fully determine the critical radius the average charge state (¢) in
the cluster is necessary.

Ton TOF spectra contain information about the final charge-state distribution of the dis-
integrated cluster. From the averaged ion spectrum measured at 6.1 ps time delay, which
is closest to the fitted maximum resonance time, the average charge state was extracted.
Furthermore, the flight-time was converted into mass-over-charge and the ion spectrum’s
center-of-gravity was determined to be m/q = 92.8 u. With a xenon mass of mx, = 131.3u
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the average charge state can be derived as (q) = 1.4. Note that the transmission function of
the time-of-flight spectrometer for each charge state is not taken into account here, because
single charge states are hard to disentangle in the averaged spectrum (see fig. 4.12). Since
higher charges are better transmitted than lower ones, the value of m/q = 92.8 u might be
overestimated, e.g. the value of (¢) = 1.4 is probably underestimated. Additionally, this
value has to be treated with care, because charge migration and recombination are taking
place before the final state is reached, which is recorded in the TOF spectra. A comparison
between ion and fluorescence spectra for similar xenon cluster and FEL properties demon-
strated that higher transient charge states are hidden in ion spectra [100]. Therefore, the
observed value of (¢g) = 1.4 can only hold as a lower limit for the average charge state
before expansion. An estimation of the average charge state before recombination can be
calculated from the charge state dependent expansion time.

As presented in section 4.2.3, the expansion for large xenon clusters irradiated by a
10'* W /cm? infrared pulse resides deep in the hydrodynamic regime. Therefore, the time
for a spherical cluster to expand to the critical radius can be calculated from the constant

plasma sound velocity v = \/(q)kpTe/m; to be [48, 99]
mg

<Q> kae

with electron temperature T.. In an experiment on an ensemble of N = 2000 atoms xenon
clusters in 90eV FEL light with 5 - 1014 W /cm? power density, the electron temperature
was determined to be T, = 19.7 eV from electron TOF spectra [42]. With this temperature,
an initial radius of R = 34nm, and by combining equation 4.11 with equation 4.10, the
critical expansion time was calculated for a range of average charge states and plotted in
figure 4.12b.

teap = (Reap — R) - (4.11)

As seen from figure 4.12b, for low charge states the expansion time is slow and rises
drastically up to around (q) =~ 4. From there it saturates and eventually decreases again
slowly towards high (g) values. The maximum calculated value of 6.3 ps just matches the
measured peak expansion time of 6.3 ps (see fig. 4.12a). The corresponding charge state of
(g) = 8.1 is much higher than the earlier deduced value of (g) = 1.4 predicted from the ion
TOF spectra. In comparison with the highest charge state detected of ¢y,q,>10 (see figure
4.13), it seems to be a possible value for the cluster before recombination and expansion.
However, it stays unclear which of the values is more realistic.

4.3.2 Relationship between exposed power density and resonance condi-
tion

In the previous section, laser-intensity effects were not directly addressed by averaging
single ion spectra of one cluster size but for all exposed power densities. The previous
calculations based on the hydrodynamic model suggest that the characteristic resonance
time is almost independent of the charge state from a certain threshold onwards (see graph
4.13Db). For sufficient photon fluxes it is therefore independent of the laser intensity of
the pre-expanding laser pulse. The model implies a homogeneous charge-state distribution
and does not take into account any radial dependencies. However, the quasi-free plasma
electrons migrate to the energetically preferred particle center and a shell-wise expansion
takes place as introduced in chapters 2.2.3 and 4.2.1. This effect becomes increasingly
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important with large cluster sizes. Therefore, the validity of the calculation in figure 4.13 b
for the measured data needs to be revisited.

To examine the impact of the laser in-
tensity on resonance condition, the size-
selected data from the previous section 600 <

was filtered further for detected photon ° mgegium
signal. Since the employed scattering 500 — ® low

detector is not energy sensitive it is not
possible to distinguish between FEL and
Ti:Sa induced signal and hence to disen-
tangle XUV and IR exposed power den-
sities. Still the recorded frame intensity
makes a reasonable filter if the signal
is grouped in coarse enough fractions.
The data was arranged in three intensity
regimes with low (35 - 42 arb.u.), mod-
erate (42 - 49 arb.u.), and high (49 - 56
arb.u.) photon signal. As in the previ-
ous section, filtered ion spectra were in-
tegrated and averaged over high charge Figure 4.14: Integrated charge-state yields from
states for each delay. The gleaned val- jon spectra of 34 + 6.5nm radius clusters averaged
ues are plotted in figure 4.14. It shows for three detector intensity regimes exhibit reso-
that for all pulse separation times At nance enhancement around the same laser pulse de-
lay time. Laser peak power densities are Ixyy = 4.1 -
10 W/em? and I1ig = 1.1- 10 W/em?. Adapted
from [132].
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the integrated high-charge-state yields
are largest for the data filtered for high-
est photon signal. This behavior is ex-
pected since a stronger scattering signal results from higher laser intensity. This leads to
stronger cluster excitation resulting in higher ionization (cf. section 4.2.1).

For all three intensity regimes a resonance enhancement in ion signal is observed around a
similar probe delay time. For a more precise analysis all data sets were fitted with a log-
normal distribution (equation 4.6). The resulting maximum values are 6.4 ps for high, 6.2 ps
for medium, and 6.4 ps for low excitation respectively. No clear dependence on the laser
intensity is found for the occurrence time of the Mie plasmon resonance. This observation
stands in good agreement with the previous calculation, predicting a similar characteristic
delay time for a wide range of average charge states, as soon as a certain threshold is
exceeded. Apparently, the approximations of the basic hydrodynamic expansion model of
a uniformly charged sphere are applicable in this case.

Non-homogeneous charge distributions in large clusters are reported to be reflected in
a broad temporal resonance distribution [49, 50]. The uniformly-charged-sphere model
predicts the enhanced absorption to be completed after a femtosecond interval [47]. In
contrast, the resonance enhancement is calculated to be completed after several picoseconds
when a radial quasi-free electron distribution is included in calculations [82]. The charge
imbalance results in a non-uniform expansion of the cluster with faster outer side and slower
interior. Therefore, only those electrons in the layer where the density has sufficiently
dropped are collectively driven. This layer gradually moves from the outside to the cluster
center over a long time period. In the experiment performed on R = 34 nm xenon clusters
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Figure 4.15: a) Integrated ion yield over pump-probe separation time At from averaged ion spectra
of different cluster sizes. Red curves are log-normal fits, revealing the relative peak delay times.
b) Peak resonance delay times (extracted from fits in (a)) over initial cluster radius. Calculated
expected characteristic resonance delay times for three different average charge states are indicated
by lines. Adapted from [132].

an enhanced resonance is detected between 4 and 9ps with a fitted full width at half
maximum of W = 5ps for all three intensity ranges (figure 4.14). In earlier experiment on
cluster ensembles [80], it was speculated that a broad resonance-time distribution might
result from a large cluster size distribution. By investigating single-cluster spectra of size-
selected particles, a size-average effect can be excluded here. Therefore, a broad resonance
time can be attributed to an shell-wise expansion as theoretically predicted [82].

4.3.3 Cluster size dependent resonance development

As evident from equation 4.10, larger clusters require more time to expand to frequency
matching condition. The data set from the previous section is split in six size regimes
from 27.75 up to 40.25 nm radius to study the radius-dependent resonance excitation time.
For better statistics and due to negligible influence it is refrained from intensity filtering.
For each temporal pulse separation and cluster-size range the single-shot high charge-
state yields are averaged and plotted in figure 4.15a. Fitted log-normal distributions are
indicated as red lines. From bottom to top the delay times of maximum signal enhancement
shift towards higher values as expected for increasing particle size. While the size grows
by a factor of 1.45 the characteristic time develops with a factor of 1.8.

In figure 4.15b, the experimental values are plotted together with model calculations for
different average charge states (¢). A value of (¢) = 1.4, as extracted from averaged ion
spectra in section 4.3.1, underestimates the characteristic expansion time (blue line). The
calculated value of (q) = 8.1 (red line) delivers times exceeding those of the experiment.
The best compliance with the experiment is found for (¢) = 2.0 (green line). With this
value the critical cluster radius R..;; for all cluster sizes can be calculated assuming an
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Table 4.2: Initial cluster radius Ry deduced from fringe spacing in scattering patterns. Critical
expansion time t.;, extracted from figure 4.15a. Critical cluster radius R+ calculated with
equation 4.10 and an average charge state (¢) = 2.0. Resulting plasma velocity veyp, calculated

with v = \/(¢)kpTe/m; and T, = 19.7eV.

’ Ry [l’lm] ‘ temp[ps] ‘ Rerit [nm] ‘ Vexp [m/s] ‘

27.75 3.9 52.2 6300
30.25 5.1 56.8 5200
32.75 5.5 61.6 5200
35.25 5.9 66.3 5200
37.75 6.1 71.0 5400
40.25 7.0 75.6 5100

electron temperature of T, = 19.7eV. Due to the knowledge of the initial radius before
excitation the expansion speed of the critical cluster layer up to resonance condition can be
calculated. The results are listed in table 4.2. For all initial sizes the speed was calculated
to be similar, fluctuating around 5500 m/s. In earlier drift measurements on xenon clusters
a velocity distribution with maxima at 3600 and 12000 m/s was detected [152]. This shows
that the here deduced results are realistic. This indicates that the fitted value of 2.0 is a
good estimate for the average charge state before recombination for clusters of R = 34 nm
in 80 fs IR pulses of 104 W/cm?.

To conclude, the method of single-cluster imaging in coincidence with ion spectroscopy
allows to study the Mie plasmon resonance in unprecedented detail. By imaging the cluster
initial state with the pump pulse, the particles can be well characterized for size and
exposed focal flux. Independent of the latter, maximum ionization occurs 6.3 ps after XUV
excitation for particles with radius 34 +6.5nm. This indicates that the electron cloud is
driven resonantly by the strong IR laser field. The broad resonance time distribution of
5ps is a signature of the layer-wise cluster expansion, e.g. the electron density dropping
to resonance condition shell-by-shell. In cluster radius-dependent observation larger initial
cluster sizes lead to longer expansion times until the critical radius is reached. From the
nanoplasma model an average charge state of (g) = 2.0 can be fitted to the data. Derived
from the thereby calculated critical radius the expansion speed of outer exploding shell is
determined.

What stays unrevealed is the destination of the cluster core after shell explosion. As
spectroscopy is blind to uncharged particles and therefore the recombined core, a different
approached is needed for its investigation. Since imaging provides access to neutral matter
the pump-probe setup is reversed in time. While the IR pulse initiates cluster expansion,
snapshots of the disintegrating sample are recorded with the succeeding XUV pulse for
several points in time. Combined they provide a movie of plasma evolution, subject to the
next chapter.

4.4 Imaging IR induced explosion

In the previous section the cluster expansion was initiated by an FEL-pump pulse and the
response was tracked with an IR-probe pulse. By examining of the characteristic time of
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Figure 4.16: Experimental scheme of the excitation mechanism. a) An IR-pump pulse excites a
single xenon cluster and induces a nanoplasma. The detected photon signal shows homogeneous
scattering and fluorescence. b) A variably delayed XUV pulse directly images the state of cluster-
electron distribution. By varying the arrival time of the pump pulse, the nanoplasma evolution is
mapped on an extended timescale up to nanoseconds. While ion spectroscopy is blind to neutral
cluster atoms, imaging gives access to investigate the recombined cluster core.

the ion-density dependent plasmon resonance the expansion speed was estimated. In this
chapter, the temporal pump-probe scheme of the two laser pulses is reversed. Thereby their
roles get interchanged: The IR pulse from the 800 nm Ti:Sa initiates cluster expansion and
cluster fragmentation is examined with the 13.6 nm XUV pulse from the FEL. Some aspects
of IR specific dynamics have been already discussed in detail in section 4.2.3. The electrons
in the cluster are field driven by the IR-pump pulse. Quasi-free electrons are produced by
inner field ionization processes, resulting in the build-up of a dense nanoplasma and a
disintegration of the particle’s outer ionic shell in a hydrodynamic expansion. At the
same time the inner core recombines and stays intact on a supra-femtosecond timescale.
The further development and the timescale of possible disintegration of the neutral core
is unknown. Therefore, the last key issue of this thesis is to investigate how the shell
disintegrates and what happens to the remaining core several pico- up to nanoseconds
after the excitation. While ion spectroscopy is blind to neutral cluster atoms, imaging
gives access to investigate the recombined cluster core. With the XUV as probe pulse
snapshots of the disintegrating sample are directly imaged for a detailed examination of
the nanoplasma evolution.

The pump-pulse delay with respect to the probe pulse was varied in 12 steps between 0.3 ps
and 1.5 nanoseconds to analyze the cluster expansion with good resolution on an extended
time range. 24000 scattering patterns and corresponding ion TOF spectra were recorded
from individual xenon clusters. Those were produced under the same expansion conditions
as stated in chapter 3.1, exhibiting a log-normal size distribution with the maximum at
34nm radius and cluster radii up to 1 um (see figure 4.2). In the previous section, the
initial cluster condition was mapped on the CCD image but no information about the final
state could be deduced from the scattering pattern. In this section, the setup is reversed as
schematically depicted in figure 4.16. No details can be directly extracted about the size
and shape of the cluster before excitation by the IR pulse. Only the state after expansion
is retained in the CCD images. With increasing delay time the disintegration of the cluster
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Figure 4.17: Three types of characteristic CCD images recorded from individual xenon clusters
excited by an IR pulse and subsequently probed by an XUV pulse. i) Ring structures hinting on
intact clusters. ii) Homogeneously distributed photon signal. iii) Speckle patterns. The respective
pulse separation time is denoted in each image. For a detailed description of the detector artifacts
visible in the scattering patterns see chapter 4.1.1 and figure 4.1.

should cause a dramatic change in scattering patterns due to IR induced electron-density
deformation and plasma-profile evolution.

Snapshots of manifold expansion states

A vast variety of images was recorded. Therefore, careful inspection and filtering of the
single-shot patterns had to be executed. A large amount of data exhibits shots where no
cluster is hit by any of either laser pulses, because of heavy cluster beam skimming. Other
data results from clusters hit exclusively by an FEL or an IR pulse respectively, due to
missing spacial overlap. These datasets were filtered and neglected for further pump-probe
investigations. Apart from those discarded shots three fundamentally different types of
scattering images were recognized on different timescales. A characteristic assortment of
the repertoire is depicted in figure 4.17. They are grouped in rows, depicting

(i) ring structures with additional fluorescence (fig. 4.171),
(ii) a rather homogeneously illuminated screen (fig. 4.171i), and
(iii) diffuse speckle patterns (fig. 4.171iii).

These limiting cases mirror the different atom/ion-density distributions, present picosec-
onds after laser-cluster interaction. The discussion of the underlying physical principles,
leading to these patterns will be the topic of this chapter. It will lead to an overall picture
of the expansion dynamics taking place from a picosecond up to a nanosecond timescale.

The first characteristic type of scattering images appears over the entire time range from
0.3 ps up to 1500 ps delay time, though the vast majority is found at short delays. Due to
the visible fringe structure they have high resemblance with patterns from intact clusters
irradiated by an FEL pulse only. In addition they exhibit an enhanced background signal
reminding of CCD signal from exclusive Ti:Sa irradiate particles. As investigated in section
4.2.3, interaction of giant clusters with a moderate IR pulse results in skinning of a rather
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Figure 4.18: Brightest CCD images of different runs. First row: clusters were exclusively hit
by an IR or XUV pulse respectively. Images below: clusters are imaged by the FEL pulse after
Ti:Sa excitation at different temporal delays, increasing from top to bottom and left to right as
indicated by the delay time in picoseconds. The gradual change in patterns mirrors the evolving
cluster disintegration. With increasing probe delay time the scattering fringe signal decreases and
fluorescence signal increases.

thin outer ionic shell and a remaining neutral nanoplasma which can efficiently recombine.
The visible ring structure in the scattering patterns indicates that the cluster core is still
to some extend intact, even picoseconds after the IR excitation. The timescale of the core
continuance will be analyzed in detail in section 4.4.1.

The rather constantly illuminated screen in the second type of images (fig. 4.17b) resembles
data taken from clusters hit by an IR pulse only. For this reason they are hard to disentangle
from those and the corresponding ion spectra are necessary for reliable filtering. A loss of
information in the scattering pattern corresponds to a loss of order in the sample [161].
Hence, the absence of any fringes or speckles indicates an advanced destruction of the
particle. Also the intensity of the signal rises with pulse separation times, which will be
analyzed in more detail in section 4.4.2.

The third type of CCD images, as in the bottom row of figure 4.17, exhibits diffuse speckle
patterns not resembling any images detected from unmaimed rare-gas clusters. They strik-
ingly stick out from any patterns priorly presented and are very rare. They appear only
from a nanosecond delay onwards. Such speckle patterns are known from other fields, such
as particulate matter. They were detected from aggregates of spherical nanoparticles like
soot and aerosols [8, 162] but never before from mono-atomic clusters. From an extended
analysis in section 4.4.3, they can be understood as images of the slowly expanding neutral
cluster core, which exhibits internal density fluctuations.
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4.4.1 Imaging cluster surface ablation

Comparing the scattering patterns in figure 4.17, the question arises how the transition
between those extreme, limiting cases takes place. From the basic observation that with
delay time the amount of fringe patterns (as in fig. 4.171) decreases, while the quantity of
’homogeneously illuminated’ patterns (fig. 4.171i) increases, the conclusion can be drawn
that on a median timescale images of an intermediate state should be present. Indeed
patterns with vanishing fringe signal are existent, but accounting those to a corresponding
initial state and a matching final state is challenging, if not impossible.

Therefore, in figure 4.18 the most reliable
assignment has been used to investigate on NIR
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be discussed later (see chapter 4.3.2 and figure 4.24). The drastic change in pattern appear-
ance between 20 and 50 ps is most probably arising from the deformation of the atom/ion-

density distribution which proceeds on a picosecond timescale.

More detail is revealed by the azimuthally integrated scattering profiles as presented in
figure 4.19a. The fine fringes in the ring pattern are almost not resolved (compare with
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figure 4.2) due to the very large cluster sizes and the detector geometry. However, the
profile envelope is clearly visible. For the FEL-only-shot this envelope appears to change its
slope around 20 degrees scattering angle. For the pump-probe hits this 'minimum’ evolves
towards smaller scattering angles with delay time, to around 7 degrees for the profile at
100 ps. On the same timescale the background signal at high scattering angles increases.
Its origin is discussed further below. From 200 ps delay onwards no more fringe signal is
detected. This leads to the conclusion that it has vanished to small angles below 4 degrees
which are not recorded with this setup?. From 500 ps onwards the profiles remarkably
resemble the ones recorded from clusters exposed to IR light only. However, the overall
detector intensity is higher for pump-probe data. This phenomenon will be elaborated and
interpreted in section 4.4.2.

Analysis of core melt-off by shell ablation

Previous single-shot XUV imaging experiments on xenon clusters demonstrated that ultra-
fast changes in electronic configuration - proceeding within femotseconds - are imprinted in
the scattering signal [10]. Within 10 fs, the atomic form factors can change with increasing
degree of ionization, evident from a deformation of the scattering amplitude envelope. Us-
ing 100 fs XUV pulses a supermodulation of the fringe pattern appears. This gives evidence
of a refractive core-shell system in the cluster. It is probably caused by sharp resonances of
xenon ions at 91 eV photon energy which lead to the formation of two regions with different
refractive indices inside the cluster [45]. Both publications ([10, 45]) show that ultrafast
electronic changes affect the pattern intensity distribution. However, the fringe structure
itself, e.g. their spacing and radially integrated intensity distribution, is not drastically
altered. In contrast to those single-pulse experiments, the dual-pulse configuration used
in this work enters the timescales of atomic/ionic motion. Here, the changes in scattering
signal are more drastic. From the evolution of the scattering signal with varying temporal
pulse separation a precise conclusion about the evaluation of the nanoplasma profile can
be drawn. This was consistently demonstrated in an experimental [46] and a theoretical
study [163].

An IR-pump / x-ray-probe experiment on medium sized xenon clusters (20 nm in radius)
was performed recently at the hard x-ray free-electron laser LCLS. It was shown that higher
order scattering rings disappeared fast after a probe pulse delay time of only several hun-
dred femtoseconds [46]. The particles were pumped by a highly intense Ti:Sa pulse with
peak power density of 2 - 10 W/cm? (almost 20 times more intense than in the present
experiment). The resulting high charge states exceeded Xe%t by far. The fast stripping
of electrons from their parent ions resulted in a Coulomb explosion of the repulsive ionic
outer cluster layers and the cluster rapidly expanded. In small-angle Guinier-scattering
simulations on electron densities with Gaussian-like distribution - as reported for plasma
evolution in vacuum [164, 165] - the vanishing of fringe signal at larger angles was repro-
duced. Moreover, the cluster size before illumination by the IR pulse was simulated. A
decrease of scattering signal at large angles by almost two orders of magnitude after 500 fs
was attributed to a core melt-down of 50 %. Additionally, it was revealed that the scat-
tering signal has completely blurred into background signal before complete destruction of
the cluster.

2Detector hole and stray light cover the region from 0° to 4° scattering angle.
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Figure 4.20: Adapted from [163]. a) MicPIC simulation for the electron and ion distribution of an
initially 25 nm radius hydrogen cluster at tree different time steps after excitation with an IR pump
pulse (A = 800nm, 7 = 10fs, I = 10> W/cm?). b) Simulated corresponding scattering profiles
generated by an XUV probe pulse (A = 10nm, 7 = 10fs, I = 10 W /cm?) at several delay times
after IR excitation. With increasing surface ablation higher order scattering maxima decrease in
intensity.

This signal drop in scattering intensity at large angles with cluster expansion was already
predicted by extensive theoretical calculations for hydrogen particles [163]. The evolution
of the radial ion and electron density several femtoseconds after excitation was computed
in MicPIC simulations on a hydrogen cluster excited by an IR pulse. Exemplary, results
for a 25 nm radius hydrogen cluster are shown in figure 4.20 a. First, an unscreened surface
layer bursts off the fully ionized particle in a Coulomb explosion. Eventually, the remaining
screened core - where ion and electron density coincide - undergoes hydrodynamic expan-
sion. At all time steps the simulated electron-density distribution was found to consist of
a uniform volumic mass core and an exponentially decaying shell. In total, it follows the
equation
PCore

p(r) = oxp(52) 1 (4.12)

with the density of the cluster core pcore, the distance from the cluster center r, the radius
of the cluster core r¢, the decay length of the melting surface d, and a sharpness factor s,
which ensures the correct transition between core and shell region [163].

In the same study, scattering patterns from an XUV pulse probing those density distri-
butions were calculated by the scattering fraction of the scattered electric field. They are
shown in figure 4.20 b where two major results are immediately visible. One the one hand,
the higher order maxima decrease in intensity with broadening of the surface layer and
smoothing of the edge between core and shell region. On the other hand, the minima shift
towards larger angles with delay time due to a reduction of the core radius. Due to this
behavior the amplitude envelope of the fringes gets steeper with surface ablation.

The results of this theoretical study were applied to the measured data presented in figures
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Figure 4.21: a) Azimuthally integrated scattering patterns of clusters irradiated exclusively by
an FEL pulse or by an FEL pulse following a Ti:Sa pulse at different delay times respectively. Due
to the large particle size (>700nm radius) the fringes are not resolved. The background signal
increases with delay and an intensity threshold is indicated by the black dotted line where fringe
signal is overlayed. The envelope of the scattering pattern gets steeper with temporal separation
between pump and probe pulse, as indicated by the red lines. Correspondingly crossing-points
of intensity threshold and envelope shift towards smaller angles with nanoplasma evolution. b)
Simulation of scattering patterns by 2D FFT of projected electron density arrays. Profile of an
intact cluster of R = 1000 nm radius with hard edge is depicted by the light gray pattern. Where
the blue envelope reaches an angle of 20 degrees an intensity threshold (black dotted line) is set.
Profiles with envelopes crossing this line are matched for angels of 11.5 and 7.5 degrees fitting the
measured data. Inset: Corresponding density profiles reveal the relatively small melted surface
compared with the remaining core.

4.18 and 4.19. The steepness of the scattering profile envelopes was analyzed to investigate
the change in electron-density distribution as function of expansion time. In figure 4.21 a
the profile for the XUV only excited cluster is set in direct comparison with clusters imaged
at 10, 50, 100, and 500 ps delay respectively. The two main tendencies observed are

e rising steepness of the intensity slope at low scattering angles with delay time and

e an arising of background signal at high scattering angles.

The second aspect is of minor interest for the understanding of the underlying physical
aspects of cluster expansion and will be discussed here only briefly. A minor background
arising from inelastic photon scattering is predicted by theoretical calculations [163], but
with orders of magnitude lower in intensity than the intensity of the elastically scattered
light3. A different publication reports on a previous dynamic pump-probe imaging ex-
periment, where a strong background signal with intensities in the order of the elastic
scattering intensities was also detected at high scattering angles and increasing with delay
time [161]. However, this experiment was not performed on isolated targets, but on several

3Note that contribution by fluorescence is neglected in this calculation.
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extended membranes with the same pattern etched into them. The increase in background
signal with delay time was attributed to scattering from additional structure induced in
the membrane by the pump-pulse. Since this cannot be the case for finite targets, as in
the experimental data presented in figure 4.18 and 4.21 a, the background signal at high
angles is attributed to a composition of fluorescence and inelastic scattering. However, it is
not understood why it increases towards larger angles. Due to the high background signal,
the fringe envelopes are superimposed by the background signal from a certain intensity
threshold, indicated by the black dotted line in figure 4.21a. Because the steepness of
the envelope rises with delay time, the scattering angle at which the envelope crosses this
threshold shifts towards smaller angles (indicated by the red dotted lines in fig. 4.21a)
until it vanishes towards angles lower than those detected.

To further analyze the underlying plasma
evolution, measured envelope changes have
been compared with theoretical simulations.
In scattering profiles from pristine spheri-
cal clusters the envelope steepness is inde-
pendent of the cluster size, evident from
Mie theory [38], as demonstrated in figure
4.22. This observation enables a qualita-
tive statement for the measured data with-
out prior knowledge of the initial cluster
radius before IR excitation and subsequent
cluster expansion. Several electron-density -20 0 20 40 60 80
distributions with increasing surface decay scattering angle ©

length and correspondingly shrinking core Figure 4.22: Scattering profiles of patterns cal-
have been calculated to mimic the cluster culated with Me’s theory from a spherical cluster
shapes at several time steps after IR irra- with 25nm (red graph) and 250 nm (gray graph)
diation. They are displayed in the inset of radius respectively from [163]. Despite the differ-

figure 4.21b. For their calculation the an- ent particle radius and resulting scattering fringe
spacing, the profile envelope is the same.
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alytic expression proposed by MicPIC the-
ory for nanoplasmas in hydrodynamic expansion [163] was employed (equation 4.12). In
the present experiment, however, the initial cluster size is unknown. The profiles presen-
ted in figure 4.21 a originate from the largest clusters produced, which exceed a radius
of 700 nm since the fringe spacing cannot be resolved (see section 4.1.1). Therefore, an
estimated initial radius of R = 1000 nm was used in all calculations in figure 4.21b. Again,
note that the scattering envelope of a spherical particle is independent of the scatterer
size. Therefore, any arbitrary initial radius is applicable to study the amplitude envelope
changes.

In a simplified approach scattering profiles were simulated by 2D Fast-Fourier-transforms
(FFT) of the electron-density distribution projected onto the scattering plane. Scattering
fringes are plotted in gray in figure 4.21 b and envelopes are highlighted in color. The blue
density distribution in the inset of figure 4.21b is calculated for a cluster with a surface
decay length of 5nm and corresponding core of 994nm. In order to make theory and
experiment comparable, an intensity threshold was set in figure 4.20b where the higher
order maxima of the profile with blue envelope reach 20 degrees scattering angle. The
scattering angle at which envelope and threshold level cross is used as reference point to
find the matching density profiles. From density distributions with melting outer shells
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(see inset in figure 4.21b), profiles with envelopes crossing the background-threshold at
11.5 and 7.5 degrees were calculated, to simulate the data taken at 50 and 100 ps after IR
excitation respectively. The parameters for the density were chosen such that the overall
volume was kept constant. The resulting density distributions hold a cluster core of 984 and
940 nm with surface decay lengths of 20 and 40 nm respectively. With this basic simulation
the general trend of decrease in scattering yield at large angles with proceeding
cluster melting is well reproduced. It still is important to keep in mind that neither
initial cluster radius nor absolute values of slopes and threshold can be deduced from the
measured data in this experiment.

In conclusion, this simulation reveals that a cluster is not necessarily completely
destroyed when fringes are absent in measured scattering patterns. This ob-
servation agrees with the earlier presented result (section 4.2.3) that for large clusters in
infrared pulses only a thin cluster shell expands upon hydrodynamic pressure of the hot
electron cloud. The remaining core recombines to full neutrality after electrons migrate
to the energetically preferred cluster center. Information about the cluster evolution on
large timescales up to nanoseconds is probably prevented due to fringes hidden below 4
degrees, where scattering signal is missing due to the experimental setup. Even though
the decreasing core seems to be the major part remaining, its further fate is still unknown.
In corresponding ion TOF spectra the further existence of the cluster is witnessed on the
entire measured time scale up to 1.5 nanoseconds. TOF spectra are investigated in more
detail in the following section to get insight into the cluster dynamics on this extended
time scale.

4.4.2 Ionization of clusters under surface ablation

In this section, strongly (peak power densities of 1.1-10' W /cm?) TR-excited clusters with
a substantial fraction of the core melted down are analyzed on an extended timescale up
to one and a half nanoseconds of pulse separation. Therefore, the data was filtered for

e shots where no diffraction rings are visible in the CCD images, but exclusively strong
fluorescence and diffuse scattering signal are detected (as in figure 4.171ii). And for

e shots where high kinetic energies are detected in ion TOF spectra, as indicated by
red areas in figure 4.4.

From the analysis in the previous section it is concluded that the cluster surface is melted
to a degree where the resolvable fringe pattern falls into the detector center region at small
angles where residual stray light and the detector hole overlay the signal. Additionally,
these shots were filtered for corresponding TOF spectra which show clear evidence of cluster
signal, to ensure that data from pure atomic xenon was not taken into account.

Time evolution of detector intensity (scattered light and fluorescence)

For each remaining shot the averaged detector luminosity is plotted run-wise over temporal
pulse separation between IR-pump and XUV-probe pulse in figure 4.23a. The overall
number of filtered images increases with delay time. A substantial quantity of hits exhibits
low and moderate intensity, mirroring the fact that the biggest amount of shots are recorded
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Figure 4.23: a) Integrated detector intensity for filtered shots in each run plotted over temporal
pulse separation between IR-pump and XUV-probe pulses. Averaged values for one run are indi-
cated by red stars. With increasing delay the high intensity shots gain in number and the maximum
single-shot detector intensity rises. b) Filtered CCD images with highest (top) and one of the lowest
(bottom) detector intensities respectively. The data was filtered on absence of scattering fringes
and high kinetic energy tails of charge states in TOF spectra. Inhomogeneities in the images arise
from residual scattering and detector artifacts as described in chapter 4.1.1 and figure 4.1.

from clusters hit in the focal wings and sides. The brightest images most probably result
from large clusters hit in both beams focal centers. The peak intensity as well as the
average luminosity increases with laser pulse delay time. Exemplary a high intensity and
a low intensity CCD image are depicted in figure 4.23 b.

Two effects can explain the change in detector intensity with delay time:

e scattering contribution and

e fluorescence contribution.

On the one hand, shortly after laser excitation most probably only small clusters are melted
to an extend where the scattering envelope has vanished towards small angles. Since the
initial size of the cluster is unknown in this experiment it is very likely that larger clusters
are filtered out by the special filter (no rings in scattering patterns, high kinetic energy
ions in TOF spectra) at small At values because they are expected to need more time
for substantial surface ablation. Bigger clusters lead to higher detector intensities as they
scatter more strongly. However, as discussed in the previous section, with increasing delay
time shell ablation proceeds. This results in a decrease in scattering signal at high angles
and therefore to an overall decrease in detector signal.

On the other hand, in dense systems fluorescence is often suppressed due to quenching.
Excited states which are available for radiative decay become depopulated by electron
collisions. Upon particle expansion, these collisions become less probable and fluorescence
frustration is abolished, leading to higher photon signal. Additionally, in a dense system
photon reabsorption is frequent. Therefore, fluorescence is mostly collected from the cluster
outer layers. As introduced in section 2.3.3, a recent experiment on Ar-Xe core-shell
clusters revealed that fluorescence from the cluster core is emitted only from states with
short lifetime, while fluorescence from the shell is emitted from many states and therefore
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has a stronger contribution to the overall detected photon signal [100]. Since the ablation
of the cluster evolves shell-wise on a long timescale, as analyzed in the previous section,
there is continuously a new outer cluster layer and the fluorescence is expected to gradually
increase until the process of shell ablation is completed.

Time evolution of ion TOF spectra (charge states and kinetic energies)

From the filtered scattering images where fringe signal is missing (cf. fig. 4.23b and 4.17ii)
only little information can be drawn. However, in the corresponding ion spectra salient
features mirror the nanoplasma evolution. The ion spectra averaged over every filtered
shot for every pump-probe separation time are plotted in figure 4.24a. Zooming in at
zero flight time it shows that the light peak gains in height and width due to increased
fluorescence. This behavior is in agreement with the increasing luminosity of the scattering
screen described earlier. Looking at the entire TOF spectrum at short delay times (blue
spectra), the Xe!* peak is most prominent with large contribution from high kinetic ions.
Towards later times it decreases and the distribution shifts towards higher charge states
(red spectra). At latest delays Xe’" and higher are protruding. The charge-state increase
with At becomes most prominent when plotting the spectra’s center-of-mass over delay
time, as presented in figure 4.24b. In this depiction the TOF transmission functions for
each charge state are not taken into account due to the challenging assignment of charge
states for ion yields in averaged spectra (see section 3.2.3). Therefore, it is expected that
the average charge states in figure 4.24 b are slightly underestimated. However, the general
trend of increasing average charge state with delay time is contained.

The shift towards higher charge states is a strong indication for recombination suppres-
sion. This finding was recently simulated with molecular dynamics simulations for an
XUV/XUV pump-probe scheme on small xenon clusters [98]. Only in a dense, strongly
coupled nanoplasma three-body recombinations are effective. Here, the hot electrons can
release enough energy in collisions, so that recombination is possible. In a dilute plasma
however, collisions are less probable and electrons cannot cool down and have too high
energy to recombine. Therefore, in the late stages of cluster expansion the recombination
is not possible which results in overall higher charge states detected.

The second main characteristic feature in the averaged ion spectra is that with proceed-
ing delay time he overall spectrum resembles more and more an atomic one, irradiated
exclusively by an FEL pulse. For comparison a spectrum from pure xenon gas is plotted
at the top of figure 4.24a. At large delay times, TOF peaks with high kinetic energies
reveal that cluster components are still present. This gives evidence that the evolution of
the excited nanoplasma lasts up to nanoseconds, even though not directly resolved in the
corresponding diffraction images (compare fig. 4.21).

With increasing delay time the signal becomes more ’atom-like’ because the cluster core be-
comes increasingly atom-like. While the cluster shell explodes off due to charge separation,
the recombined neutral cluster core exhibits no large kinetic energy when hit by the probe
pulse. An increasing ’atomization’ of the ion signal reveals an increasing ’atomization’ of
the cluster core. This means that the neutral core disintegrates after bonds are breaking
due to energy deposited in the cluster from the pump pulse.

The increase in light peak yield gives evidence that a transition from non-radiating recom-
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Figure 4.24: a) Filtered and averaged ion TOF spectra, taken in IR/XUV pump-probe configura-
tion for varying delay times as indicated by numbers in picoseconds. The filter was set on absence
of fringes in CCD images and high kinetic energy contribution in corresponding TOF spectra.
Laser peak power densities were 1.1-10'* W/cm? and 4.1 -10'* W /cm? for the IR and XUV pulses
respectively. For comparison an atomic spectrum from xenon gas irradiated with an XUV beam
only is included on top of the graph (black). b) Average charge state of each run, extracted from
the averaged TOF spectra’s center-of-mass. Note that the TOF transmission function is not taken
into account here, due to the challenging assignment of charge states for the ion yield in averaged
spectra.

bination and relaxation to radiative relaxation takes place. Strong shell ablation leading
to images of the second category (compare figure 4.171i) results from clusters well hit by
the pump IR pulse. A different picture arises for clusters less highly excited due to lower
exposed power densities, which are subject of the next section.

4.4.3 Expansion of a neutral cluster core on the nanosecond timescale

One nanosecond after excitation by the pumping infrared pulse some xenon clusters feature
a substantially new appearance. This is manifested in the third category of scattering
patterns recorded, as introduced in figure 4.17iii. They exhibit an unordered speckle
structure - never before detected from spherical clusters. Some representative examples
with azimuthally averaged intensity profiles are presented in figure 4.25. The fact that they
appear earliest 500 ps after expansion initialization by the IR-pump pulse and the absence of
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Figure 4.25: Several characteristic patterns with unsystematic speckle distribution, recorded upon
XUV illumination 1.4 and 1.5 nanoseconds after IR excitation and their corresponding profiles of
azimuthally integrated scattering intensity. The profile slopes exhibit an overmodulation with
minima between 18 and 22 degrees scattering angle.

any ring structures indicates a different cluster evolution behavior than the above discussed
surface melt-down (section 4.4.1). The question arises how exactly a cluster disintegrates
after shell ablation and recombination of the cluster core to full neutrality.

The complexity of the speckle patterns prevents an exact retrieval of the disintegrating
cluster shape. Nevertheless, as this section will show, pattern frequency and intensity
envelope analysis allow to extract average parameters determining the particle appearance
encoded in the scattering patterns. Comparison with Mie theory indicates how to interpret
those speckle patterns. In ring-patterns from Mie calculations on spherical objects the
oscillation of the pattern yields information about the particle size [38]. Additionally, the
course of the amplitude is determined by the refractive index, which is directly coupled to
the material density. This chapter will show that the same correlation is valid for speckle
patterns. The shape and size of the speckles originate from the overall particle outline and
average diameter while the amplitude modulation is a direct consequence of fluctuations
in the particle density [166].

The arising of speckle appearance can be attributed to a ring break-up, originating from
a significant drop in particle density. Small-angle scattering simulations (SAXS) were
performed in three steps to visualize this behavior:

1. First, with the example of a linearly expanding dilute cluster with uniform density.

2. In a second step, this spherical cluster is subdivided in smaller units to account for
the density fluctuations in the evolving recombined plasma. The radius of the sub-
clusters in this model system exemplifies the size range of an internal cluster-density
modulation.
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Figure 4.26: Scheme of simulated model clusters. Step 1: Clusters are modeled with amorphously
distributed point scatterers of average distance d o, Within a sphere of radius Reoy,,. Step 2: The
spherical cluster is subdivided in smaller sub-spheres with radius rg,, and distance Dg,p. Step 3:
A size distribution is applied on the radii of the sub-clusters.

3. In a third step, a size distribution is applied to the sub-clusters to tune this approval
toward more realistic appearance.

A visualization of the model systems used in the three different steps is illustrated in figure
4.26. With the help of scattering simulations from these computed cluster geometries, it
will finally become possible to understand the underlying shape of the measured xenon
clusters.

Step 1: Small-angle x-ray scattering simulations from an expanding gas ball

Basic simulations with 2D-FFTs of projected sample outlines are a practical tool for fast
analysis of dense objects, where the distance between the single scatterers is smaller than
the impinging wavelength (as used for simulations in figure 4.21b). Since the distance
between atoms is thereby not taken into account, more sophisticated modeling is needed
for dilute systems. An adequate method are small-angle scattering calculations from point-
scatterers with freely tunable separation. For the simulation a MATLAB code was written
based on the concept introduced in [36]. The formalism and code are described in detail in
appendix A. Point-scatterers representing xenon atoms were ordered on a three-dimensional
grid within a radius Ry, (see fig. 4.26). The scatterer distance is denoted as d g¢o,- In order
to gain amorphous atom distribution the point-scatterer position was allowed to randomly
vary from its initial position on the grid by up to dasm/2. The scattering signal was
calculated in scalar numerical approach [36]. The experimental values of XUV wavelength
A = 13.6 nm, detector pixel size p = 0.069 mm, and distance between interaction region and
detector L = 61.64 mm, are used for all simulations. Therefore, simulated and measured
patterns are directly comparable. The angle resolution was set to 0.2 degrees in radial and
azimuthal direction respectively. All images were calculated up to 33 degrees scattering
angle.

A rigid sphere with equally expanding point-scatterers was implemented as model cluster.
While this model is a very basic approximation for the expansion of the neutral cluster



4.4. Imaging IR induced explosion 99

a) Rclu=100nm RClu = 250 nm RClu = 1000 nm

=5nm
®

dAtom

12.5 nm

®

dAtom

50 nm

dAtom

o
—~

RClu = 100 nm RClu = 50 nm RClu = 1000 nm

=5nm
[6ap] a1bue

dAtom

=12.5nm

dAtom

50 nm

dAtom

Figure 4.27: Simulation of light scattering on amorphously distributed scatterers. a) Cut through
atom distribution. Atomic distances d 440y, are increasing from top to bottom and cluster radii Rcyq,
from left to right. b) Corresponding calculated scattering patterns. For better visibility all images
are normalized to their maximum value. Therefore, absolute intensity values are not comparable.
With decreasing particle density (top to bottom) the ring-patterns vanish at high angles in favor
for speckles. Particle radius increase results in decrease of mean fringe spacing and speckle size
respectively.
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core, it provides an intuitive understanding for the underlying mechanism. In a first step
the influence of cluster size and atomic distance on the diffraction image is investigated.
Figure 4.27 shows central cuts through modeled clusters (a) and their corresponding simu-
lated scattering patterns (b). From top to bottom d 4z, is increased from 5 to 50 nm. For
dense particles (top row), coherent scattering gives pronounced interference ring patterns.
For larger atomic distances (center row), fringes break up at large angles and speckles
appear. Speckles arise from objects with amorphousness (for surfaces often denoted as
roughness) larger than the laser wavelength. Hence, the scattered exit waves do not inter-
fere constructively at the same scattering vector value ¢. In the bottom row of figure 4.27,
where dAzom 18 largest, the rings disappear almost completely towards low frequencies in
the pattern center and mainly ’homogeneous’ speckle patterns are visible. The angle where
the ring signal transforms into speckle signal is dependent on the average distance of all
point-scatterers to each other. This leads to the conclusion that the experimentally recor-
ded speckle images result from a cluster where the density has decreased sufficiently, such
that the laser wavelength becomes sensitive to the internal particle disorder and density
fluctuations.

The here presented simulations mirror the detector geometry used in the experimental setup
for this thesis. The maximum simulated scattering angle is 33 degrees. In the simulation
the average atomic distance has to increase from d oy, = 0.48 nm (Wigner-Seitz-radius of
solid xenon: ry = 0.24nm) by one order of magnitude to datem = Hnm for speckles to
become visible at maximum angles. For ring-structures to disappear completely up to 4
degrees - corresponding to the beamstop area in the detector - da,, even has to rise to
50nm (bottom row), e.g. by two orders of magnitude.

In figure 4.27 column-wise from left to right, the size of the particle is increased from a
radius of 100 to 1000 nm. While for dense targets the fringe spacing gets smaller (top
row), for dilute particles analogous the speckle structure becomes finer (bottom row). The
average size of the speckles is inversely proportional to the radius of the spherical cluster.
Laser speckle analysis is mainly common in rough surface examination [167]. Only in the
last years it gained in significance for imaging of finite target systems. From theoretical
calculations on a spherical object with rough surface [168] and independently on a two-
dimensional structure of spherical apertures [37] the relation between speckle and overall
cluster radius can be deduced to approximately

AL 1
Rop ~ — —— 4.13
S R (4.13)
with the impinging wavelength A, the distance between detector and interaction region L,
the detector pixel size p, and the mean speckle radius Rg),.

For the determination of mean speckle size several approaches can be used, e.g. morpho-
logical analysis of binary images from pattern thresholding [169, 37]. This procedure is
however not recommendable for patterns with an intensity modulation where lower in-
tensity speckles might be overlooked. One of the most frequently applied methods is to
extract the mean speckle size from the normalized autocovariance function® C(z,y) of the
scattering pattern intensity I(z,y) [170]

@) — ()
O ) = S, )5 = (1w, ) (4.14)

4The normalized autocovariance function corresponds to the autocorrelation function.
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Figure 4.28: a) Full width at half maximum (FWHM, round symbols) and beam waist (1/e?,
squared symbol) of the mean speckle size, extracted from simulated scattering patterns plotted over
radius of model clusters. b) Corresponding calculated radii over radius of model clusters. The red
curve shows the dependence calculated with equation 4.13.

This technique was used here and cross-checked on simulated data. The sums of the
normalized autocovariances of all rows and columns in the pattern were fitted by a Gaussian
distribution. The full width at half maximum (FWHM) and the beam waist (1/e2?) of
this Gaussian distribution were determined in pixels and converted to sphere radius with
equation 4.13. It is inevitable to cross-check the reliability of the applied method and
the utilized code. Therefore, the scattering patterns were calculated for several dilute gas
balls with varying cluster radius. Subsequently, the values of 2Rg, were extracted from
the simulated data. In figure 4.28 mean speckle size and therefrom calculated radius are
plotted over the radius that was fed in the SAXS simulations. The red curve indicates
values calculated with equation 4.13. For small clusters of 100 nm radius, the extracted
size is slightly overestimated and the FWHM value fits better than the 1/e? value. For
larger clusters from 500 nm radius onwards, the size is underestimated and the beam waist
value gives a more correct result.

This method was also applied to the measured pattern presented in figure 4.29. Beamstop
and dead pixels were masked before calculation of the normalized autocovariance function.
A mean speckle size of 2Rg, = 8.74 FWHM and Rg, = 8.061 /62 was extracted from
the pattern. Corresponding cluster radii of Ry, = 884.8nm and Rgy, = 960.2nm are
calculated with equation 4.13, with A = 13.6nm, L = 61.64mm, and p = 0.069 mm. A
simulated speckle pattern from a gas ball of this radius R¢y,, = 950 nm is depicted in figure
4.29 as juxtaposition to the experimental data. The speckle sizes seem to match quite well.
Immediately apparent becomes the deviation of pattern intensity at high spatial frequencies
between measured and simulated images. The computed image exhibits a constant average
intensity distribution. In radial profiles of recorded images (see figure 4.25b) the envelope
of the amplitude exhibits a modulation. The scattering intensity shows a decline up towards
around 20 degrees and stays relatively constant from this angle onwards. This behavior
demonstrates that the simple model of an equally expanding sphere shows some general
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Simulation

Figure 4.29: a) Diffraction pattern of a disintegrating xenon cluster imaged 1.4ns after infrared-
laser excitation. b) SAXS simulations from a sphere of equally distributed amorphous point-
scatterers (as described in the text as Step 1) with datom = 50nm and Ry, chosen to be 950 nm.
The dark red circle indicates the area where the scattering signal is hidden due to stray light. The
mean speckle size matches well for calculated and recorded images. However, the relative intensity
distributions show clear deviations, e.g. the measured pattern exhibits an intensity modulation
which is absent in the simulation.

trend, but is insufficient to describe the entire cluster evolution witnessed in the experiment.

Step 2: SAXS simulations with density division in sub-clusters

The modulated diffraction-pattern envelope implies an underlying sub-structure in the
particle density distribution [166]. The above cluster model with on average equally spaced
point-scatterers was refined to get a handle on this density fluctuations. The sphere was
divided into several sub-clusters with internal amorphous atom distribution, as sketched in
figure 4.26 step 2. In a first loop the positions of the sub-clusters were arranged with spacing
Dgyp within a sphere of radius R¢y,. In a second loop the sub-spheres with radius g,
and atomic distances d a4, were generated and arranged on the positions just calculated.
With the overall radius R¢y, and the atomic distance d 440, kept constant, the influence of
sub-cluster size rg,;, and spacing Dg,; on the scattering pattern is demonstrated in figure
4.30. Slices through the particle center are presented in (a) and corresponding calculated
scattering patterns in (b).

For all model systems in figure 4.30, the outer particle radius is kept constant at Ry, =
250nm° and the atomic distance within a sub-cluster is held at daom = 5nm. From
top to bottom row the distance between debris centers Dg,;, increases from 25 to 100 nm.
Analogous to a change in d 4¢o, in figure 4.27, the overall particle internal disorder increases
together with the surface roughness. Hence, the scattering ring pattern at large scattering
angles vanishes in favor of speckles due to missing constructive interference at the same
propagation vector value. The average speckle size is not affected since it is only dependent
on the overall cluster radius R¢y,. The radius of the sub-clusters rg,; raises column-wise
from 12.5 to 50 nm in figure 4.30. While in the left column of figure 4.30b the simulated
images do not exhibit a clear envelope modulation, it becomes prominent in the second
column from a ring-shaped minimum at around 20 degrees. In the third column the first
minimum is shifted to smaller angles and higher order minima appear. The angle of the
first envelope minimum 6,,;, is related to the size of the mean scatterer rg,; by the Airy
pattern equation [32, 33]:
A

—122.
"ub 2 5 (Gpmin)

(4.15)

5For good visibility of the speckle size, a cluster radius of R¢z., = 250 nm was chosen for the simulations.
This is not to be confused with the measured size of Rcy, = 950 nm.
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Figure 4.30: Simulation of scattering on spheres with amorphously distributed sub-spheres of
scatterers. a) Slices through the particle center. The radius of the sub-spheres 7g,;, is increased from
left to right. The distance of the sub-spheres Dg,; in increased from top to bottom. Overall cluster
radius and atom spacing are kept constant (Rcy, = 250nm and dazen, = 5nm). b) Corresponding
scattering patterns. From top to bottom scattering rings in the pattern center break up in favor
for speckles. From left to right an overmodulation with decreasing fringe spacing appears. The
overmodulation’s first minimum 6,,;, shifts to smaller angles with increasing sub-sphere radius.
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With this relation the mean density fluctuation range can be deduced from measured
patterns. From a detected angle of about 20 degrees (see radial profiles in figure 4.25) a
value of rg,, &~ 25 nm is calculated with an XUV wavelength of 13.6 nm.

Following equations 4.13 and 4.15, simulations of a 950 nm radius sphere with 25 nm radius
sub-clusters should give a reasonable match with the measured pattern in figure 4.29. The
remaining unidentified parameters are the distances d ooy, and Dg,,. The only information
known up to this point is that the distance between the sub-spheres Dg,; significantly
affects at which angle the ring pattern transforms into speckles. Since the transition is
not visible in the measured pattern, it is expected that it is located at angles lower than
4 degrees, which are covered with residual light. Therefore, only an upper limit for Dgy,
can be given.

To simulate cluster with certain den-

sity, several combinations of dAzom 10 =
and D alues are applicable. The 5 ! — Dsub: 100nm
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the angle of the envelope minimum). Figure 4.31: Scattering profiles from model clusters

Also the speckle size stays equal due
to a constant cluster radius of R¢y,, =
950 nm. With decreasing atomic dis-
tance and correlated increasing dis-
tance between the sub-clusters, the
envelope minimum becomes more pro-
nounced due to a stronger density
fluctuation. The observation that the
minimum in the recorded scattering
profile is rather weakly pronounced

with equal size (Rcy, = 950nm) but of different density
distributions are presented, gradually varying from sys-
tems with few dense sub-spheres (red curve) to a cluster
with many dilute sub-spheres (violet curve). The amount
of atoms in the system stays constant at N = 1.9 - 10°
atoms. Therefore, the density of the overall cluster does
not change. The radial profiles of the simulated scatter-
ing patterns demonstrate a stronger pronunciation of the
envelope modulation for stronger density fluctuations.
The length scale of the particle fluctuation is constant
for all envelopes (rgyp, = 25nm).

(see figure 4.25b) points towards a weakly developed density modulation.
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Step 3: SAXS simulations with size distribution of the sub-clusters

A different effect which makes the min-

imum become less deep is a size distri- 10"° =7
bution of the sub-particles. The model
of a cluster divided into sub-spheres is
suitable to get an intuitive understand-
ing of the influence of density modu-
lations on diffraction patterns. How-
ever, it is certainly not appropriate to
model the exact cluster internal struc-
ture. The cluster model is once more re-
fined (see figure 4.26 step 3) by applying
a size distribution on the sub-clusters to 10" = | datom: 10nm
make the subject more realistic. Figure | | | I I I I
4.32 presents several spectra from sim- 0 5 10 15 20 25 30
ulations with sub-particles fluctuating Scattering angle [deg]
around 25nm radius. With increasing
size distribution the minimum in the
scattering envelope becomes less pro-
nounced (from blue to red curve). This
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Figure 4.32: Radial profiles of simulated scattering
patterns from model clusters with equal size (R¢y,, =
950nm) and equal internal density. Simulated scat-
\ ) o tering profiles of model systems with a sub-cluster size
result points towards a wide variation giseribution. In step3 of the simulation (details see
of density-modulation ranges inside the text) the radius of the sub-spheres rg,; is allowed to

measured particle. However, the mean vary. While for small radius variations the minimum
size range of the sub-clusters can be de- of the envelope modulation in the scattering profile
termined from the amplitude envelope is strong (violet curve), for a larger size distribution
outline of the recorded patterns, as ev- the envelope minimum softens (red curve).

ident from equation 4.15.

The complexity of speckle diffraction images makes their characterization a very challenging
task. Particle shape retrieval by direct comparison with theoretical calculations is often
intricate. The interplay of several length scales and distributions in real space and their
correlated effects on the pattern in Fourier space prevents exact determination of the
object’s architecture. Still the mean particle size and average density fluctuation
range are well extractable from speckle analysis.

Figure 4.33 presents the juxtaposition of a measured speckle pattern (in color see figure
4.25b) with a simulated one. As introduced above, from the means speckle size an average
cluster radius of about 950 nm could be extracted from the measured pattern. The angle
of the first envelope minimum in the measured scattering pattern leads to an estimated
mean density fluctuation range of about 25 nm. To simulate the scattering pattern in figure
4.33 b a model cluster with the parameters R¢y, =950 nm, rgq,p =25 £ 15 nm, Dgyp, =50 nm,
and dAtom =4 nm was generated and is depicted in figure 4.33 d. The model cluster con-
tains N = 3.2-107 atoms. This corresponds to a cluster of R = 75.9nm with solid-state
density. Speckle appearances and azimuthally integrated intensity profiles are rather well
matching. This simulation illustrates that despite the very approximative cluster model
the main sizes are well extractable from the speckle patterns.
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Figure 4.33: a) Typical speckle diffraction pattern recorded 1.4ns after infrared laser impinge-
ment. See 4.25b for color. b) Simulated pattern calculated in small angle x-ray scattering approach
from a d) modeled cluster with Ry, =950 nm, 7545 =25 + 15 nm, Dg,p =50 nm, and d a¢opm, = 4 nm.
¢) With this system SAXS simulations can well reproduce the measured speckle pattern in size and
slope.

Conclusion

The evolution of expanding single xenon clusters was imaged. Large individual clusters
were produced in supersonic expansion of 10 bar xenon at 180 K trough a conical nozzle,
resulting in a log-normal size distribution between 25 and 1000 nm radius with a maximum
at 34 nm radius. The particles were turned into a nanoplasma by a high power IR pulse
with peak intensities of 1.1 - 10 W /ecm?. The expansion was imaged with an ultrashort
FEL pulse of 4.1 - 10'*W/cm?. By snapshotting several points in time, ranging from
femtoseconds up to nanoseconds, two different expansion mechanisms were identified.

e Following strong particle excitation and nanoplasma formation, quasi-free electrons
migrate to the energetically preferred particle center. Efficient recombination leads to
a net-neutral core embedded in a highly charged shell. At the picosecond timescale
the xenon cluster gets skinned. Depending on the laser power density, a decrease
of scattering signal at high detection angles with increasing time delay mirrors the
accompanied softening of the cluster surface.

e The remaining net-neutral nanoplasma can efficiently recombine and stays in the in-
teraction region up to nanoseconds. In slow motion its density decreases and internal
density fluctuations build up. Diffraction images of speckle patterns are representa-
tive of this second stage of cluster expansion. Analysis of measured average speckle
size and pattern intensity envelope modulation reveal the mean cluster size and range
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of internal density fluctuations at the time of detection. Simulations indicate that
after a nanosecond the neutral cluster core remains as expanded gas ball with mea-
surable internal density fluctuations.

These findings from dynamic diffraction imaging extend the picture of laser-matter inter-
action into the nanosecond time scale. Here structural principles are discovered, which are
up to date unexplored in homogeneous clusters.
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Chapter 5

Summary and outlook

In this thesis, the ionization and expansion dynamics of large, single xenon clusters irradi-
ated with highly brilliant laser pulses was studied. The method of single-shot single-cluster
imaging in coincidence with ion time-of-flight (TOF) spectroscopy was applied. It enables
to characterize laser-particle interaction in unprecedented detail by eliminating the influ-
ence of the laser focal volume intensity and particle size distribution. Very large clusters
were produced in supersonic expansion of 180 K xenon gas with 9.8 bar backing pressure
trough a conic nozzle of 200 um orifice and 4° half opening angle. The resulting particle
radius was ranging between 25 and 1000 nm. The experiments were performed at the free-
electron laser in Hamburg (FLASH) at beamline 2. Ultrashort (100 fs) extreme ultraviolet
(XUYV) pulses delivered were focused to a spot size of 20 um. The maximum power density
in the focal volume reached about 4.1 - 104 W/cm?. Additionally, an infrared (IR) laser
with wavelength of 800 nm and pulse length of 80fs was used. With a focal spot size of
90 wm power densities around 1.1 - 104 W /cm? were reached.

Three different excitation schemes were applied in order to examine different processes and
timescales of laser-cluster interaction:

1) Particles were irradiated by either a single IR or a single XUV pulse only.

2) The cluster disintegration was induced by an XUV pump pulse and probed with an
IR pulse in order to map the Mie resonance in the cluster nanoplasma.

3) Cluster fragmentation was initiated with an IR pulse and different disintegration
states were snapshotted with a delayed XUV pulse.

In the first part, the response of the cluster was investigated in dependence on the cluster
size and material, as well as the laser power density and wavelength. For clusters irradiated
with IR or XUV pulses only, almost identical TOF spectra with similar charge state yields
and kinetic energy distributions were found. Also xenon, argon, and silver clusters in
FEL pulses resulted in similar TOF spectra.This reveals that from a certain cluster size
on the cluster dynamics are universal, almost independent of laser wavelength and cluster
component. This behavior leads to the conclusion that initial ionization mechanisms play
a minor role and nanoplasma processes like e.g. electron collisions take the lead.

109
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In the second part, the timescale of the experiment was extended up to one and a half
nanoseconds with pump-probe technique. The XUV pulse induced cluster disintegration
and therefore a lowering of the overdense particle density. The temporal delay of the IR
pulse was scanned with respect to the FEL pulse arrival time in order to probe the Mie
resonance. A characteristic peak delay time of 6.3 ps was found for cluster sizes ranging
around 34nm in radius. The large peak width and therefore plasmon lifetime of 5ps is
an indication for a shell-wise density decrease. By mapping the focal volume it could be
shown that the characteristic delay time does not change significantly with XUV laser
power density. This behavior is in agreement with calculations using the nanoplasma
model. With the same model the average charge state (¢) was determined to (q) = 2.0,
fitted to radius dependent peak delay time measurements. The delay time increases from
3.9ps to 7.0 ps for clusters of average 28 nm radius to 40 nm radius.

In the third part, the disintegration of large xenon clusters irradiated with intense IR pulses
was imaged by XUV scattering. Following strong particle excitation and nanoplasma for-
mation, quasi-free electrons migrate to the energetically preferred particle center. Efficient
recombination leads to a net-neutral core embedded in a highly charged shell. On the
picosecond time scale, a major part of the xenon cluster has been skinned by a rather
thin outer ionic shell in a fast expansion. This shell-ablation is mirrored in the recorded
diffraction patterns by a vanishing of fringe signal and decrease in scattering signal at high
scattering angles within tens of picoseconds. In basic simulations using 2D Fourier trans-
formations of particle outlines with softened surface these changes were identified as pro-
ceeding shell ablation, leaving a shrinking cluster core behind. The remaining net-neutral
nanoplasma can efficiently recombine and stays in the interaction region up to nanoseconds.
Its density decreases slowly and density fluctuations occur, leading to speckle patterns with
intensity modulations which appear from 500 ps on. Despite the high complexity of the
speckle patterns, it was shown that the overall particle size and internal density fluctua-
tion range can be derived by simple image analysis procedures. The findings from dynamic
diffraction imaging extend the picture of laser-matter interaction in to the nanosecond time
scale, where structural signatures were identified which were up to date not explored in
homogeneous clusters.

In the dynamic imaging experiments of this work, which used an IR pump pulse, the initial
cluster size and exposed focal flux are not well characterized since the initial image of the
particle is missing. An experimental improvement could be achieved by additional imaging
of the cluster at the time of pump-pulse arrival. Therefore, the IR pulse would have to
be substituted by an XUV pulse in order to record an initial scattering pattern which
facilitates a precise determination of the initial cluster state. The entire process of cluster
dynamics could be filmed by capturing the initial and various intermediate states of the
complete sample disintegration process. Up to date two major criteria limit this approach:
(1) To follow the entire sample disintegration both, XUV-pump and XUV-probe beams
need to be separated on an extended timescale up to nanoseconds. (2) Two separate
images need to be recorded which are only separated by picoseconds. In our group, we
have launched a project which addresses both limitations and will make ultrafast ‘movies’
of free nanoparticles feasible in future experiments.

XUV/XUV pump-probe experiments are currently possible at the FLASH facility with
the autocorrelator split-and-delay unit at beamline2 [171]. Here, one beampath can be
temporally delayed from —3ps up to +15ps with respect to the other. The temporal
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ions,
cluster position

X-ray Movie Camera

Figure 5.1: Schematic setup of the ‘X-ray movie camera’. From [172]. The FEL beam is split and
both beam paths are delayed with respect to each other. They are focused onto the particle from
opposite sites consecutive producing separate diffraction patterns on two opposing detectors.

delay range is limited due to setup which is based on grzing incidence reflection. To
push XUV/XUV experiments toward a longer timescale, a more compact split and delay
unit has been developed in our group and will be installed permanently into beamline 1
at FLASH until July 2015. The DESC (Delay Stage for CAMP) system is based on
multilayer mirrors. While multilayer mirrors only allow for a narrow wavelength range
to be reflected, they effectively shorten the beampaths due to normal incidence reflection
leading to a more compact geometry. With the DESC system XUV /XUV pump-probe
experiments in a range up to several 100 ps will be feasible.

The second limiting criteria for the recording of molecular movies up to date is the read-out
time of the scattering detector. In collinear pump-probe geometry both scattering patterns
consecutively fall on the same detector where they superimpose and are recorded as one
image. To circumvent this problem, in our group an ‘X-ray movie camera’ is envisioned
and will be commissioned at FLASH in October 2015. Here, in a pump-probe setup the
XUV beam is split and delayed and both pulses are focused onto the particle from opposite
sites, see figure 5.1. T'wo separate diffraction patterns are recorded consecutively from two
opposing detectors, similar as proposed in [173]. The overlay of both scattering patterns
is minimized due to the geometry under 180 degrees. The knowledge about initial cluster
size determined from the first image and at a later point in time from the second image
would enable to determine the exact cluster disintegration process. The here presented
setup will open the possibility to record a fast ‘movie’ from an unsupported nanoparticle
in free flight.
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Appendix A

Small angle scattering code

All small angle scattering simulations in this thesis where performed in MATLAB with a
code adapted from [36]. To model a xenon cluster with amorphously distributed atoms the
following procedure was used: Point-scatterers were ordered at positions with coordinates
Tz, Ty, and 7, on a three-dimensional grid with distance dasom,. Only the atoms within a
sphere of radius R¢y,, were taken into account. To distribute the atoms amorphously they
were randomly displaced by a maximum of d,/2 in all three directions in space from
their initial position.

%% IA Generate model cluster as sphere of point-scatterers on a 3D grid

clear; clc;

RClu=35; % radius of the core
dAtom=7; % distance between atoms
atom=1;

box=2*RClu+1;
Cluster=zeros(box,4);
for x=(-RClu:dAtom:RClu)
for y=(-RClu:dAtom:RClu)
for z=(-RClu:dAtom:RClu)
rx=Xx; IYy=y; TYzZ=Z;
R=sqrt (rx"2+ry~2+rz"2) ;
if R <= RClu
Cluster(atom,1)=rx+(0.5-rand (1) *dAtom) ;
Cluster(atom,2)=ry+(0.5-rand (1) *dAtom) ;
Cluster(atom,3)=rz+(0.5-rand (1) *dAtom) ;
atom=atom+1;

end
end
end
end
AtomInClu=atom-1;
ClusterIn=Cluster(1:AtomInClu,:);
scatter3(ClusterIn(:,1),ClusterIn(:,2),ClusterIn(:,3));
set(gca, ’DataAspectRatio’, [1 1 1]);
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To model a xenon cluster with internal density fluctuations, the above model was refined
by subdividing the cluster into several sub-spheres. Therefore, first the positions of the
sub-spheres were ordered on a three-dimensional grid with distance Dg,; within the cluster
of radius R¢y, and the positions were randomly displaced by a maximum of Dg,;/2 in all
three directions in space from their initial position. Subsequently on these positions sub-
spheres with radius g, are generated with point-scatterers of distance d 444,, with random
displacement of maximal datopm, /2.

%% IB Generate sphere of point scatterers subdivided into sub-spheres
clear; clc;

RC1lu=35; rSub=8; % radius of entire cluster and of sub-sphere
dAtom=4; dSub=20; % distance between atoms and between sub-spheres
box=RClu*2+1; sub=1; Position=zeros(box,4);

for rx=(-RClu:dSub:RClu)
for ry=(-RClu:dSub:RClu)
for rz=(-RClu:dSub:RClu)
R=sqrt (rx"2+ry ~2+rz"2);
if R <=RClu
Position(sub,1)=rx+((0.5-rand (1)) *dSub) ;
Position(sub,2)=ry+((0.5-rand(1))*dSub);
Position(sub,3)=rz+((0.5-rand (1)) *dSub) ;
sub=sub+1;
end
end
end
end
SubInCluster=sub-1; Pos=Position(1:SubInCluster,:); clear sub
AtomInClu=zeros (SubInCluster,1);
for sub=1:SubInCluster
atom=1; box=RClu*2+1; Cluster=zeros(box,4);
PosX=Pos(sub,1); PosY=Pos(sub,2); PosZ=Pos(sub,3);
for rx=(-rSub:dAtom:rSub)
for ry=(-rSub:dAtom:rSub)
for rz=(-rSub:dAtom:rSub)
R=sqrt (rx"2+ry~2+rz"2) ;
if R <= rSub
Cluster(atom,1)=rx+PosX+((0.5-rand (1) )*dAtom) ;
Cluster(atom,2)=ry+PosY+((0.5-rand(1))*dAtom) ;
Cluster(atom,3)=rz+PosZ+((0.5-rand (1) )*dAtom) ;
atom=atom+1;

end
end
end
end
AtomInClu(sub)=atom-1; ClusterSub=Cluster(1:AtomInClu(sub),:);
b=sum(AtomInClu) ; a=b-AtomInClu(sub)+1;

ClusterIn(a:b, :)=ClusterSub;
end
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To simulate the scattering from the model cluster, the scattering from each point-scatterer
is calculated in azimuthal and radial direction, respectively, for a chosen angle range (Ny,
N,) with chosen accuracy (A, Ap). The scattering vector value is wavelength and angle
dependent |g| = 47/ - sin(f/2) and is in spherical coordinates composed of

gz = q-cos(0/2)cos(p),
@y = q-cos(0/2)sin(p), (A1)
g = —q-sin(6/2) (x>60>0;21 > ¢ >0)

The amplitude of the light scattered by a single point-scatterer is calculated in fractions
of the scattering amplitude of a single free electron. The ratio of scattering amplitude
of an atom to the scattering amplitude of a free electron is given by the complex atomic
scattering factor. It is f = —2.61 + i - 32.92 for xenon at 91.5eV photon energy [? .
The scattering amplitude from the entire model cluster consisting of N atoms is simply
calculated as the summation of the scalar electric fields from an arrangement of N point
scatterers:

NGngo Né)vNcpNz’Ny:Nz
A= Z Ag, = Z Z - ei(QaratQury+Qar2) (A.2)
0,0 O x,y,2=1

The intensity of the scattering signal is proportional to the squared modulus of the ampli-
tude:
I = 4rn|A]? (A.3)

% % II Calculate scattering crossection of the model cluster

Lambda=13.5; % laser wavelength

FAtom=-2.61+1i%32.92; % atomic scattering factor

DThe=2.0; Thel=0; The2=33.0; % theta increment and lower/upper bounds
DPhi=2.0; Phil=0; Phi2=360.0; % phi increment and lower / upper bounds

NThe=round (1+(The2-Thel) /DThe) ;

NPhi=round (1+(Phi2-Phil)/DPhi) ;

PatternAngle=zeros(3,NThe,NPhi);

for i=1:NThe

for j=1:NPhi
TheSc=Thel+(i-1)*DThe;
PhiSc0=Phil+(j-1)*DPhi;
if PhiSc0<0, PhiSc=PhiSc0+360; end
if PhiSc0>=0, PhiSc=PhiScO; end
kapa=(4*pi*sin(pi*TheSc/(180%2)))/Lambda;
Qx=kapa* cos((pi*TheSc)/(180%2))* cos((pi*PhiSc)/180);
Qy=kapa* cos((pi*TheSc)/(180%2))* sin((pi*PhiSc)/180);
Qz=-kapax*sin((pi*TheSc)/(180%2));
argu=ClusterIn(:,1) .*Qx+ClusterIn(:,2)*Qy+ClusterIn(:,3)*Qz;
Amplitude=sum(FAtom.*exp(1i.*argu));
Intensity=(4*pi*abs(Amplitude))"2;
PatternAngle(1,i,j)=TheSc;
PatternAngle(2,1i,j)=PhiSc;
PatternAngle(3,1i,j)=Intensity;
end
end
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