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ABSTRACT

Clusters are of great interest in studying material properties, oc-
cupying the phenomenological regime between the quantized be-
havior of atoms and molecules and the properties derived in the
classical limit from those of bulk matter. As the chemical behavior
of clusters is influenced primarily by their morphological proper-
ties and surrounding medium, understanding their native prop-
erties requires their study in the gas phase. This doctoral thesis
describes the findings of multiple experiments designed to char-
acterize the structural and morphological properties of gas-phase
copper clusters produced by a method based on inert-gas conden-
sation following pulsed-vaporization, and to study their dynamic

evolution.

For the characterization of cluster properties, a custom spec-
trometer capable of mass spectrometry and momentum imaging
of high-momentum ions, as well as Velocity Map Imaging spec-
troscopy of photoelectrons, was first designed and commissioned.
An experimental setup was then designed with this spectrome-
ter and a pulsed laser to study the photo-ionization and photo-
fragmentation of complex clusters in the gas phase. The character-
ization data were interpreted using physical models, allowing for
the retrieval of parameters to describe the morphology and inter-
nal structure of the clusters. The morphology of the same clusters
was also studied via Small Angle X-Ray Scattering (SAXS) with a
soft X-ray FEL at the Small Quantum Systems Instrument at the
European XFEL. The clusters were found to be polydisperse ag-
glomerates with fractal properties correlated to their growth times

and conditions.

The evolution of these structural and morphological cluster
properties was studied via time-resolved ion spectrometry and
SAXS experiments over a hundred picoseconds after irradiation
with an IR pump laser. Pump irradiation was found to trigger a
reconfiguration of the clusters into a dense structure similar to

melting, using the original methodology applied, which provides



valuable information about the pathways of this evolution.
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ZUSAMMENFASSUNG

Cluster sind von groflem Interesse fiir das Studium von Materialei-
genschaften, da sie das phdnomenologische Regime zwischen dem
quantisierten Verhalten von Atomen und Molekiilen und denjeni-
gen Eigenschaften einnehmen, die sich im klassischen Grenzfall aus
denen von Massivmaterial ableiten. Da das chemische Verhalten
von Clustern in erster Linie durch ihre morphologischen Eigen-
schaften und ihr umgebendes Medium beeinflusst wird, erfordert
das Verstindnis ihrer intrinsischen Eigenschaften deren Untersu-
chung in der Gasphase. Diese Dissertation beschreibt die Ergebnis-
se mehrerer Experimente, die darauf ausgelegt sind, die strukturel-
len und morphologischen Eigenschaften von Kupferclustern in der
Gasphase zu charakterisieren, die durch ein Verfahren erzeugt wer-
den, das auf Inertgas-Kondensation nach gepulster Verdampfung

basiert, sowie deren dynamische Entwicklung zu untersuchen.

Fiir die Charakterisierung der Clustereigenschaften wurde zu-
nachst ein spezielles Spektrometer entwickelt und in Betrieb ge-
nommen, das Massenspektrometrie und Impulsabbildung von Io-
nen mit hohem Impuls sowie Velocity-Map-Imaging-Spektroskopie
von Photoelektronen ermoglicht. Anschliefend wurde ein experi-
menteller Aufbau mit diesem Spektrometer und einem gepulsten
Laser entwickelt, um die Photoionisation und Photofragmentati-
on komplexer Cluster in der Gasphase zu untersuchen. Die Cha-
rakterisierungsdaten wurden mithilfe physikalischer Modelle inter-
pretiert, wodurch Parameter zur Beschreibung der Morphologie
und der inneren Struktur der Cluster gewonnen werden konnten.
Die Morphologie derselben Cluster wurde aulerdem mittels Small-
Angle X-Ray Scattering (SAXS) mit einem weichen Rontgen-FEL
am Small Quantum Systems Instrument des European XFEL un-
tersucht. Es wurde festgestellt, dass die Cluster polydisperse Ag-
glomerate mit fraktalen Figenschaften sind, die mit ihren Wachs-

tumszeiten und -bedingungen korrelieren.

Die Entwicklung dieser strukturellen und morphologischen Clus-

tereigenschaften wurde tiber mehrere hundert Pikosekunden nach
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der Bestrahlung mit einem IR-Pumplaser mittels zeitaufgeloster
Ionspektrometrie und SAXS-Experimenten untersucht. Es zeigte
sich, dass die Pump-Bestrahlung eine Rekonfiguration der Cluster
zu einer dichten, dem Schmelzen d&hnlichen Struktur auslést, wobei
die angewandte urspriingliche Methodik wertvolle Informationen

iiber die Entwicklungspfade dieses Prozesses liefert.
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INTRODUCTION

1.1 NANOSCALE COMPLEX MORPHOLOGY

Clusters are defined as aggregates consisting of 3 to 107 atoms
or molecules [1]. They may possess either a chemically uniform
or mixed composition, with sizes extending up to several tens of

nanometers.

Clusters exhibit a wide diversity in size, chemical composition,
and morphology. Their study is therefore essential for understand-
ing the evolution of material properties from individual atoms to
bulk matter. In metallic clusters, for instance, the electronic struc-
ture transitions from discrete, molecule-like orbitals in small clus-
ters to continuous, band-like states as the cluster size approaches
that of bulk material [2].

Cluster-based materials find applications across multiple fields
of nanotechnology, including catalysis, energy conversion and stor-
age, and biocompatible coatings for medical applications [3-5].
The capability to synthesize novel materials through a bottom-
up, hierarchical approach makes clusters highly versatile nanopar-

ticles.

Metal cluster synthesis mainly follows two methodologies. One
is chemical synthesis, wherein the clusters are formed and stabi-
lized as a result of interaction with a medium or a substrate [6].
The other is gas-phase vapor condensation, wherein cluster forma-

tion occurs in a chemically inert environment [7, 8].

The nature of chemical synthesis makes it extremely difficult
to isolate the clusters from the synthesis media or substrate. This
makes it unsuitable for studying the properties of native clusters.
Gas-phase synthesis, despite its relative complexity, has the dis-

tinct advantage of producing isolated clusters. The clusters pro-
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duced by gas-phase synthesis are thus ideal samples for character-

ization and analysis of native cluster properties.

This thesis presents the design, implementation, and results
of experiments aimed at characterizing the structure and morphol-
ogy of isolated copper clusters produced via gas-phase synthesis
using a Pulsed Microplasma Cluster Source (PMCS). It fur-
ther investigates the evolution of these cluster properties following
energy transfer over extended timescales (on the order of picosec-
onds), which can provide insights into the underlying physics gov-

erning these systems.

The relatively low atomic number of copper makes it well-
suited for computational modeling and simulation [9-11], while
still offering a high X-ray scattering cross section [12]. Moreover,
copper nanoparticles possess a wide range of practical applications,
including use in biosensors and electrochemical sensors [13], broad-
spectrum antibacterial agents [14], and corrosion-resistant coatings
[15]. Their localized surface plasmon resonances [16] enhance opti-
cal responses, producing plasmonic bands within the visible spec-
trum. Additionally, copper’s electrical conductivity makes it an
ideal material for cluster synthesis using the PMCS, the principles

and operation of which are detailed in the following section.

1.2 PULSED MICROPLASMA CLUSTER SOURCE

For gas-phase synthesis of clusters, the required process is three-
fold. Firstly, the introduction or production of the precursor vapor
into the gas phase, followed by the condensation of this vapors into

clusters, and finally their extraction.

For molecular or rare gas clusters, once the cluster precursor
is introduced into the gas phase, the adiabatic expansion through
a nozzle into vacuum satisfies the remaining steps of vapor con-

densation and extraction [17].

For refractory materials, such as metals, the vapor can be ob-

tained through the non-thermal vaporization of a solid target. Va-
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porization is commonly achieved by using various techniques: using
an intense laser pulse or arc discharge [18], by magnetron [19], or,
as in the case of this thesis, pulsed sputtering [8] in the PMCS.

The PMCS consists of an insulating ceramic body in a vac-
uum, which contains a thermalization cavity holding a rod of the
target material. The rod is connected to a pulsed high voltage
power supply (with negative polarity and high current). The back
of the cavity is attached to a metal nozzle, behind which is affixed
a pulsed solenoid valve, connected to a high-pressure gas reservoir.
The metal nozzle is connected to the neutral line of the high volt-
age power supply, held at ground. The target rod and metal nozzle
of the pulsed valve, therefore, act as the cathode and the anode,
respectively. The cavity opens towards an exit nozzle connected to

an aerodynamic lens system.(Figure 1.1).

ceramic body

pulsed valve

nozzle

IR S —
" |

aerodynamic
lens system

rotating . rati
cathode t erma ization
cavity

Figure 1.1: Schematic of the Pulsed Microplasma Cluster Source

(PMCS). [8]

anode

Four processes characterize cluster synthesis in the PMCS:

o The pulsed valve periodically injects gas from the high-pressure
reservoir into the cavity, creating a strong jet directed against
the target rod. (Figure 1.2a)

o After a short delay determined by the injected gas dynamics,
a brief (= 50 ps) pulse of high voltage is applied between the
target rod (cathode) and the anode plate. Due to the high
density of gas in a small region of the cathode surface, the

applied voltage causes an intense discharge that vaporizes
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the rod through ion bombardment, creating a microplasma

of the target material (Figure 1.2b).

o The localized nature of the discharge facilitates a rapid quench-
ing of the microplasma, favoring effective cluster nucleation
close to the cathode, in a bath of the injected gas. (Figure
1.2¢)

o After formation, clusters are extracted from the cavity by
the drift of the injected gas, acting as a carrier for the sus-
pended clusters (Figure 1.2d). The extracted mixture under-

goes supersonic expansion, meaning that no further growth

of clusters occurs after their extraction.

(a) Injection (b) Discharge

(¢) Nucleation (d) Extraction

Figure 1.2: Cluster formation and extraction during PMCS opera-
tion.

By exploiting inertial separation in rarefied gas flows, the aero-
dynamic lens system forming the exit nozzle of the PMCS focuses
clusters to the central part of the free jet at the origin of the
supersonic beam. This aerodynamic focusing maximizes cluster
extraction from the source cavity. The system consists of a series
of thin plates mounted in cylindrical stages [20, 21]. Each plate
has a central aperture, with the system terminating at a skimmer

located at the sonic plane of the final supersonic expansion.

To effectively characterize clusters produced by the PMCS;, the

source must operate consistently and reproducibly on a pulse-to-



1.2 PULSED MICROPLASMA CLUSTER SOURCE

pulse basis. This consistency is strongly influenced by two factors.
The first is the stability of the gas injection and the pulse-rise time
(on a scale of 10 ps). The second is the uniformity of the discharge,
which is primarily influenced by the ablated surface. The stabil-
ity of gas injection is achieved through the control of pulsed valve
temperature using liquid cooling. The uniformity of the discharge
is achieved with the continuous rotation of the cathode via an ex-
ternal motor, creating homogeneous consumption of the cathode

along its lateral surface.

Based on the long timescale of cluster extraction (=~ 100ms)
compared to nucleation, the clusters produced by the PMCS can
undergo several additional processes. Some of these processes in-
clude: additional growth and agglomeration; drift towards walls
of the discharge cavity; inertial separation effects due to gas flow.
Each of these processes can affect the structure, morphology, and
yield of the extracted clusters at different times [22]. Since cluster
formation occurs entirely within the injected gas volume, the com-
position of the injected gas can also influence cluster formation.
Injecting high-purity inert gases, such as He or Ar, leads to the
formation of clusters with a chemical composition identical to that
of the target rod. Doping the inert gas with reactive species can

alter the chemical composition of the synthesized clusters [23, 24].

The majority of cluster differentiation occurs in the condensa-
tion period between cluster nucleation and extraction. This growth
process is primarily influenced by the thermal environment of clus-
ter formation. This depends on the delay between discharge and
the eventual extraction of the cluster. This time spent by the clus-
ters in the thermalization cavity before extraction is henceforth
referred to as their Residence Time. The maximum resolvable
residence time of clusters extracted from the PMCS is defined by
its duty cycle, i.e., the time between successive pulses of the
gas valve. Clusters with similar residence times will have similar

growth histories and thus exhibit similar properties.

Varying the operating conditions of the PMCS, such as the
calibration of the pulsed valve, its repetition rate, and opening

time, as well as the delay between gas injection and discharge,
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and the configuration of the aerodynamic lenses, can affect the
growth and properties of the extracted clusters. In this thesis, the
PMCS is used to produce copper clusters in the gas phase with
fixed operating parameters for all experiments. This fixed opera-
tion mode was chosen to obtain maximum consistency in cluster

measurements across all the experiments described in this thesis.

1.2.1  PMCS Operation Parameters

The PMCS is attached to an expansion chamber held at high vac-
uum (2x 107 mbar). The pulsed valve is connected to a reservoir
of pure Argon (Ar) maintained at a pressure of 60 bar. A rod of
pure Copper (Cu) is inserted into the PMCS cavity as the cath-
ode (target material). The tip of the cathode is aligned to the
gas injection nozzle. This ensures that the discharge occurs along
the cathode tip, facilitating longer source operation before main-

tenance is required.

The pulsed valve is operated with an opening time of 200 ps.
The high voltage discharge occurs after a delay of 430 s from in-

jection, with a duration of 60 ps.

The PMCS is triggered either internally and externally for
different experiments. In the internal trigger mode, the source is
operated at a frequency of 3 Hz, with a duty cycle period of 333 ms.
When externally triggered, the source is operated at a frequency
of 3.33 Hz, with a duty cycle period of 300 ms. As the differences
between the two trigger modes are minimal, the clusters formed

in both cases are comparable.

The extracted clusters, after formation, are focused via a 4-
stage aerodynamic lens system housed in the expansion chamber.
The lens system consists of an entry nozzle and 4 apertures of
1 mm each spaced 90 mm apart, making the whole system 360 mm.
This stage is much longer than the focusing stages used in previous

experiments [25].
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1.3 CHARACTERIZATION TECHNIQUES

The intrinsic properties of PMCS operation create a pulsed super-
sonic jet of clusters having a broad range of sizes and structural
features. As these clusters undergo further growth after nucleation,

they are agglomerates of smaller primary particles.

The primary particles are small clusters of the target material
(copper) formed during the nucleation step, by the quenching of
the microplasma. Due to this, primary particles are expected to
be dense spheroids which will maintain their structure during ag-

glomeration.

Clusters produced by the PMCS, while decoupled from any
medium, are non-trivial to characterize due to their high dilution
and diverse growth histories. Poly-disperse systems like those of
gas-phase clusters require unified parameters to describe their mor-
phologies. This thesis describes the morphology of the clusters us-
ing their fractal dimension D [26] and their structural properties
using the overlap factor Cy, [27] between primary particles in the

cluster.

The fractal dimension Dy of an aggregate (such as a cluster)
is a non-integer exponent that characterizes how the mass of the
aggregate, or the number of primary particles in it, scales with its
size [28]. Dy is thus indicative of the morphology of the clusters

as a whole.

The overlap factor C,, of two particles that have undergone
an inelastic collision (such as the primary particles during clus-
ter growth) gives the degree of overlap (sintering) between them.
It can be used to retrieve the normal contact forces between the
two particles [29]. Characterization of Cl, thus reveals information
about the internal structure of the clusters with different growth

conditions.

The properties of PMCS-generated clusters depend strongly
on their residence time, and repeats with each new cycle. There-

fore, any characterization method must satisfy the following crite-
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ria:

» (Capability to associate any measurement with the cluster

residence time to extract homogeneous and meaningful data.

o High repeatability to obtain consistent data across several
pulses of the PMCS.

o Capability to determine the mass, structural and morpholog-

ical properties of clusters independently.

This section outlines the principles of the characterization tech-
niques used to study copper clusters in the gas phase explored in

the remainder of this thesis.

1.3.1  Cluster Mobility Analysis

A particle moving in a medium gradually loses energy due to inter-
actions with the same. When a constant external force is applied,
the particle adopts a mean terminal velocity when the energy im-
parted by the force and the energy lost to dispersion are in equilib-
rium. The ease with which the particle moves through the medium

is defined as its mobility.

The mobility of a particle is proportional to the cross-section
of the particle with respect to the medium surrounding it. It can
therefore be used to study the interaction between the two. For
clusters in an inert gas, lacking any interaction aside from inertial
drag, the mobility gives information regarding the "effective size"
of the particles. In this case, "effective size" is a combination of the
size and morphological features of the clusters, and determining
either independently alongside mobility enables their structural
characterization. The mobility study in this thesis is based on the
model derived by Mazza et. al. in their 2011 publication [30]. The
model is used to determine the fractal dimension Dy of copper
clusters from the PMCS in the gas phase, and describe how it

evolves with cluster residence time.
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The analysis of mobility was carried out using mass and mo-
mentum spectrometry of clusters ionized by a pulsed UV laser. A
specialized ion spectrometer was designed, constructed, and com-
missioned for this purpose (Chapter 2). The spectrometer imaged
the velocity of cluster ions along the jet, as well as independently
measured cluster mass via Time-of-Flight (TOF) spectrometry
(Chapter 3).

1.3.2  Cluster Fragmentation Analysis

Agglomeration of clusters in the gas phase occurs through the irre-
versible contact of primary particles undergoing Brownian motion,
leading to collision and aggregation, resulting in partial overlap
(sintering) between them. The degree of overlap between two pri-
mary particles is influenced by their thermal environment at the
moment of impact and is therefore indicative of the contact forces

acting between them.

Upon energy absorption, the probability of a primary particle
dissociating depends on both the contact forces between neigh-
boring particles—determined by their degree of overlap—and the
number of such contacts, which is governed by the overall cluster
morphology. This thesis introduces a physical model that corre-
lates the yield of dissociated primary particles with the cluster size,
fractal dimension D, and overlap factor Coy [27]. This framework
is subsequently used to track the evolution of C,, as a function
of residence time, enabling estimation of the clusters’ structural

properties.

Characterization of cluster fragmentation was performed via
photoion spectrometry of the primary particle ions generated by
ionizing clusters with a high-fluence, pulsed visible laser. The same
spectrometer previously designed for cluster mobility analysis was
employed for this experiment. The spectrometer measures the yield

of cluster fragments via TOF spectrometry (Chapter 3).

9
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1.3.3  Small Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering is a technique to study material struc-
tures at small scattering angles. It utilizes variations in a sample’s
electron density to generate a high contrast reciprocal space rep-
resentation of the material’s structure [31]. SAXS is a powerful
method for studying a sample’s size distribution, shape, and sur-
face structure [32]. With advancements in synchrotron and FEL-
based X-ray sources that offer high flux and energy, as well as
the development of new detectors, SAXS has become a powerful
tool in nanoparticle research [33]. As the timescales of the scatter-
ing are much faster than any other light-matter interactions, the
data obtained from SAXS corresponds to the unperturbed sample
system. As it provides access to native structural data averaged
over macroscopic sample volumes, [34] combined with the tunable
flux and energy, as well as short pulse durations at modern FELs,
SAXS becomes ideally suited for in-situ experiments in realistic

sample conditions.

The SAXS data from clusters are analyzed to obtain the av-
erage radial profile (average intensity of scattering as a function
of distance from the scattering center) of the clusters for differ-
ing residence times. The unified fit model developed by Beaucage
et.al. [35] is used to interpret this SAXS data to extract informa-
tion about cluster size and morphology by calculating the radius

of gyration and fractal dimension of the clusters.

The experiment was conducted at the Small Quantum Systems
instrument, in the European X-Ray Free Electron Laser facility, as

part of allocated internal and user beamtimes (Chapter 4).

1.3.4  Studying Time-Resolved Structural Dynamics

As most differentiation in cluster properties occurs during the ag-
glomeration stage prior to extraction, understanding this growth
process is essential for comprehending the overall behavior of these
systems. In this work, the cluster growth process is investigated

through controlled energy transfer using a pulsed laser of low pho-
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ton energy—hereafter referred to as the pump. This approach
enables the examination of structural dynamics at various time

delays following the perturbation [36, 37].

The structural dynamics of the pumped clusters are investi-
gated using SAXS and fragmentation analysis. Tracking changes
in the cluster fractal dimension through their SAXS spectra as
a function of pump delay allows the morphological evolution of
the clusters to be characterized. Monitoring the yield of cluster
fragments as a function of delay after pumping, via mass spec-
trometry, provides insight into their internal structure and how it

evolves (Chapter 5).

The processes that occur after the pumping of the clusters
are varied and complex, requiring physical modeling or extensive
simulation for a comprehensive understanding of their dynamics.
This thesis interprets trends in the extracted structural and mor-
phological parameters from experimental observations and derives
general inferences regarding the underlying pathways. Fully simu-
lating time-resolved dynamics is beyond the scope of this thesis.
Despite the limited scope, the information obtained from these ex-
periments provides valuable insights into constructing a compre-
hensive understanding of metal clusters, their growth, and proper-

ties.

11






WIDE-RANGE MOMENTUM MAPPING OF
ELECTRONS AND IONS

2.1 INTRODUCTION

Since its introduction in 1987 [38], photoion imaging has been
widely used to study the dissociation dynamics of atoms, molecules,
and nanoparticles. Among the photoion imaging techniques, Veloc-
ity Map Imaging (VMI) [39] is characterized by its high collection
efficiency and simultaneous detection of particles with different ve-

locities and emission angles.

This makes it ideal to study gas-phase copper clusters pro-
duced by the Pulsed Microplasma Cluster Source (PMCS) [8], ion-
ized using optical or UV Lasers, and the photoelectrons excited

from this process.

Clusters produced by the PMCS are large, with distribution
in sizes ranging from hundreds to thousands of atoms [8] seeded
in a supersonic gas jet. The cluster velocity has a maximum value
equal to the speed of the supersonic jet vy, which is defined by the

species of the carrier gas and temperature (2.1).

Vo =\ (2.1)

Where T is temperature, M is the molar mass of the gas that
makes up the supersonic jet, and C), is its molar thermal capac-
ity at constant pressure. For an Argon Jet at 300K, this gives
a maximum cluster velocity of 559 m/s. This chapter details the
study of photoions and photoelectrons created by ionizing this clus-

ter jet using ion time-of-flight (TOF) and Velocity Map Imaging
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(VMI) to characterize the properties of the clusters produced by
the PMCS. This also allows explorations of cluster morphologies
from the TOF and VMI data by deriving the cluster fractal dimen-
sion Dy [30].

Studying these photoions and photoelectrons necessitates the
design and development of a spectrometer capable of measuring
the VMI of ions and electrons and the TOF of ions having a large
momentum acceptance and capable of effectively resolving the ion
mass, ion momenta, and the electron momenta across the range of

its acceptance.

Spectrometers built to measure both ions and electrons tradi-
tionally use a 2-detector setup with a potential gradient driving
the ions and electrons towards opposite detectors [40, 41]. Another
method is to use switching electric fields to alternate detection of
ions and electrons [42, 43]. The low detection efficiency of MCP
detectors for large masses [44] and the high cost/complexity of
switching potential fields make these approaches unsuitable for

this experiment.

A spectrometer for the characterization of cluster ions and
electrons needs to satisfy several criteria. The spectrometer needs
a large dynamic range to detect ions with high initial momenta.
The detected ions must be well-resolved by the spectrometer, both
temporally (in terms of time-of-flight or mass resolution) and spa-
tially (in terms of momentum resolution). The spectrometer also

needs to resolve the kinetic energy of electrons effectively.

The solution presented in this report involves a spectrometer
in a single detector configuration with static potentials. The ion de-
tector in a traditional two-detector system is replaced with a solid
electrode, allowing ions to impact it and create electron emission
from the electrode surface. The spectrometer design ensures that
the detection position of the secondary electrons is directly related
to the position of the ions on the conversion electrode. This enables
the operation of a VMI spectrometer where the momentum of large

ions and photoelectrons is imaged on the same detector.
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2.2 DESIGN

The spectrometer design was optimized, tuning aspects such as
geometry, spacing, and potentials of the electrodes using SIMION
8.1.1. The final design of the spectrometer is as seen in Figure
2.1. The spectrometer consists of a thick, flat ion lens electrode
sandwiched between flat ion extractor electrodes, which act as a
focusing system for the ions. The ion flight tube then guides the
ions towards the ion conversion electrode (henceforth referred to
as iCoP), where they generate secondary electrons upon impact.
The iCoP was allowed to have a curved (spherical) shape during
the optimization of its geometry. This lead to a concave surface
in its current design. The photoelectrons from the ionization are
repelled towards the mesh electrode by the ion extractor, which
forms an equipotential surface allowing focusing for VMI with the

electron flight tube.

The electrodes are biased by a 20 kV high-voltage power supply
and high-precision resistors as voltage dividers, with an indepen-
dent 5kV power supply for the electron flight tube. Modifying the
high voltage bias alters the momentum range of ions detected by
the spectrometer, and the independent drift voltage is used to tune
the electrostatic focus. The MCP front remains at ground poten-
tial.

15
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Figure 2.1: Design of the single detector spectrometer employing
the iCoP

This iCop provides several advantages for characterizing clus-
ter ions. It allows the application of extremely high potentials
for efficient ion conversion without risking damage to the detec-
tor. These strong potentials also create strong electrostatic fields
that increase the spectrometer’s acceptance for ions with high mo-

menta.

The detection is handled by a Roentdek HEXT75, which is a
triple-stacked micro-channel plate detector with a delay-line anode
having an active diameter of 80 mm. It is placed 155 mm above the
region of interaction between the cluster jet and the ionizing laser
(henceforth referred to as the ion source). The signal from the de-
tector is fed into a Roentdek TDCS8HP board for acquisition. This
enables high-resolution 2D imaging and timing of charged parti-
cles. The detection is event-based, meaning that each valid hit
(detection event) on the detector yields positional and timing data

for the corresponding particle.

The ion extractors and ion lens are flat electrodes made of

copper. The iCoP is a copper cylinder of 90 mm diameter with a
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spherical concave top face having a radius of curvature of 116 mm.
The center of the iCoP is 55 mm below the interaction region, as
viewed from the laboratory frame. The flight tubes are made of
carbon-coated Aluminum. The mesh is a 70 lines per inch cop-
per mesh with 80 % transmission, mounted on a flat stainless-steel

frame.

2.2.1 Secondary FElectron Detection

The detection of secondary electrons in place of ions raises two
questions. First, how well do the detected secondary electrons re-
tain information about the ions? Second, how reliable are these
derived ion TOF and VMI spectra upon changing ion source con-

ditions, such as size and alignment?

To answer the first question, it is necessary to determine whether
detecting secondary electrons is equivalent to detecting ions. In
essence, ensuring that the arrival times and positions of ions on
the iCoP correspond 1:1 to those of the resulting secondary elec-
trons on the detector is necessary. This is verified by running ion
simulations with a range of masses, recording the ion and sec-
ondary electron TOFs and positions on the iCoP and detector,

respectively (Figure 2.2a).

17
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Figure 2.2: (a) Simulated map of secondary electron hit radius R,
vs. ion hit radius R; and the 2"? order polynomial poly-
nomial fit P ;(R.) relating the two. (b) Difference be-
tween R; and P ;(R,) for displacement of ion source
along X, Y (parallel to detector plane) and Z (Normal
to detector plane).

The radial positions of the secondary electron hits R, on the
detector and the corresponding radial coordinates of the ions on

the iCoP (R;) are seen to map via a 2"¢ order polynomial function
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Py i(R.) = R; with coefficients (3.35 x 1072,8.94 x 10~1). Their
corresponding angular coordinates are related as 6; = 0. + .
The secondary electron TOFs are constant (=6 ns) and small com-
pared to the ion TOFs (>350ns), so the time of flight recorded at
the detector is the ion time-of-flight except for this negligible offset.

To address the second question, the simulation is rerun while
displacing the ion source. For each simulation configuration, the
difference between the ion hit radius R; obtained from the sim-
ulation and that calculated from the 2"¢ order polynomial fit
P i(R.) is obtained to verify the robustness of this correlation.
As seen in Figure 2.2b, there is an absolute displacement |R; —
Psi(Re)| <0.05mm on the detector for a source displacement
Rop <5mm along any direction, indicating the secondary electron
- ion map is robust and not significantly affected by source dis-

placement.

2.3 SPECTROMETER PERFORMANCES

The performance of the spectrometer is evaluated using several
key metrics such as dynamic range, ion mass and momentum reso-
lution, and electron energy resolution. The performance was char-
acterized using simulations and experiments. Experiments were
performed on clusters seeded in supersonic beams and on molecu-

lar samples back-filling the experimental chamber.

2.3.1 Dynamic Range

The dynamic range of the spectrometer was characterized by sim-
ulating the largest ion momentum that would be collected entirely
by the ion iCoP, while varying the bias voltage applied to the
spectrometer. As seen from Figure 2.3, there is a linear correla-
tion between the dynamic range and the applied bias from -7kV
to -20kV (Device limit) with a maximum detected momentum of
5x10% amum/s. At the speed of the Ar jet (559 m/s), this corre-

sponds to a maximum detected ion mass of 8.9x10° amu.
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Figure 2.3: Simulations for the largest detected ion momentum in
the spectrometer as a function of Spectrometer Bias.

2.3.2 Mass Resolution

The spectrometer’s performance in resolving photoelectron energy,
cluster mass, and momentum was characterized through experi-
ments and simulations using copper clusters, with the spectrome-
ter bias set to -8kV. At this bias, the spectrometer collects ions
with a momentum of up to 2x 108 amum/s with 100% acceptance.
This momentum corresponds to an ion mass of 4x10°amu (6.3k
Cu atoms) with a velocity of 500m/s. This velocity was chosen
for simulations as a rough representative of mean cluster velocities

in typical PMCS operation.

The spectrometer was initially tested by ionizing the rest gas
species in the vacuum chamber using a focused UV laser. In the
time of flight (TOF) spectra measured from this test (Figure 2.4a),
photoelectrons, HoO™", and C’OiF ions were identified and used to
calibrate the TOF to a mass spectrum. The mass spectrum also re-
veals peaks from CO™ and from ionized hydrocarbons. This mass
calibration was used to characterize the spectrometer by ionizing
copper clusters created by the PMCS with a low-intensity UV
laser (to minimize cluster fragmentation) and measuring the na-

tive mass spectrum of the cluster jet. The resulting spectrum (Fig-
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ure 2.4b) shows a mass distribution in the cluster jet, with an ion
mass/charge ratio of up to 5x10% amu/e (=~ 9000 copper atoms

assuming a unit charge).
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Figure 2.4: (a) Measured ion mass spectra for rest gases with mark-
ers identifying photoelectrons, HoOt, CO3, and COT.
(b) Mass spectrum of ions from copper clusters created
using PMCS.
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The resolution of HoO™, as measured from Figure 2.4a, serves
as a reference point to assess the mass resolution performance of
the spectrometer. Ion spectra of HoO" were simulated by vary-
ing the dimensions of the ion source, which is characterized by a
three-dimensional Gaussian profile. Here, 0y = o is delineated by
the diameter of the ionizing laser at the interaction region, while
o, is determined by the size of the cluster jet along the trajectory
of laser propagation. As depicted in Figure 2.5a, the experimental
resolution is well-replicated by an ion source generated with a laser
beam of full width at half maximum (FWHM) 330 pm. The value
of o, is established at 1.2mm, with the cluster jet width calcu-
lated based on the separation between the interaction region and
the PMCS, taking into account the dimensions of the intervening

skimmer and collimating aperture systems.

Simulating the ion trajectories of copper clusters with initial
momenta expected from a supersonic jet, and initial positions de-
termined by oy, 0y, 0., the spectrometer’s mass resolution capa-
bilities across the range of accepted masses are extracted (Figure
2.5b). The spectrometer is seen to be capable of effectively resolv-
ing masses throughout its dynamic range with a mass resolution
> 430.
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Figure 2.5: (a) Simulated Mass resolution of HoO%1 versus 3D
Gaussian ion source as a function of the FWHM of
the ionizing laser (denoted by the Gaussian FWHM
along X : 2.350,) with measured mass resolution of
H>0™" from experiment denoted by the red line to find
the intercept. (b) Simulated ion mass resolutions for
rest gases and cluster ions in green, with the mass res-
olution of HoOT and C’Oi|r ions measured from exper-
iment in red. The simulated ion source and the exper-
imental interaction region have similar spatial dimen-
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2.3.3  Ion Momentum Resolution

Accurate momentum measurement is required to characterize the
spectrometer’s momentum resolution capabilities. This requires an
understanding of how the misalignment of the ion source affects
the detected ion momentum (derived from the hit position on the
detector). In experiments, the detected hit position of ions was
found to be sensitive to ion source misalignment along the direc-
tion of the supersonic jet (Y-direction on the detector). Simula-
tions further confirmed that ion source misalignment along the
X-direction (parallel to the detector plane) or Z-direction (normal
to the detector plane) does not affect the detected Y-position of

the ions.

To characterize this, a cylindrical coordinate system was es-
tablished with the Y-axis becoming the axial coordinate Y and
the XZ-plane becoming the radial plane with coordinates R and 6.
The ion detection Y-coordinate for ions with zero initial momen-
tum is defined as Yj. Yy is correlated to displacements along Y and
R by simulating ions with no initial momenta with corresponding
displacements. Applying Y as an offset, the difference dY between
the Y hit positions detected with source displacement and those
detected for a centered ion source is calculated, simulating ions
with a range of momenta. As we can see from Figure 2.6, if Yy
can be determined, the accurate Y hit positions of ions and conse-

quently, their velocities and momenta can be calculated.
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Figure 2.6: Average Difference in ion hit along y direction (dY)
with corrections for Yy for different radial positions.
The error bars signify the standard deviation of the
ion Y-hit positions for each position.

Experimentally, this determination of Y} is performed by map-
ping the position of rest gas species in the spectrometer chamber,
such as HoO™.The histogram of the corresponding events along
the Y-direction is then calculated and fitted with a Gaussian pro-
file to extract Yp(Figure 2.7).
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Figure 2.7: (a) Map of HoO" position on detector.(b) Histogram
of HoO™ hits along the y-direction of the detector, with
a dotted line signifying a Gaussian profile fit.

Measurement of the spectrometer’s performance in high-momentum
ion resolution necessitates testing with cluster ions from PMCS.
The ion velocity in the jet is initially determined from TOF and
hit position. The distribution of cluster masses (as seen in Figure

2.4b) and the variations in cluster properties due to the pulsed na-
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ture of the PMCS jet necessitate the calculation of average cluster

momenta.

Due to the lack of a monochromatic beam of ions with uniform
masses and momenta, it is impossible to directly compare the ex-
perimental resolution of the momentum distributions to that of
the simulations. Selecting a homogeneous cluster sample, binned
for statistically significant data (having residence times between
140 ms and 160 ms), the clusters are observed to have an average

velocity of 430m/s.

Comparing the width of the momentum distribution calcu-
lated with this binning ( by taking the average momentum value
for a bin and dividing by its standard deviation) to the momentum
resolutions of simulated cluster ions with similar momenta (Figure
2.8), the simulated ion momentum resolutions are higher than the
distribution momentum width, as expected. The spectrometer is

thus amply capable of characterizing the momenta of high momen-

tum ions.
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Figure 2.8: Momentum resolution of cluster ions calculated from
simulations(green). Also shown are the experimental
momentum widths of the momentum distribution from
the PMCS, binned for statistical significance (black).
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2.3.4 Electron Momentum Resolution

The spectrometer’s capabilities in resolving electron energies were
characterized using simulations of photoelectrons emitted from a
3D Gaussian source identical to the ion source. The simulated pho-
toelectron had energies ranging from 1eV to 20eV, flying 50k par-
ticles for each energy (2.9a). The energy resolutions of these elec-
trons on the spectrometer are calculated by performing a Gaussian
fit on the Abel inversion [45] of their distribution on the detector.
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Figure 2.9: (a) Detector image (left) and Abel inversion (right)
of simulated VMI signal from photoelectrons ranging
from 1eV to25¢eV. (b) energy resolutions for the same.

As seen from 2.9b, the energy resolution capabilities of the
spectrometer are rather low. This poor resolution, combined with
the relatively low kinetic energy photoelectrons (<2eV) excited

by ionizing clusters with UV, makes the electron spectrum from
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experiments blurry and difficult to characterize.

2.4 RESULTS

The goal of designing this spectrometer was to create a single-
detector solution for characterizing photoelectrons and high-momentum
ions, as stated at the beginning of this chapter. As seen in the
previous sections, this prototype satisfies the conditions of high
dynamic range and mass resolution. The momentum resolution
of ions by the spectrometer is satisfactory for samples from the
PMCS on testing. This prototype is limited in its ability to re-

solve electron momenta, as discussed in the previous section.

This version of the spectrometer prototype is thus effective
for characterizing ions of PMCS clusters. Still, it is insufficient for
conducting any serious analysis of the low-energy photoelectrons
created by ionizing the clusters with an optical laser. This proto-

type is used in the following chapters to characterize cluster ions.



MORPHOLOGICAL AND STRUCTURAL
CHARACTERIZATION OF GAS-PHASE
CLUSTERS

3.1 INTRODUCTION

Free metal clusters are frequently represented as spheres to ac-
count for their electronic characteristics [46]. The process by which
PMCS clusters grow by agglomeration of smaller clusters (primary
particles) is characterized by stochastic [47] and multiplicative [48]
dynamics. Due to the localized nature of the PMCS discharge, the
temperature of the thermalization cavity only increases slightly, to
near room temperature. The rapid quenching of the microplasma
and supersonic expansion means that the majority of cluster ag-
glomeration occurs at temperatures lower than room temperature.
Such a process leads to structurally complex and heterogeneous
clusters within the supersonic jet, despite their small size (section
1.2). Moreover, the characterization of nano-structured solids as-
sembled from cluster nanoparticles in the gas phase indicates that
the structural intricacy of free clusters significantly influences the

properties of the assembled material [49].

A comprehensive understanding of cluster properties necessi-
tates a multi-parametric evaluation, encompassing size, morphol-
ogy, stoichiometry, and spatial distribution. This chapter delves
into two experimental approaches for the quantitative morpholog-
ical characterization of copper clusters from the PMCS over long

residence times.
The initial approach is predicated on gas-phase ion mobility
measurement principles [50], utilizing a size-independent parame-

ter: the cluster fractal dimension D Iz

The second approach uses the yield of cluster fragmentation

alongside the fractal dimension to model the contact forces be-
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tween primary particles during the cluster’s formation, utilizing

the cluster overlap factor C,,.

3.2 EXPERIMENTAL SETUP

This characterization of cluster size, mobility, and fragmentation is
based on the single detector spectrometer described in Chapter 2.
The experimental setup consists of the spectrometer installed with
its axis perpendicular to the direction of propagation of the cluster

jet in a chamber maintained at ultra-high vacuum (3x10~8 mbar).

For this characterization, the PMCS and expansion chamber
are connected via a vacuum chamber to the spectrometer chamber,
having the clusters fly for &~ 1 m before ionization and detection.
The source is operated in the internal trigger mode parameters

described in section 1.2.1.

As the spectrometer’s detection system is event-based, this al-
lows for the determination of the time of flight and position for
each detected photoelectron or secondary electron. This enables
the characterization of ion mass and ion momentum, which facil-
itates the mobility analysis of cluster ions, as discussed in later

sections.

Based on the distance between the PMCS and the spectrome-
ter, and assuming cluster velocity of ~ 500 m/s (considering speed
of supersonic Ar at room temperature), the time between cluster
extraction and ionization and detection is less than 2ms. This
detection timescale is much shorter than the PMCS duty cycle
period (300 ms), and can be neglected. This means that the time
between source discharge and ion detection is a good approxima-
tion of the residence time of the detected cluster ion. It can be
measured experimentally by referring the detection event time to

a trigger signal synced to the PMCS pulsed valve. [25]. (Figure 3.1)
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Figure 3.1: Ton yield as a function of time after PMCS discharge,
giving the residence time profile of the clusters for the
PMCS configuration used in these experiments.

The ionization probe is a focused, pulsed laser incoupled to
the spectrometer chamber with its beam path orthogonal to both
the cluster jet and the spectrometer axis. Alignment ensures that
the laser and the jet meet in the interaction region of the spec-
trometer. The laser has a pulse rate of 3kHz with a fundamental
frequency of 800nm and a pulse duration of ~30fs. The beam
delivered to the spectrometer can be the fundamental, frequency
doubled (400 nm) or frequency tripled (266 nm) mode of the laser.
The beamline uses a third harmonic generation femtokit [51] to-
gether with dichroic mirrors to change the photon energies of the

beam delivered to the spectrometer.

This allows for the study and characterization of cluster pho-
toions ionized by different photon energies while accounting for

the high momentum of cluster ions from the supersonic jet.
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Figure 3.2: Schematic of experimental setup for cluster ion charac-
terization. The setup is capable of delivering 800 nm,
400nm or 266 nm laser to the spectrometer chamber.
The 800 nm brach of the beamline consists of an opti-
cal delay stage and a polarization based attenuator to
facilitate pump-probe measurements.

3.3 RESULTS
3.3.1 Cluster Mass Spectra

The copper clusters were ionized using a frequency-tripled (266 nm)
UV laser having a laser fluence of 1.9x10°J/cm? for mass spec-
trometry. This choice for wavelength and fluence minimizes the
chances of cluster fragmentation or multiple ionization while main-
taining reasonable acquisition times for statistically significant datasets.
In the fixed operating mode of the PMCS, the mass spectra of the
detected copper cluster ions range from hundreds to several thou-
sands of copper atoms. The distribution is plotted for clusters with

residence times between 140 ms and 160 ms in figure 3.3a.
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Figure 3.3: (a) Mass spectrum of cluster ions from PMCS with res-
idence times between 140 ms and 160 ms ionized with
UV laser at a fluence of 1.9x10° J/cm?, showing their
log-normal profile. (b) Map of cluster mass spectra for
different UV fluence displaying nonlinear effects dur-
ing ionization

The histogram of ion yield versus cluster mass (m) displays a
log-normal profile Y7, . This is to be expected from the stochas-

tic and multiplicative nature of the agglomeration process [47, 48].
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The expression for this distribution is given by:

02
YN = m0127rexp (—W) (3.1)

The mean and standard deviation of this distribution are de-

fined as:
o2
Meany_n = (,u -+ 2) (3.2)
Stdy_n = [exp(0?) — 1] exp(2u + o?) (3.3)

The photon energy of the 266 nm probe is close to the ion-
ization potential of copper clusters. Therefore the measured mass
spectrum will be influenced by fluence-dependent effects. These
need to be characterized to determine the native mass distribu-

tion of the clusters detected by the spectrometer.

These effects are characterized by measuring the mass spectra
of copper clusters, varying the attenuation and focus size to tune
the fluence of the 266 nm laser. The mass distribution (at residence
times between 140 ms and 160 ms) trends towards heavier masses
at lower fluence as observed from the resulting map of cluster mass

spectra (Figure 3.3Db).

To analyze the mass spectra in figure 3.3b, the log-normal fit-
ting parameters p and o of each mass spectrum are plotted as a

function of the laser fluence F.
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Figure 3.4: Log-Normal fitting parameters (a) p and (b) o of
PMCS cluster mass spectrum varying with laser flu-
ence F and power-law fits of each.

As seen in Figure 3.4, both parameters scale with some power
of F. o increases with I leading to a power-law of the form (Equa-
tion 3.4):
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o(F) = ag + by F* (3.4)

Where a, is the offset, corresponding to the value of ¢ at 0

fluence, and b, is a scaling factor.

1 decreases with increasing F', but necessarily has a finite value
at 0J/cm?. This behavior can be modeled as a power-law of the

form(3.5):

pW(F) = ay, lF"d—icﬂ + 1] (3.5)

Where a,, is the asymptotic value of p for high fluences; ¢,
and d, are scaling factors of the parameter with fluence; and
ay (i—fj + 1) is the value of p at 0 fluence.

Fitting equation 3.4 to the data in Figure 3.4a and equation
3.5 to the data in Figure 3.4b allows for the retrieval of these
parameters for the given PMCS configuration at /' = 0 via ex-
trapolation. This zero fluence distribution has log-normal fitting
parameters ©(0) = 8.017 and ¢(0) = 0.517. This corresponds to
an average cluster mass of 3500 Cu atoms and a standard devi-
ation of 1900 Cu atoms for residence times between 140 ms and
160 ms. This is contrasted against cluster mass spectra for high
fluence (>6x107J/cm?) and low fluence(< 3.5x10° J/cm?) laser

in Figure 3.5.
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Figure 3.5: Mass spectrum of cluster ions from PMCS at low and
high laser fluence, with the profile of mass distribution
at zero fluence for comparison

Retrieving the mass distributions for low-fluence runs (F <
1.9x10° J/cm?) at different residence times reveals a distinct evo-
lution of cluster properties, after correcting for ionization cross

section.

Mapping the features of the log-normal profile reveals that the
average mass and standard deviation of the cluster mass distribu-
tion increase with residence time up to ~ 150 ms. The average
cluster mass remains almost constant at residence times higher
than 150 ms, whereas the standard deviation of the distribution

decreases (Figure 3.6).
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Figure 3.6: Mean and standard deviation of cluster masses from
the PMCS as a function of their residence time, ob-
tained by log-normal fit

The mass spectra used for these calculations have not been
corrected for their ionization cross-section. At high laser fluence,
due to the effects of fragmentation and multiple ionization, cal-
culations of ionization cross sections for different masses become
complicated. This is due the inability to identify the contributions
of various nonlinear processes. As the fluence approaches 0J/cm?,
assuming the clusters to be opaque, the ionization cross section at
a given residence time becomes directly proportional to the geo-
metric cross section of the clusters Age, [52]. The geometric cross-
section is itself proportional to the mass of the clusters (given by

the number of atoms in the cluster N,) [28] as:

(77)
Ageo x N (3.6)
Where Dy is the mass-independent fractal dimension of the
clusters at the selected residence time, which indicates their mor-

phology. Dy, retrieved from the mobility analysis in the next sec-

(#7)

tion, enables the retrieval of the N, term for each residence

time. The native mass distribution of copper clusters produced by
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the PMCS in this residence time window can be visualized by di-

viding the zero fluence distribution by this term.
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Figure 3.7: Mass distribution model of PMCS clusters between
140ms to 160ms at zero fluence (green) and native
mass distribution model (brown) obtained by correct-
ing for ionization cross section based on equation 3.6

For residence times 140ms - 160 ms the native mass distribu-
tion thus obtained (Figure 3.7) has a log-normal profile with an
average cluster mass of 2800 Cu atoms and a standard deviation
of 1500 Cu atoms for this PMCS configuration.

3.3.2  Mobility Analysis

The clusters seeded in the supersonic beam gain velocity by col-
liding with the faster, lighter carrier gas atoms. The final velocity
of each cluster depends on: its mass, its collisional cross section
(which relates to its morphology), and the effectiveness of each

collision in transferring momentum.

Modeling terminal velocity based on these collisions reveals the
efficiency of cluster acceleration by the carrier gas. This efficiency

is conceptually similar to its mobility. Modeling cluster velocity as
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a function of mass gives access to morphology, which governs the

mobility of clusters in supersonic beams [30].

As discussed in Chapter 2, the event-based detection of ion
TOF and position of the spectrometer allows mobility analysis of
the clusters through velocity modeling. For ease of analysis, the
data of ions created at fluence < 3.5x10° J/cm? is henceforth used
for characterization. This significantly reduces the margin of error
introduced to the analysis by alternatively attempting to extrap-
olate the TOF and positional data of ions as a function of laser
fluence and retrieving the native cluster velocity based on these

results.

This work uses the cluster velocity model established by Mazza
et al. in 2011 [30] to compute the fractal dimension D of the
clusters. The clusters seeded in the supersonic expansion are ac-
celerated along the jet axis by collisions with the expanding gas
molecules. The effectiveness of each collision in transferring mo-
mentum is assumed to be constant. This would mean that the
terminal cluster velocity is determined by the number of forward
kicks the cluster experiences. This number is then affected by the
particle’s collisional cross section, under the assumptions of the
model. This model describes the velocity v of clusters as a func-
tion of their mass m and their morphological factor £ as expressed

in equation 3.7:

Brm®
m—mg) (3.7)

R

Where mgqs is the atomic weight of the carrier gas, vgqs the
terminal velocity of the carrier gas, § is the effective collision pre-
factor, and £ = g—;, where Dy is the fractal dimension of cluster’s
volume in 3D, and D* the fractal dimension of their projection in
2D. € here is treated as a free parameter that varies with residence

time to allow for flexible modeling of cluster velocity.

The carrier gas velocity vgqs, and collision pre-factor S are

defined in terms of the residence time t,.s, and the PMCS temper-
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ature relaxation time 7 as:
Vgas (tres) =10 etTES/QT (3.8)

Bltres) = o - e¥res/2T (3.9)

Where vg and [y are the values of Vgas and /3 respectively at
zero residence time.

This enables modeling of cluster velocity given the mass and
residence time of the clusters. The velocity of clusters along the
cluster jet can be retrieved for each event from the TOF and po-
sitional data of ions, after correcting for the offset of ionization
position (mapping position of HyO™ ions as established in chap-
ter 2).
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Figure 3.8: Cluster velocity map based on cluster mass and resi-
dence time.

Mapping cluster velocities based on their masses and residence
times illustrates the trends in their evolution (Figure 3.8). Velocity
decreases with increasing mass, for each residence time bin. Keep-

ing mass fixed, cluster velocity shows an increase with residence
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time up to ~ 150 ms, and then decreases slightly. This evolution of
cluster velocity with mass and residence time is studied using the
model described in equation 3.7. Fitting the measured velocity of
clusters with the expression provides information about their frac-

tal dimension Dy as a function of residence time (tres).

The PMCS temperature relaxation time 7 and initial carrier
gas velocity vg were independently determined by residence time-
resolved measurement of carrier gas velocities. The yield of Ar™
ions is quite low when ionized with a 266 nm laser, making it an
unsuitable species for this measurement. Doping a trace amount
of Os into the Ar mixture yields an O;’ signal, which is used to
extract residence time-based velocity data for the carrier gas. On
fitting this with equation 3.8 7 and vg for this configuration of the
PMCS are found to be 1174ms + 293 ms and 534m/s + 10m/s
respectively (Figure 3.9).

540 —— Fit
t of
_ 5201
®
E
g 5001
3 -
480
460

100 125 150 175 200 225
Residence Time (ms)

Figure 3.9: Residence time resolved plot for velocity of O3 seeded
in a supersonic jet of Ar. The error bars denote the
uncertainty in determining velocity, based on Gaussian
fitting of position and TOF. The solid green line is the
data fitted by equation 3.8.

With the array of ¢ values for each t,.s bin and fy as free
parameters, a least squares fit shows that the model agrees with

the experimentally retrieved cluster velocity with a margin of error
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+ 4% (Figure 3.10).
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Figure 3.10: (a) Cluster velocity as a function of mass for different
residence times, with the solid line denoting the veloc-
ity derived from equation 3.7. (b) Map of percentage
difference between measured velocity and velocity ob-
tained from fit, showing a maximum error of £4%
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Based on previous literature [30], the fractal dimension Dy
of clusters from the PMCS is between 2 < Dy < 3, implying
§ = 2/Dy. From the values of £ obtained from the fit, the frac-
tal dimension Dy of PMCS clusters decreases from 2.44 to 2.33
by residence time of 150 ms, but then increases slightly to 2.35 by
300ms (Figure 3.11), with an uncertainty of +0.04. Based on this
uncertainty in retrieving Dy ,the retrieved values are compatible

with a constant Dy for £,es >150 ms.
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Figure 3.11: Evolution of cluster fractal dimension Dy as a func-
tion of residence time t,.5 based fitting results of equa-
tion 3.7. The retrieved values of Dy have an uncer-
tainty of +0.04.

The mobility analysis of copper clusters created by this con-
figuration of the PMCS displays distinct features from reference
[30]. The extremely high collision relaxation time 7 implies that
the temperature of the carrier gas and clusters inside the PMCS
cavity decreases slowly. This thermal impedance may be an effect
of the long focusing stage. Another interesting feature is the in-
crease/stagnation in fractal dimension at residence times greater
than 150 ms. This contrasts with the observations of ref. [30] that
the fractal dimension strictly decreases with residence time. The

possible reasons for this deviation are discussed in the conclusion
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of this chapter.

3.3.3 Cluster Fragmentation Analysis

The internal structure of cluster agglomerates can be investigated
through their controlled fragmentation into the primary particles

that constitute them.

The mass spectrum of copper clusters ionized using the frequency-
doubled (400nm) laser (Figure 3.12) differs markedly from that
obtained with the 266 nm laser (Figure 3.3). lonization with the
400nm laser produces a mass spectrum featuring three regions
as contrasted to the log-normal distribution of the UV-ionized
clusters: the first peak corresponding to large masses (> 300 Cu
atoms); a second peak at smaller masses in the range of 100-300
Cu atoms; and finally a large number of very small ions, including

Cut atoms.
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Figure 3.12: (a) Mass spectrum of cluster ions with residence time
between 140 ms - 160 ms ionized by 400 nm laser.

The significance of the two peaks in the mass spectra becomes
evident from the momentum resolved mass spectra of the cluster
ions (Figure 3.13).
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Figure 3.13: (a) Momentum map of cluster ions with residence
time between 140 ms - 160 ms ionized by 400 nm laser.
The ions within the red box signify whole and disso-
ciated cluster ions, moving along the cluster jet. The
ions outside the red box correspond to fragments ex-
ploded from clusters.(b) Mass spectra of unexploded
(red) and exploded (green) cluster ions selected from
the momentum map. Both spectra are normalized to
the .
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The momentum map of all cluster ions (Figure 3.13a) reveals
unexploded cluster ions having momentum aligned with the cluster
jet direction, forming a distinct blob. In contrast, ions not aligned
with the cluster jet have momenta in all directions, characteristic

of Coulomb explosions.

The mass spectrum of ions within the cluster jet (Figure 3.13b)
resembles the mass spectrum obtained from the UV ionization ex-
periments, displaying a log-normal distribution for higher masses.
Plotting the mass spectrum of the exploding fragments (figure
3.13b), it is evident that they make up the spectral peak for ions
with masses between 100 and 300 Cu atoms observed in figure
3.12. Comparing with the native mass distribution retrieved in
figure 3.5, the ions with masses between 100 and 300 Cu atoms
correspond to the smallest clusters extracted from the PMCS. Con-
sidering clusters as agglomerates of primary articles, these explod-
ing fragments are most likely ionized primary particles. The small
masses below 100 Cu atoms detected by the spectrometer should
then correspond to small and atomic fragments created by the de-

struction of clusters and primary particles.

By quantifying the number of primary particle fragments at
each residence time, it becomes possible to correlate the fragmenta-
tion yield with the cluster structure. This relationship is examined
through a physical model of fragmentation yield at fixed fluence,

as described below.

3.3.3.1  Primary Particle Fragmentation Model

Given an agglomerate (cluster) composed of primary particles,
each with a radius of r and a fractal dimension of D [28], the
number of primary particles in the system within a cutoff radius

of d. is given by:

N(re) =k () v (3.10)
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When the cutoff radius d.. is equal to the radius of gyration Ry,
the equation gives the total number of primary particles making

up the cluster.

Energy absorption by fractal aggregates can depend on several
factors [52]. For fluffy aggregates (Dy < 2), the absorption cross
section is dominated by the sum of the absorption cross sections
of each primary particle making up the agglomerate. The cross
section in this case is proportional to the number of primary parti-
cles Np. As the density of the primary particles in the agglomerate
increase, the primary particles on the surface absorb the radiation
while those behind the surface particles are shadowed, decreas-
ing the total absorption cross-section of the agglomerate. Finally,
as the agglomerate becomes opaque, only a portion of primary
particles on the agglomerates surface will see the laser, and the
cross-section becomes proportional to the surface area of the ag-

glomerate.

For this model, PMCS clusters are assumed to be opaque
enough to correspond to geometric optics. Under this approxima-
tion, the energy absorbed by the clusters (FEy;s) on irradiation by
the pump laser is dependent on their geometric cross-section Age,
as seen by the laser beam. This is related to their radius of gyra-

tion Ry as:

Eabs  Ageo < R2 (3.11)

Given the number of primary particles in the agglomerate (N,),

equation 3.11 can be redefined as:

Eaps o N&/PP (3.12)

The probability of a primary particle dissociating from the
cluster agglomerate is inversely proportional to the contact force
between individual primary particles. This contact force is depen-

dent on the degree of overlap between the primary particles (sin-
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tering) [27].

Figure 3.14: Visualization of overlap between two primary parti-
cles with radii 7; and r; at a distance of d;;. a is the
radius of the contact area between the two particles
at this distance.

Given two primary particles having radii r; and r; whose cen-
ters of mass are at a distance d;; from each other (Figure 3.14),
the degree of overlap between these primary particles Cyy; j (hence-

forth referred to as the overlap factor) [27] is given by:

OoviJ = 1_T'—|—7”‘
1 J

(3.13)

Since primary particles are assumed to undergo inelastic col-
lisions as part of the agglomeration process, the force of contact
between any two primary particles in a cluster can be defined as
proportional to the contact area between them. If the radius of the
contact region is @ and the distance between the primary particle

7 and the contact surface is x, a can be estimated as:

a? = r? — z? (3.14a)

o1
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a® = rjz — (dijj — z)? (3.14Db)

2 .2 22
r.-r.-}—d..
a* =rf - i " i) (3.14c)

Primary particles formed during the microplasma quenching
in the PMCS are inherently polydisperse. Since each cluster con-
sists of many such primary particles and is significantly larger than
any individual one, the behavior of a cluster can be approximated
by that of an agglomerate composed of primary particles with the
same average radius. Given the average radius of a primary par-
ticle, r,, and the average center-to-center distance between two
primary particles, dg,, equation 3.13 can be redefined to express

the average overlap factor, C,,, as:

Copy = 1 -2 (3.15a)

gy = 2ry(1— Cyy) (3.15b)

Which in turn allows equation 3.14c¢ to be written as:

2 2 dc2w
a” =1p— " (3.16a)
a2 =12(1—(1-Cp)?) (3.16b)
a® = 12Cou(2 = Cop) (3.16¢)

The contact force between two primary particles is propor-
tional to a? in this model. The energy required to break this con-

tact is an equal force working over a fixed distance, and is therefore
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also proportional to a?.

Applying equation 3.10 with a particle radius of r, and a cut-
off radius of dg, gives the number of neighbors a primary par-
ticle is attached to, plus itself. Subtracting one from this gives
{(@:)Df — 1], which is the average number of neighbors each
primary particle has, or its mean coordination number. The co-
ordination number and the energy to break a contact enable the
estimation of the average binding energy (energy required for com-

plete dissociation) of a single primary particle from the cluster:

X Coy (2 = Cop) (3.17a)

By o< [(2(1 = Co))™ = 1] X Con(2 = Cov) (3.17b)

The probability of dissociation of a single primary particle dur-

ing ionization p, assuming a stochastic process, can be defined as:

pe 1o H) (3.18)

For an agglomerate consisting of N, primary particles, this
gives the number of primary particles ejected from the cluster (or

the fragmentation yield) Ny,q4 as:

Nrag = Np X p (3.19)

Given equations 3.12 and 3.17b this can be rewritten as:

W
[(2(1 - Cov))Df - 1} X Cov(2 - Cov)

(3.20)

Nfrag = Np |l —exp|qc
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Where ¢. is a combination of all the relevant physical con-
stants. This means it is possible to retrieve Cy, as a function of
tres, given the fragmentation yield Nyyqq(tres) along with the frac-
tal dimension D¢ (tes) (obtained from the mobility analysis), and
the total number of primary particles available Np(tres) (obtained

from mass characterization) at a given residence time.

3.3.3.2  Qwerlap Factor Characterization

As observed from figure 3.12, irradiation of the clusters with the
400nm laser creates both primary particle fragment ions as well
as smaller ion fragments created from the destruction of clusters
and primary particles. The absolute number of primary particle
fragment ions IV, is indicative of the total number of dissociated
primary particles Ny.q, provided the ratio between Ny and the
smaller ion fragments Ny (with masses lower than 100 Cu atoms)

remains constant across different residence times.

42 A
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Figure 3.15: Ratio between the number of small fragment ions Ny
and primary particle fragment ions IV, across differ-
ent residence times.

As seen in figure 3.15, the ratio is constant. This indicates that
a constant fraction of the irradiated clusters further separate into

smaller ions and atomic fragments, independent of their growth
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conditions. This means that Ny, can be treated as equivalent to
Nfrag in the modeling of primary particle dissociation, even if it

is not the dominant channel for cluster fragmentation.

Nyrqg can thus be retrieved for each residence time from the
number of primary particle ions (Figure 3.16a). The average mass
of the primary particles is found to be 190 Cu atoms, retrieved
from a log-normal fit of the primary particle masses in the mass
spectrum. Given this, the total number of primary particles IV, in
a cluster of a given mass can be calculated by dividing the cluster

mass by the mass of a single primary particle.

The total N, available at a given residence time (Figure 3.16b)
is then obtained by calculating IV, for each cluster mass, multiply-
ing it by the corresponding yield from the native cluster mass

distribution, and integrating over all cluster masses.

95
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a)Number of primary particle fragment ions detected
at different residence times. b) Total number of pri-
mary particles available for ionization at different res-
idence times. This number is retrieved by integrating
over the native cluster mass distribution,and is not
normalized to the residence time dependent cluster
yield from the source).

With Dy (tyes) obtained from the mobility analysis, Np(tres)

from the mass characterization and Nypqq(tres) retrieved above,
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equation 3.20 is fitted to retrieve C, for different residence times.
This allows characterization of the degree of overlap between pri-

mary particles in the clusters for different growth periods.
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Figure 3.17: Average overlap factor C,, between primary particles
in clusters at different residence times, calculated via
equation 3.20. The uncertainty of C,, is calculated
from the inherited uncertainty in the retrieval of Dy
in the mobility analysis.

The value of ¢, retrieved from the fit is 1.4 x 104 £ 7.52 x
107°. As seen from figure 3.17, C,, decreases rapidly with resi-
dence time, from 0.89 at 70 ms indicating almost complete overlap
between primary particles, down to 0.54 at 130 ms. At residence
times higher than at 130 ms, C,, decreases much more slowly. This
could indicate that clusters extracted soon after the discharge are
much more strongly overlapped, as opposed to those extracted

later.

3.4 DISCUSSION

Characterization of cluster mass, fractal dimension, and overlap
factor as functions of residence time for the detected species across

the full duty cycle reveals several notable trends. It is important

o7
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to note that the characterization of cluster properties described
in this chapter does not address the entire population of clusters
extracted from the PMCS. Those members of the population that

are not characterized here are explored in chapter 4.

During the first 150 ms, all three parameters exhibit monotonic
changes: the average cluster mass increases, while both the fractal

dimension and overlap factor decrease.

The high number of primary particles in the PMCS moving at
high velocities cavity soon after discharge leads to strong collisions.
This can result in near complete overlap between primary parti-
cles during agglomeration. This would create denser clusters with
high fractal dimensions. As clusters are extracted from the PMCS,
the cavity cools, as discussed in the mobility analysis. The cooler
temperatures can lead to weaker contact forces between primary
particles during agglomeration. This would result in softer clusters

having lower fractal dimension.

After 150ms, both the overlap factor and average mass sta-
bilize, while the fractal dimension shows a slight increase. Given
the uncertainty in its determination, this variation may not be
significant, suggesting that Dy could remain effectively constant.
This behavior, however, contrasts with theoretical predictions of
cluster growth, which generally anticipate a continuous decrease
in fractal dimension, as well as the overlap factor. Such deviations
may arise from different mechanisms, some of which are explained

below.

The characterization technique requiring ionization, and un-
observed fluence effects emerging from this, could create measure-
ment effects. At long residence times, very large, soft agglomerates
are fragmented by very low laser fluences. This can result in a de-
crease in the average detected cluster mass for these residence
times. As the terminal cluster velocity is determined at extraction,
fragments would retain the velocity of their parent clusters. This
would lead to lower detected velocities for given masses due to
the low velocities of fragments of large clusters having the same

mass, which lower the average velocity. This can explain the stag-
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nating values for fractal dimensions at long residence times in the
mobility analysis. Measurement effects, as described above cannot
account for the lack of change in the fragmentation probabilities

at long residence times however.

Another possible reason for this deviation could be due to the
inefficient aerodynamic focusing of larger clusters. As the stagna-
tion pressure in the source decreases at longer residence times,
large clusters may not be properly seeded in the carrier gas jet.
This can be compounded by the long duty cycle of the PMCS op-
eration and the long focusing stage of the aerodynamic lens. This
would imply that the sizes and morphologies of extracted clusters
are dominated by effects beyond temperature, contact forces and

multiplicative growth.

The selective extraction of clusters at long residence times can
explain the stagnation of cluster properties such as average mass,

fractal dimension, and overlap factor at long residence times.

This question could be clarified by using lower fluences of
higher photon energies for ionization, which may minimize the
chances of fluence effects in ion detection. Another avenue would
be the characterization of cluster properties through independent
experiments that are not susceptible to these errors, which could

provide more direct information about cluster size and morphol-

ogy.
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STUDY OF GAS-PHASE CLUSTERS VIA SOFT
X-RAY SCATTERING WITH FELS

4.1 INTRODUCTION

The size and morphology of cluster nanoparticles, formed through
the aggregation of hundreds to thousands of atoms or molecules,
strongly influence their physical and chemical properties. Direct
imaging methods are essential for characterizing these features.
Techniques such as Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM) have been widely used to
study cluster films and deposits [53], but they are unsuitable for
clusters in the gas phase. For gas phase clusters, which are typically
<10nm in size, X-ray scattering provides the necessary spatial
resolution[54]. The use of high fluence X-ray Free Electron Lasers
(XFELs) with ultrashort pulses further enables time-resolved stud-

ies of cluster dynamics[55].

Several X-ray-based techniques can probe cluster morphology,
depending on cluster size, scattering cross-section, and FEL pa-
rameters such as photon energy, flux, and pulse duration. These
include Coherent Diffraction Imaging (CDI) [56], Small-Angle X-
ray Scattering (SAXS), and Wide-Angle X-ray Scattering (WAXS)
[57]. CDI uses ultrashort XFEL pulses to record diffraction pat-
terns from individual clusters before radiation damage occurs. The
resulting far-field diffraction encodes the cluster structure, which
is recovered via phase retrieval algorithms. While CDI is powerful,
it is limited for PMCS clusters due to their small size and poly-
dispersity. The low number of scattered photons per event makes

single-particle imaging challenging.

To overcome these limitations, SAXS is employed here to study
cluster structure. Its statistical nature allows the extraction of
structural information by averaging data over many shots. For
PMCS clusters, SAXS with soft X-rays from FELs is particularly
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suitable, as the enhanced scattering cross-section at these photon
energies improves signal strength [58]. The SAXS measurements
reported here were conducted at the Soft X-ray Small Quantum
Systems (SQS) instrument of the European XFEL under Proposal
8055.

4.2 EXPERIMENTAL SETUP

The European XFEL delivers X-ray pulses with extremely high
average brilliance, owing to its burst-mode pulse emission pat-
tern [59]. Accelerated electrons are used to generate ultrashort
X-ray pulses via magnetic undulators configured to produce Self-
Amplified Spontaneous Emission (SASE). Of the three SASE un-
dulators at the European XFEL, SASE 1 and SASE 2 produce
hard X-rays, and the SASE 3 undulator produces soft X-rays.

X-ray pulses are organized into trains with durations up to
600 ps and an inter-train repetition rate of 10 Hz. Within a train,
pulses are separated by a minimum interval of 220 ns, correspond-

ing to a maximum intra-train repetition rate of 4.5 MHz [60].

For this experiment, the SASE3 undulator was configured to
deliver 80 X-ray pulses per train at a photon energy of 1keV to
the SQS instrument [61]. The FEL beam was focused using a
Kirkpatrick-Baez (KB) bendable mirror system [62] onto the NQS
end station at the F2 position of the SQS instrument [61].

The PMCS and expansion chamber were installed on the NQS.
The cluster jet was aerodynamically focused to intersect the FEL
beam at the center of NQS. The opening time, discharge delay, and
cluster focusing conditions remained fixed, as described in Chapter
1, while the trigger system was modified. The PMCS was triggered
externally at 3.33 Hz, synchronized to the 10 Hz FEL accelerator.

The NQS includes a time-of-flight (TOF') spectrometer equipped
with a delay line detector. Unlike the spectrometer described in
Chapter 2, this TOF is optimized for high mass resolution and

cannot detect native cluster ions, only their exploding fragments.
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Since ionization with FEL does not likely produce native cluster
ions anyway, this TOF configuration is sufficient for cluster detec-

tion.

X-rays scattered from the clusters are detected using a 1 megapixel
pnCCD detector [63]. The detector operates at 10 Hz, averaging
the scattered signal from all pulses within a train. It is positioned
50mm from the cluster jet, with a central gap of 3.2mm. The
direct FEL beam passes through this gap to a downstream beam
dump. Stray light is minimized using mechanical slits, maximizing

the contrast of the cluster scattering signal (Figure 4.1).

Motorized
Delay Stage

800
Pump Laser L

Focusing Optics

NQS pnCCD

Laser
Outcoupling
Mirror

FEL - D - FEL Beam
1keV B — ~ 4 Dump
Laser
Incoupling v
Mirror TOF

Cluster Jet

| PMCS I

Figure 4.1: Schematic of experimental setup for cluster SAXS. It is
possible to incouple an 800 nm pump laser to the FEL
for pump-probe measurements, if needed. The incou-
pling can be achieved via an electronic shutter and a
high reflective mirror with a central aperture, allowing
the FEL to pass through.

The various data streams from the experiment are acquired
and processed via the Furopean XFEL data acquisition system
(DAQ) [64]. Each train of the FEL receives a unique integer id, or
train ID, which is used for indexing in the data files. The pnCCD,
which acquires at the rate of 10 Hz has a unique train ID for each
shot.
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The current signal from the PMCS discharge is also acquired
in the DAQ, allowing identification of train IDs where discharge
occurs. During the PMCS duty cycle period of 300 ms, the FEL
probes three distinct residence times. By varying the delay between
the FEL and PMCS trigger, the entire residence time profile can

be scanned.

4.3 DATA ANALYSIS

Due to the extreme sample dilution combined with the small scat-
tering cross-section, the polydisperse nature of the sample, and the
strong contribution from stray light on the detector, the primary
challenge in analyzing the SAXS data is extracting the cluster scat-

tering signal.

4.3.1 Background Correction

To separate the signal from the stray light background, correlations
between the two experimental data types - time-of-flight (TOF)
(Figure 4.2a) and photon scattering (Figure 4.2b) - were analyzed.
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Figure 4.2: (a) Train averaged TOF spectrum of ions created by
interaction between cluster jet and FEL. Cu™ ion TOF
highlighted in brown. (b) pnCCD image of scattered
photons with low brightness ROI highlighted in red.

Pixels in a region of interest (ROI), where stray light is min-
imal, were selected. Summing the intensities of these pixels and
comparing them with the integral of the TOF signal from Cu™

ions reveals a correlation, confirming that the detector captures
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scattered light from the clusters (Figure 4.3).
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Figure 4.3: 2D histogram of pnCCD signal in low noise ROI and
TOF signal of Cu™. There is a correlation between the
TOF signal and the pnCCD signal.

Mapping the pnCCD signal as a function of the FEL-gas injec-
tion delay retrieves the PMCS residence time profile. The scatter-
ing signal evolves consistently with the source duty cycle (Figure
4.4).



4.3 DATA ANALYSIS

le7
2.4 .
5
! S
©
MR .
a .
[¢b]
-E:? %o
'g .o.u
©2.0
~ .
m . o 0 R
Q ° e % o .o
8 ..o. . ...'.. * .°..oo.
= 1.8 1 o... . . . o ®
o, °
0 50 100 150 200 250 300

Residence Time (ms)

Figure 4.4: Averaged pnCCD signal at low noise ROI for different
residence times.

Having established a clear scattering signal, background sub-

traction is performed. Since the scattering signal correlates with

the TOF, this correlation is used to identify signal and background

shots at each residence time.
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Figure 4.5: Averaged background corrected pnCCD image at resi-

dence time of 150 ms
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The top 10% of shots based on TOF integral are defined as
signal, and the lowest 10% as background. These averages are sub-
tracted to yield the background-corrected scattering pattern at

each residence time.

4.3.2 Radial Profile calculation

Having extracted the cluster scattering signal, the next step in
analyzing the SAXS data is to calculate the radial distribution
function, or radial profile. The obtained scattering pattern lacks
distinct features such as concentric rings, which complicates the di-
rect identification of the scattering center. Therefore, an optimiza-
tion procedure was developed to determine the scattering center
of the background-corrected data.

To locate the scattering center, a polar transformation of the
background-corrected pnCCD image (Figure 4.5) is performed us-
ing an initial center guess (Figure 4.6a). A radial region with strong
signal and minimal invalid pixels (between 120 and 200 pixels) is
selected. The intensity within this region is then integrated along

the radial coordinate to obtain the angular profile (Figure 4.6b).
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Figure 4.6: (a) Polar plot of the averaged background-subtracted
pnCCD image with an initial center guess. The region
between the dashed red lines indicates the radial range
used to determine the optimal scattering center. (b)
Angular profiles of the pnCCD image using a random
center (black) and the optimized center (red). The re-
gions highlighted in blue are the angles used for retriev-
ing the optimized center.
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The angular profile has irregularities due to the gap of the
pnCCD detector, and possible artifacts from background subtrac-
tion. These are neglected in the retrieval of the scattering center.
At the optimal scattering center, the angular profile (outside re-
gions with irregularities, highlighted by the light blue shaded areas
in Figure 4.6b) is expected to be uniform, meaning that its stan-
dard deviation will be minimum. With this standard deviation as
a metric and the center as the free parameter, the optimal scatter-
ing center for the cluster signal is determined to be (507.4, 533.7)

pixels.

The radial profile of the SAXS image is calculated by averag-
ing the scattering intensities of all valid pixels (Figure 4.7). The

radial variable is sampled exponentially.
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Figure 4.7: Radial profile of SAXS data calculated from optimal
center, with radius in pixels and g-value.

4.3.3 SAXS analysis

The low-q and high-q scattering regimes in the SAXS radial profile
correspond to different structural levels in a sample. The unified
exponential /power-law model developed by Beaucage [35] provides

a comprehensive framework for describing SAXS data across mul-
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tiple structural levels without introducing additional parameters
beyond those used in traditional Guinier and power-law analyses.
In this framework, each structural level — defined by an overall
size and internal substructure — is modeled by a Guinier region
that transitions into a power-law regime for high q values (equa-
tion 4.1).

P
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(qRg)? er f (e
(qgg) B ( f( ))

I(q) = Ge (4.1)

S

The Guinier regime captures the average size of a scattering
object using an exponential decay, while the power-law region de-
scribes how volume or surface features scale with size. When the
exponential term of the power-law P is between —3 and —1, it
describes the volume fractal dimension Dy of the associated struc-
tural level with P = —Dj. As discussed in chapter 3, a Dy of
3 describes scattering from spherical objects and lower values cor-
responding to scattering from softer agglomerates. When P is be-
tween —4 and —3, it describes the surface fractal dimension Dy
of the associated the structural level with Dy = 6 + P. A D of
2 describes scattering from a smooth surface, while higher values

correspond to scattering from rougher surfaces [65].

By combining these regimes using a unified function, the ap-
proach accurately captures overlapping structural features, even
when some regions are obscured or poorly resolved due to the in-

strument’s limitations.

Additionally, the unified model accounts for structural limits
to the power-law regimes, introducing corrections at both the low-q
and high-q ends to reflect the finite size and internal granularity of
real-world materials. These corrections are achieved by modifying
the power-law expressions with exponential cutoffs that incorpo-
rate the radius of Gyration Ry, effectively tapering the intensity in
regions where the assumed fractal or interfacial behavior no longer
applies. This model enables SAXS data to be fitted globally across
a broad range of q values, thereby improving resolution and reli-

ability in the characterization of complex, hierarchical materials,
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such as fractal aggregates.

For the radial profile retrieved from the cluster SAXS data
(Figure 4.6¢), at least two structurally distinct levels can be iden-
tified. One at high g-values >0.1 A_l, and the second at low q
values. The radial profile in this case is modeled as a two-level
system, each having an associated radius of Gyration and a power
law according to equation 4.1. For the high-q region, the radius of
Gyration (Rg41) and power law (P;) are obtained from the SAXS
radial profile. In contrast, for low-q regions, P» can be obtained
from the profile, and R is outside the detection range. In this
case, the contribution of Rgo in the unified fit is neglected by ar-
tificially setting it to a high value (1.9 pum). The unified model in
this case approximates to a power-law model for the 2" level. This
two structural level model is used to fit the SAXS radial profiles

at each residence time.

4.4 RESULTS

The two-level unified model is applied to fit the SAXS radial pro-
files of the clusters. As shown in Figure 4.8, the model provides an
excellent agreement with the experimental data. The fit was found
to agree well for all residence times. Fitting the radial profiles at
each residence time allows the retrieval of three physical parame-
ters, R, giving the average size of the scattering clusters, and P;
and P» describing the volume or surface fractal dimensions of the

associated levels.
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Figure 4.8: Radial profile of SAXS data at 95ms residence time
with unified model fit.

The average radius of gyration of the scattering clusters ob-
served by the FEL, Ry, is approximately 50 A (Figure 4.9). Only
minor variations in Ry are observed with residence time, unlike the

broad range of masses observed from the cluster mass spectrum.
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Figure 4.9: Average radius of clusters probed by the XFEL at dif-
ferent residence times R,.
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PMCS clusters can be modeled as agglomerates of primary par-
ticles, assumed to be dense spheres containing 190 atoms (as dis-
cussed in Chapter 3). A cluster with a radius of gyration R, ~ 50 A
and an average fractal dimension Dy = 2.3, (retrieved from the
mobility analysis in chapter 3) composed of such primary parti-
cles, corresponds to a mass of > 10* Cu atoms (calculated using
Equation 3.10).

This indicates that the clusters probed by SAXS are the largest

of those detected in the mass spectrum presented in Chapter 3.
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Figure 4.10: (a) Plot of surface fractal dimension D; of the clusters

probed by FEL, obtained from fitting parameter P;
at each residence time. (b) Plot of volume fractal di-
mension D of the probed super-agglomerate clusters,
obtained from fitting parameter P» at each residence
time.

The values of P; retrieved from the unified fit is between —3

and —4. P; thus likely describes the surface fractal dimension Dy of

the large clusters. Mapping D; for different residence times reveals
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an increasing trend from 2.05 to 2.3 (Figure 4.10a). According to
this trend, the clusters extracted at low residence times have a
smooth surface, when probed by the FEL. The clusters extracted
later have surfaces with increasing roughness.

Plotting P, for different residence times reveals an increasing
trend from approximately —2.3 to —2.0. —P» thus retrieves the
volume fractal dimension Dy of systems formed by the agglom-
eration of the large clusters in the first structural level (Figure
4.10b). These large systems are henceforth referred to as super-
agglomerates. The Dy values of the super-agglomerates lie within
the same range as the fractal dimensions derived from the mobil-
ity analysis; however, their evolution with residence time follows
a different trend, This deviation is could be due to the different
properties of the super-agglomerates compared to the clusters de-

scribed in chapter 3.

4.5 DISCUSSION

The results of the SAXS analysis demonstrate its effectiveness in
characterizing cluster morphologies in the gas phase, despite the
challenges posed by small particle sizes and low sample concentra-

tions.

The increasing trend of the surface fractal dimension Dy in-
dicates that the probed large clusters have surfaces which are
rougher at longer residence times. As the clusters seen by the
SAXS in the first structural level are likely large, Dy would contain
information about the arrangements primary particles making up
the surface of these clusters. As Dy is a distinct physical parameter
which can evolve independently, it cannot, however give any direct
information regarding the volume fractal dimensions of these clus-
ters. Any correlation between the two would require a complete
model of cluster growth, which is beyond the scope of this thesis.
The data from Dy thus cannot be correlated to the mobility anal-

ysis performed in 3.

The Dy values obtained from the SAXS data corresponding
to the super-agglomerates exhibit a monotonic decrease from ap-

proximately 2.3 to 2.0 over the duration of the duty cycle. In con-
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trast, the Dy values derived from the mobility analysis of cluster
ions in Chapter 3 decrease up to 150 ms before showing a slight
increase thereafter. Since the clusters probed by the two experi-
mental techniques occupy two structural levels, this observation

raises two possible interpretations.

The first possibility is that both measurements yield accu-
rate Dy values, with the apparent discrepancy arising from a de-
pendence of the fractal dimension on cluster size. Such a sce-
nario would mean that the average fractal dimension is not size-
independent across all extracted clusters and is governed by more

than their growth time.

The second possibility is that measurement artifacts affect the
Dy values retrieved from the mobility analysis, as discussed in
Chapter 3. Since SAXS directly probes cluster morphology, the
fractal dimension obtained from this method may be more reli-

able. This could preserve the size-invariance of Dy, if true.

Resolving the discrepancies in the retrieved fractal dimensions
would require SAXS measurements of clusters with an identical
PMCS configuration, extending to higher g-values comparable to
those probed in the mobility analysis. This would fall within the
regime of Wide Angle X-ray Scattering (WAXS) and would neces-

sitate further experiments at FEL facilities.
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STRUCTURAL DYNAMICS OF GAS PHASE
CLUSTERS AFTER IR-LASER EXCITATION

5.1 INTRODUCTION

Fractal aggregates, such as clusters, can be described as kinetically
arrested structures formed through the irreversible aggregation of
primary particles. These aggregates represent metastable configu-
rations stabilized under conditions of low mobility and irreversible
sticking, rather than the energetically favorable compact morphol-
ogy of a sphere [66, 67]. Within this framework, perturbing the
structural state of the clusters is expected to induce a reconfigu-
ration process, and monitoring the ensuing dynamics can reveal
their evolution towards a more stable configuration. Such obser-
vations provide valuable insight into the mechanisms underlying

their initial growth and structural development.

While the dynamics of nanoparticle melting have been ex-
tensively studied in the literature [27, 37], small, isolated parti-
cles with non-equilibrium structures in the gas phase - such as
those produced by the PMCS - remain largely uncharacterized. In
this study, structural rearrangement within the clusters was ini-
tiated by a temporally stretched, low-fluence laser pulse of low
photon energy, which induces thermal excitation in the clusters.
This excitation triggers a reconfiguration process that was subse-
quently probed at various time delays using two complementary
techniques: fragmentation studies employing a 400 nm pulsed laser,
and Small-Angle X-ray Scattering (SAXS) using soft X-ray FEL
radiation (XFEL internal proposal 7237). The experimental obser-
vations of cluster dynamics are interpreted using the structural
parameters established in the preceding chapters to elucidate the

underlying physical processes.
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5.2 EXPERIMENTAL DESIGN

The excitation of the clusters was achieved using a temporally
stretched (70fs) infrared (800 nm) laser pulse, focused to a relaxed
spot with a diameter of 120 pm. This pulse is hereafter referred to
as the pump laser. This provides a controlled energy transfer over
a long timescale resembling thermal excitation. The dynamics of
the subsequent evolution of cluster properties are probed using ex-

perimental methods discussed in previous chapters.

5.2.1 Small Angle X-ray Scattering

SAXS data provides direct information regarding the morpholog-
ical properties of large clusters (as discussed in chapter 4). Com-
bining the pump laser with the FEL beam with delay control,
therefore, enables the monitoring of the evolution of cluster mor-

phology as a function of delay between the FEL probe and pump.

The pump in this experiment was the 800 nm mode of the op-
tical pump-probe (PP) laser system at the European XFEL [68]
tuned to have a pulse duration of 70fs. Both the FEL and pump
are configured to deliver 50 pulses per train to minimize stray
light. The pump beam was coupled into the FEL beamline at the
SQS instrument via a right-angled mirror, which features a central
aperture to allow unimpeded transmission of the FEL. After inter-
acting with the clusters in the NQS, the pump beam was extracted
using a similar right-angled mirror with a central aperture and di-
rected onto a beam block. The pump beamline includes an optical
delay stage, which allows precise control of the pump—probe delay
(Figure 4.1).

The FEL and pump beams were spatially overlapped using an
imaging paddle inserted into the interaction region, which was
monitored by a camera. Coarse temporal overlap between the
pump and probe was achieved using a photodiode signal by vary-
ing the pump delay. Fine temporal overlap was determined from

the pump-probe delay dependent ionization signal of Ny ¥ [69] de-
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tected in the TOF spectrometer.

For this calibration, the reaction chamber was filled with ni-
trogen gas while the delay between the IR and x-ray was varied.
When the IR arrives later than the x-ray, the X-rays ionize the No
molecules into N3, which then dissociate into two NT ions on
pump irradiation. The temporal overlap, or time-zero, was identi-
fied as the point at which the NJ T signal intensity in the TOF
spectrum increased, with a temporal resolution of approximately
100fs. This pump—probe configuration enables the characteriza-
tion of ultrafast structural dynamics, including processes such as

cluster melting and dissociation.

For this experiment, SASE3 was configured to deliver 2keV
photons to the NQS. The pnCCD was positioned 105 mm from the
interaction point, with a gap of 6.1 mm between its halves. The
angular region of the scattering data imaged in this configuration

is identical to that in proposal 8055 (chapter 4).

5.2.2  Ion Spectrometry

For probing cluster dynamics with ion spectrometry, the experi-
mental setup from chapter 3 was used in conjunction with a two-
color mode of the laser with the high-fluence frequency doubled

mode (400 nm) as a probe and the fundamental mode as the pump.

For the two-color mode, the frequency doubled laser (probe)
was separated from the fundamental (pump) using a dichroic mir-
ror, coated for 99.7% reflection of 400 nm and 95% transmission of
800 nm at a 45° angle of incidence. The pump beamline consists of
an optical delay stage for pump-probe delay control and a linear
polarizer combined with a polarization dependent beamsplitter for
attenuation. The pump was coaxially spatially overlapped with the

probe using another 45° dichroic mirror (Figure 4.1).

The spatial overlap between pump and probe was optimized
via a paddle introduced into the interaction region of the spectrom-
eter chamber, imaged via a camera. Coarse temporal overlap was

retrieved by observing the signal generated from the interaction
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of pump and probe beams with a coaxial cable, monitored on an
oscilloscope. Fine time overlap was determined using the fragmen-
tation signal from copper clusters. When probe arrives after pump,
the yield of cluster fragment ions was increased due to interaction
of the probe with irradiated clusters. The implications of this con-
trast in the dynamics of cluster properties is discussed in the next

section. Monitoring the contrast allows retrieval of time-zero.

Time overlap was additionally optimized using a UV laser for
cluster ionization and monitoring an increase in the yield of Cu™
ions after pump irradiation. The contrast in this case was weaker,
but allowed the determination of time-zero with a resolution of

300 fs, agreeing with the value retrieved using the 400 nm laser.

This pump-probe setup was used to measure the dynamics
of cluster fragmentation over =~ 100ps after irradiation to learn
about cluster structure. The correlation between cluster fragmen-
tation Ny.qg and cluster structural properties was defined using

the model described in chapter 3 (equation 3.20).

For the model described by equation 3.20 to be valid, the
pump-probe dynamics should not affect the ionization pathways
for creation of small fragment ions. As the pump is assumed to
excite the clusters without destroying them, cluster fragmentation
using the 400 nm laser will likely occur through similar pathways
with and without the pump. This means that the model can be
sued to describe cluster fragmentation with the pump-probe setup.
This would also imply that, at a given residence time, N, can be
estimated as a constant across all pump delays. The evolution of
Nfpqg with pump delay would then contain information about the

evolutions of Dy as well as Coy.

5.3 RESULTS
5.3.1 SAXS with pump-probe

The inclusion of the pump laser introduces complications to the ex-

periment. The stray light on the pnCCD detector due to the pump



5.3 RESULTS

laser was much stronger than with only the FEL. The likely cause
of this increased background was due to scattered IR light from
the downstream section of the experimental setup. The pump laser
can scatter off the metal walls of the experiment chamber, creat-
ing multiple sources of scattered light, which would increase stray

light signal on the detector (Figure 5.1a).
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Figure 5.1: (a) Background pnCCD image with only FEL and
pump laser, no clusters. (b)Background corrected
pnCCD image showing cluster SAXS in pump-probe
configuration. Both images share the same color scale.

The crucial limiting factor in extracting cluster SAXS data
in this configuration becomes minimizing the stray light back-
ground on the pnCCD. Stray light was minimized using a se-

ries of slits together with a low-fluence mode of the pump laser
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(2.21x10%J/cm?). Signal and background shots are discriminated
based on the yield of Cu™ on the ion TOF, as described in chapter
4. On background correction, the cluster signal was weak compared

to the background image, but distinct (Figure 5.1b).

As a consequence of the weak signal extraction and high lev-
els of stray light from the SAXS data, applying the unified fit
model described in Chapter 4 was not feasible, especially at high
g-values. The radial profiles from clusters at 150 ms residence time
are analyzed by performing a local power-law fit at low g-values
(<0.08 Afl) (Figure 5.2a) to calculate the evolution of the volume
fractal dimension D; of the super-agglomerates as a function of

delay after pump irradiation.

From Figure 5.2b it is clear that D increases after pump irra-
diation, and reaches a maximum value of ~ 3 around 100 ps. Based
on the analysis of cluster SAXS data in chapter 4, this indicates
a transformation of cluster morphology from soft agglomerates to

dense spheroids.
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Figure 5.2: (a) Radial profile of background corrected cluster
SAXS image in pump-probe configuration. The volume
fractal dimension D of the super-agglomerate clusters
was obtained via locally fitting the low-q regions de-
noted by the dashed green line using a power-law fit
(red line). (b) Evolution of cluster D; with pump delay,
retrieved from power-law fit of SAXS data at 150 ms
residence time (negative values denote pump late). The
error of Dy (red error-bar) is obtained from the uncer-
tainty of the fitting parameter.
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5.3.2  Cluster Fragmentation Dynamics

The correlation between the fragmentation yield Ny, and the
cluster fractal dimension D as well as its binding energy (via the
overlap factor Cy,) in the model established in chapter 3, makes
Nyrqg a suitable observable for characterizing cluster properties.
As the Ny,q4 is dependent on cluster properties at the moment of
ionization, it can be used to track the evolution of cluster proper-
ties after pump excitation with the 2-color setup described above.
The experiment was conducted with high (8.8x10%J/cm?) and
low (2.43x10%J/cm?) pump fluence to observe the influence of
the exciting energy on any observed dynamics between 140 ms and

160 ms residence time.
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Figure 5.3: Variation in Ny,,,/ N, as a function of delay between
pump and probe signals. The green points represent a
high-fluence pump, and the blue points represent a low-
fluence pump. The values of each set of measurements
are normalized such that Ny,.,,/ N, at time-zero is 1.
This normalized N4/ N, decreases over a time-scale
of 70 ps to 100 ps, compared to its value before pump
irradiation.

As illustrated in Figure 5.3, Ny,qq/ N, normalized to the yield
at zero pump delay increases after pump irradiation up to 30 ps be-

fore decreasing to a lower yield than at time zero by ~ 120 ps. The
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decrease in fragmentation combined with the dynamics of Dy ob-
served in the previous section indicates a structural rearrangement
of the primary particles in the clusters. The increase in fragmen-

tation at delays < 30 ps is more prominent at high pump fluences.

This trend in cluster fragmentation, when analyzed using the
model established in equation 3.20, has two independent variables
that influence Ny.qq, namely Dy and Co,. Additionally, the ab-
sorbed energy from the pump can modify the binding energies
between individual primary particles in the clusters, affecting q..
As the timescale of electron-phonon coupling is of the order of
femtoseconds, the change in ¢. can be modeled as a two-level step
function, which changes when the pump is early (positive delay).
With this model the value od g, retrieved for pump late measure-
ments of a cluster distribution will be similar for similar probe
fluences. Any contrast due to pump fluence will only be seen in

the pump early measurements.

The pump-probe SAXS data provides insights into the evolu-
tion of the fractal dimension Dy with pump delay, as seen in the
previous section. The values of Dy retrieved from the SAXS are
likely for super-agglomerate clusters composed of multiple of the
clusters detected by the ion spectrometer however, as has been dis-
cussed in Chapter 4. Moreover, the trend in retrieved cluster Dy
with residence time from mobility analysis (Chapter 3) and clus-
ter SAXS (Chapter 4) diverges for residence times > 160 ms. For
residence times <160 ms, the D retrieved from mobility analysis
and that retrieved from SAXS differ by an offset of ~ +0.2.

To use the Dy values extracted from the pump-probe SAXS
measurement in equation 3.20 to retrieve a dynamic evolution of
Cyy Tequires certain assumptions. Assuming that the structural
rearrangement process initiated by the pump irradiation occurs
through identical pathways irrespective of cluster size, the evolu-
tion of D; with pump delay retrieved from the SAXS data can
be used to describe the reconfiguration of the clusters detected
with ion spectrometry as well. From figure 5.2b, the uncertainty
in retrieving Dy from the SAXS data at 150 ms residence time is

approximately 0.2, making these values comparable to the fractal
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dimensions of the clusters detected via the ion mobility analysis.

With these assumptions, substituting Dy obtained from the
SAXS data and ¢. modeled as a two-level step function before and
after irradiation, equation 3.20 can be used to retrieve C,, and ¢,

for different pump delays.

Pump Fluence Late Early
High (1.96 & 0.64) x 107* | (2.00 4 0.14) x 1073
Low (1.68 £ 0.29) x 10~* | (1.16 4+ 0.12) x 1073

Table 5.1: Two-level model of fragmentation parameter g¢., for
pump late and pump early, retrieved from fitting equa-
tion 3.20.

With the two-level model, the fragmentation parameter ¢, is
seen to increase after pump irradiation (Table 5.1). The values of
gc for pump late are similar to those retrieved with probe only
irradiation in chapter 3 for both high and low fluence pump, as ex-
pected. The increase in the fragmentation parameter ¢, is greater
for higher pump fluence. As ¢. is inversely proportional to the aver-
age binding energy per area between individual primary particles,
its increase could mean that irradiation by the pump transfers en-
ergy to the vibrational levels of the clusters, lowering the energy

required to dissociate primary particles.
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Figure 5.4: Evolution of C,, with time after pump irradiation, cal-
culated using equation 3.20 and Dy. Errors for both
plots are calculated from the uncertainty in fitting pa-
rameters.

The dynamics of Cy,, with time after pump irradiation, as seen
in figure 5.4, reveal interesting aspects of the structural rearrange-
ment process. For both high and low fluence pumps, C,, first de-
creases after irradiation up to &~ 30ps. This decreasing trend is
more pronounced with the high fluence pump. After 30 ps, C,, is
observed to increase with pump delay, to values greater than those
observed at time-zero by 120 ps. For the high fluence pump, C,,
approaches 0.8, and for the low fluence pump, C,, approaches 0.6.

The results of irradiation with high fluence pumps can be inter-
preted in terms of tightly overlapped clusters, with lower binding
energies per primary particle contacts, as compared to irradiation
with low fluence pumps. The observed timescales of the dynamics

of Cyy seem to be similar for both pump fluences.

5.4 DISCUSSION

Cluster dynamics after pump irradiation were studied using two

complementary experimental techniques: SAXS and fragmentation
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dynamics, as discussed above. With both methods, cluster dynam-
ics were observed over tens of picoseconds. These timescales in-
dicate that the observed processes are too slow to be electronic.
The pump irradiation therefore likely transfers energy to the vi-
brational degrees of freedom of the clusters, triggering processes
occurring through thermal pathways. This timescale is in line with
melting behavior in gold nanoparticles observed by Plech et. al in
2004 [37].

In both experiments, the observable parameters reach a steady
state within 120 ps, implying that the process measured by both
methods is the same. The observed dynamics of the parameters
were correlated to two independent physical parameters, being the
cluster fractal dimension (D) and the average overlap factor of
primary particles (Cy,), which correlate to cluster morphology as
well as sintering. Additionally, the retrieval of C,, also reveals
information about the influence of pump irradiation on the frag-
mentation factor g. which correlates to the average binding energy

between primary particles.

After stabilization, at ~ 120 ps, the retrieved D; and C,, of
the clusters both increase compared to their ground state. ¢, of
the clusters increases after pump irradiation, indicating a lower-
ing of the average primary particle binding energy. This would
indicate that after the reconfiguration, the clusters transform into
a well-overlapped, spatially dense structure (spheroid), where av-
erage contact forces per unit area between primary particles is
lower than the unperturbed system. This process is similar to melt-
ing. The reconfiguration process yields more overlapped clusters

at higher pump fluences.

During the initial 30 ps window however, the fractal dimen-
sion (Dy) of the clusters increases, while the overlap factor Co,
decreases. Based on the definitions of Dy and Cy,, this indicates
that the structure of the cluster agglomerate occupies an interme-
diate state where the primary particles are less overlapped, while

being closer spatially, compared to their native state.
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These dynamics provide valuable insight into the pathways
through which the reconfiguration process could occur. The irradi-
ation of the pump laser transfers energy to the cluster. This energy
can weaken the contact forces between individual primary parti-
cles, increasing ¢. and making their dissociation from the agglom-
erate easier. The lowered energy required for dissociation causes
primary particles to become loosely overlapped. The loosely over-
lapped primary particles can migrate towards the center of mass of
the cluster agglomerate, contacting other primary particles. The
migration of primary particles would reduce the geometric cross-
section of the agglomerate, and therefore increase its fractal dimen-
sion Dy. The loose overlaps between primary particles can explain
the lowering of C,, seen in the intermediate states. As the pri-
mary particles approach the center of mass, they would be packed
densely and overlapped strongly, creating the final dense spheroid.
In this model for structural reconfiguration, the greater the energy
transferred from the pump to the clusters, the lower the binding
energy would become. This would imply that the primary parti-
cles in clusters irradiated by a high fluence pump would have more
freedom to reconfigure, resulting in a denser, more overlapped final
structures compared to clusters irradiated by lower fluence pumps,

which agrees with the observations in this thesis.

It is important to emphasize that this interpretation of the
structural rearrangement of the clusters in relies on the assump-
tions and approximations stated in this work, and is merely one

pathway by which the observed phenomena may be explained.

While this analysis of experimental data using the developed
models can provide valuable insights into the broad trends in
cluster dynamics, drawing further conclusions regarding cluster
growth and dynamics, specifically the loosely overlapped interme-
diate states is beyond the scope of this thesis and requires compu-

tational simulations, as well as more and improved data.
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This thesis explores several complementary experimental techniques
for the study and characterization of PMCS copper clusters in the

gas phase over long residence times.

Chapter 2 details the design and commissioning of a prototype
ion-electron spectrometer using a novel single detector configura-
tion with static potentials for the gas-phase cluster ions. The pri-
mary electrons from the ionization process are focused via a mesh
electrode and electrostatic lenses to map their momenta on the
detector (VMI). The design focuses ions with transverse momenta
onto a concave electrode held at high negative bias, called the
ion conversion plate. The high energy ions reaching the conver-
sion plate are converted to secondary electrons. The secondary
electrons are focused, allowing mapping of the ion momenta onto
the detector. This allows characterization of ions with high trans-
verse momenta as well. The simulations and commissioning tests
detailed in chapter 2 indicate that the current prototype of this
spectrometer is optimal for effective resolution of the the masses
and momenta of cluster ions. The current version of the design is
however ineffective at the effective resolution of electrons with low
kinetic energies < 5¢eV. The prototype spectrometer was employed

to effectively study cluster ion properties in chapters 3 and 5.

Chapter 3 describes the characterization of the structural and
morphological properties of clusters at different residence times via
ion spectrometry. The mass distributions of cluster ions excited by
a UV laser was characterized for different laser fluences to retrieve
the mass distribution of unfragmented, singly ionized clusters. Ac-
counting for the ionization cross-sections of the clusters allows the
retrieval of the native mass distribution of clusters in the PMCS

jet.

The cluster mass distribution is characterized for different res-

idence times in the duty cycle. The mass of cluster ions together
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with their velocity, extracted from the positional mapping of ions,
is used to extract the volume fractal dimension Dy of PMCS clus-
ters via mobility analysis. Retrieving Dy for different residence
times allows the morphological characterization of clusters with
growth time. The retrieved values of D; from the mobility analy-

sis is < 3, and are lower at longer residence times.

Ionizing the cluster jet with a visible laser yields a mass spec-
trum pattern with contribution from exploding fragment with a
characteristic mass distribution. The distribution is distinguished
by a second peak in the ion mass spectra, and corresponds to the
masses of the smallest ions detected in the native mass spectrum.
The characteristic peak is thus interpreted as exploding primary
particle fragments. The residence time resolved yield of primary
particle fragments Ny, is correlated to the internal structure
of the clusters by modeling the probability of primary particle
dissociation upon irradiation by a laser. Together with the mass
distribution and cluster fractal dimension Dy, the model can be
used to retrieve the average overlap (sintering) factor C, between
primary particles for different residence times, characterizing the
internal structure of the clusters. The retrieved values of C,, de-

crease with residence time before stabilizing.

The observed evolution of cluster fractal dimension Dy and
overlap factor Cy, with residence time can provide insight into
the cluster growth process in the PMCS. Clusters extracted soon
after microplasma quenching are dense and strongly overlapped
agglomerates of primary particles, implied by their high Dy and
Cov. Clusters extracted later have lower values of Dy and Cy,
both of which stagnate at long residence times. These clusters are
likely soft, loosely overlapped agglomerates of primary particles.
The stagnation of cluster morphology and structure at long resi-
dence times could be due to limitations in aerodynamic focusing,

measurement effects or other factors yet to be explored.

The morphology of PMCS clusters is explored more directly
in chapter 4. 1keV X-rays from the European XFEL are used to
probe the structure of the clusters via SAXS. The cluster radius

of gyration R, surface fractal dimension Dy and volume fractal
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dimension Dy of large super-agglomerates can be retrieved from
the SAXS spectra for different residence times. The extracted val-
ues of R, remains near constant with residence time and are much
found to correspond the largest of those detected via ion spec-
trometry. The surface fractal dimension of the large clusters im-
aged by SAXS increases with residence time, signaling a change of
their surfaces from smooth to rough. The volume fractal dimension
Dy of the super-agglomerates retrieved from the SAXS decreases
monotonously with residence time. The monotonous decrease of
Dy retrieved from cluster SAXS aligns with the agglomeration
model of cluster formation, giving softer clusters at longer resi-

dence times.

The evolution of cluster volume fractal dimension Dy with
residence time retrieved via mobility analysis and via SAXS dif-
fers at long residence times. The mismatch between the evolution
tends of Dy retrieved from the two experiments may be due any of
several factors. One possibility is that the variation of Dy occurs
due to the different size ranges of the clusters probed in each ex-
periment. This would imply that the fractal dimension Dy is not
size-independent across the full range of cluster masses extracted
from the PMCS. Another possibility for the mismatch could be
measurements effects which are unaccounted for in either experi-

mental technique.

Chapter 5 describes the dynamic evolution of cluster structural
and morphological parameters after irradiation by an IR pump
laser. The evolution of D; with pump delay is retrieved from time
resolved SAXS measurements with IR pump and FEL probe. The
retrieved Dy values are used together with the values of Ny.qq4
retrieved from time-resolved ion spectrometry with IR pump and
visible probe to model the evolution of C,, with pump delay. The
fragmentation parameter q. is modeled as a two-level step function
to account for any variation in the binding energies of the clusters
that may occur due to the pump irradiation. g, is seen to increase
after pump irradiation, signaling a likely lowering of the binding
energies of primary particles within the clusters. The dynamics of

Dy and Cy, indicate a structural rearrangement of clusters into
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dense spheroids after pump irradiation, similar to melting.
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