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Abstract

In this thesis, properties of freestanding atomic/molecular clusters are exper-
imentally addressed using various synchrotron radiation and electron ioniza-
tion based electron and ion spectroscopic methods. The work focuses on wa-
ter clusters with and without dopant atoms/molecules, including ≲3 nm sized
[H2O]N, [H2O]N[KCl]M, [H2O]NArM and ArN clusters. The surface proper-
ties of larger 100–200 nm sized MgCl2/CaCl2 and MgBr2/NaBr nanoparticles
generated from precursor solution droplets are also investigated. The exper-
iments provide fundamental level information on the particles’ chemical and
structural composition in relation to their formation conditions, electronic
properties, and dynamical response to ionizing radiation. Instrumentation
was also developed for the generation and characterization of the clusters.

Key words: Cluster, nanoparticle, aerosol, electronic structure, ion, solva-
tion, aqueous environment, radiation damage, fragmentation, photoelectron
spectroscopy, mass spectroscopy, synchrotron radiation.
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losavljević, Dr. Christophe Nicolas and Dr. Denis Céolin from SOLEIL are
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Chapter 1

Introduction

Clusters and nanoparticles – Finite constituents of matter

In all materials from weakly bonded noble gases and hydrogen bonded solvents
to ionic and metallic species, unique properties arise when the system size
is restricted to a small cluster of just a few to few thousands of atoms or
molecules. Such condensed yet confined objects, only a few nanometers in
diameter, also represent intermediate steps in the emergence of macroscopic
material properties from the collective behavior of individual atoms and mo-
lecules, which gradually evolve with increasing system size.

The different physical properties of clusters, including the atomic struc-
ture and the various thermodynamic and electronic quantities, are highly
size dependent [7]. Moreover, the properties do not always evolve smoothly,
or even completely monotonously, and depend also on the charge state and
internal energy (temperature) of the cluster. Example structures [1–6, 8] of
clusters from the various classes investigated in this thesis are illustrated in
Fig. 1.1. It is seen that especially in very small clusters containing just a
few atoms/molecules, the addition of even a single molecule can drastically
change the cluster’s structural configuration. For example, small neutral wa-
ter clusters prefer planar ring-like structures up to N ∼ 5–6, while larger
species manifest ”collapsed” structures extended to all three spatial dimen-
sions. Also, the removal of even just a single electron (by ionization) results in
distinct structures due to protonation (formation of H3O

+ and OH). For some
clusters, specific sizes are especially favoured (stable) due to high geometrical
symmetry in the cluster’s structural configuration or due to the occupation
of electronic states, which are referred to as magic numbers. For example,
rare gas clusters can form structures with complete icosahedral shells at sizes
N = 13, 55, 147, .... In the presence of multiple types of atoms and/or mo-
lecules the different species can be fully or partially mixed, such as positive
alkali and negative halide ions ordered periodically, or alkali and halide ions
solvated in a network of water molecules. The species may also be fully sep-
arated, such as van der Waals bonded rare gas atoms surrounding a water
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[H2O]2-8, 100 [H2O]1-7H3O
+ [H2O]1-6KCl [H2O]3Ar1-4 Ar2-5, 13, 55

Figure 1.1: Example structures of clusters from the various classes investig-
ated in this thesis. From left to right: Water clusters [1,2], protonated water
clusters [3], mixed potassium chloride-water clusters [4], mixed argon-water
clusters [5] and argon clusters [6].
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cluster, or different types of alkali (earth) halides favouring segregation. Note
that all of the structures presented in Fig. 1.1 are exemplary in the sense
that other isomers are also possible at increasing numbers with increasing
size, often with very closely lying energies, and the relative population of the
different isomers is temperature dependent [7, 9].

From both experimental and theoretical perspectives, studying the fun-
damental properties of finite-sized systems has a bridging role in connecting
atomic and molecular physics to condensed matter physics. Additionally,
clusters and nanoparticles (a term more commonly used in the few tens to
hundreds of nanometer size regime) occur both naturally and anthropogenic-
ally, and understanding their unique properties is important when consider-
ing their general behavior in different environments such as in biotissues [10],
in new materials [7,11], in the earth’s atmosphere [12], or in space [13]. The
effects of clusters and nanoparticles are bound around their structural prop-
erties, especially their surface composition where the interactions primarily
take place (i.e. the particle-vapor interface for a gas phase particle). In this
regard, it is noteworthy that the number of surface atoms relative to bulk
atoms increases with decreasing particle size, and small particles therefore
have relatively large (active) surface areas. Generally, particles in the sub-
micron size regime can penetrate deep into human lungs, and as an aerosol,
they can be easily transported by aerodynamic flow. They thus do not readily
fall by gravitational settling, which results in long atmospheric lifetimes.

For probing the structural, dynamical and electronic properties of matter
at all size scales, from single atoms to macroscopic systems, spectroscopic,
scattering and imaging techniques are nowadays commonly applied at large
scale synchrotron (and free electron laser) infrastructures (Fig. 1.2) [14].
Within the extensive range of scientific disciplines which utilize these light
sources, much of the work is currently dedicated to obtaining understanding
of the fundamental properties of aqueous systems. This interest is hardly
surprising given water’s universal abundance and central role in various nat-
ural processes, and there is great desire towards revealing the molecular level
interactions that govern aspects such as solvation chemistry [15], surface
composition of aqueous solutions and atmospheric particles/droplets [16,17],
or hygroscopic properties [18]. Besides that X-rays can be used for prob-
ing such inherent properties, also the radiation induced dynamics are of
central interest concerning e.g. the radiation damage of irradiated biotis-
sues [19]. In these contexts, the application of electron spectroscopic methods
has become increasingly popular, as various new tools such as aerodynamic
lenses [20], cluster emission sources [21], liquid microjets [22] and ambient
pressure set-ups [23] have been recently developed. The general availability
of these instruments at modern synchrotrons, including the recently commis-
sioned MAX IV facility in Lund, Sweden, has opened broad opportunities
for electron spectroscopic characterization of clusters, nanoparticles, liquid
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X-rays

Synchrotron

radiation

Figure 1.2: Synchrotron experiments at all size scales.

phase solutions, as well as in situ and operando studies at the surface-vapor
interface.

It is apparent that the investigation of water clusters plays a central part
in this field, and much work on them has already been carried out in the
past few decades. Basic principles have been laid out especially using photo-
and Auger electron spectroscopy, but there are however still several funda-
mental aspects that have not been thoroughly assessed, especially regarding
water clusters doped with guest atoms or molecules. For example, the elec-
tronic properties of such ”nanosolvated” species, have not yet been fully
examined even for the simplest alkali and halide ions. In general, clusters
allow one to investigate the evolution of transient properties in going from
single molecules towards bulk solutions. This includes, for example, following
the effect of increasing degree of solvation (number of water molecules) to
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structural properties, energetics of the electronic levels, or to post-ionization
dynamics such as charge transfer reactions. From an experimental point of
view, following the evolution of spectral characteristics as a function of sys-
tem size and composition can also support the interpretation of results from
other systems as well, including bulk solutions. On the other hand, prob-
ing the collective behavior of molecules in a finite-sized system provides also
some benefits over macroscopic samples, regarding e.g. the detection of the
reaction products (electrons and ions), as will be seen later in the discus-
sion. Besides conventional electron spectroscopic techniques, the potential of
advanced multi-particle coincidence detection methods has so far also been
little applied to pure and doped water clusters, which appears as a natural
way forward.

The present work

In this thesis, experimental studies of water clusters containing selected
dopant atoms/molecules, as well as larger nanoparticles formed from pre-
cursor solutions droplets, are reported. The general scheme applied in all
of the experiments is illustrated in Fig. 1.3. Freely propagating beams of
particles are generated in situ with control on their size and composition,
and the particles are then irradiated with X-rays or high energy electrons.
By analysing the electrons and/or positive ions released in the interaction,
information is obtained from the chemical composition, structure and elec-
tronic properties of the particles at the atomic level. On the other hand, the
electron and nuclear dynamics involved in the interaction processes them-
selves are also of fundamental interest, and improve understanding of the
detailed processes and molecular level damage induced by ionizing radiation
in general.

Finite-sized particles can generally be studied deposited on substrates,
dispersed in a solution or, as presently applied, in the gas phase. The method
of choice depends on the subject of interest as well as on requirements of the
sample and the applied characterization technique. As in the present work
the focus is on volatile solvent-solute systems and weakly bonded systems,
the gas phase approach is a natural choice. The experiments are carried out
in a high vacuum environment, which is required to allow collision free travel
for the X-rays, electrons and ions, as well as for the investigated particles
themselves. As freestanding the properties of the particles are probed un-
perturbed by any potential environment induced effects, such as substrate
contact.

Figure 1.4 provides an overview of the here studied systems and the ap-
plied characterization techniques. Paper I addresses the question on the
internal structure of multi-component aerosol nanoparticles generated from
precursor solution droplets. Previous studies have shown that the different
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Interaction

Chapter 2

Clusters/Nanoparticles

Chapter 3
Synchrotron radiation

Chapter 4

Analysis

Chapter 5

Introduction

Chapter 1

Summary

Chapter 6

e- I+

Figure 1.3: Experimental scheme applied in papers I–III and corresponding
organization of the thesis.

chemical species are not always distributed smoothly throughout the particle,
which has direct consequences particularly to the particle’s surface compos-
ition. In this experiment, 100–200 nm sized particles were generated from
mixed aqueous (and ethanol) solutions of MgCl2/CaCl2 and MgBr2/NaBr
by using an atomization process, and a surface sensitive and chemically spe-
cific technique known as X-ray photoelectron spectroscopy (XPS) was applied
for characterizing the particles. A high intensity X-ray source with tunable
photon energy is an essential requirement for this technique, and thus the
experiment was carried out at the PLÉIADES beamline at SOLEIL synchro-
tron in Saint-Aubin, France.

Photoelectron spectroscopy was applied also in Paper II, which in turn
was carried out at the FinEstBeAMS beamline at MAX IV synchrotron in
Lund, Sweden. The results are the first reported using a new cluster source,
denoted as the ”Multi Use Setup for Clusters Emission” (MUSCLE). The
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Paper III

Paper I

hν

e-

e-

ia
+

ib
+

Paper II

MgCl2/CaCl2 (H2O) & 

NaBr/MgBr2 (H2O, C2H6O) 
Atomizer + Aerodynamic lens inlet

Photoelectron spectroscopy

SOLEIL (PLEIADES)

hν

e-

e-

[H2O]N & [H2O]N[KCl]M
Adiabatic expansion + pickup source

Photoelectron spectroscopy

MAX IV (FinEstBeAMS)

d ⁓ 100 nm

d ⁓ 3 nm

d ⁓ 1 nm

[H2O]NArM & ArN  
Adiabatic expansion source

Auger electron spectroscopy

Time of flight ion mass spectroscopy

Electron-ion-ion coincidence spectroscopy

University of Oulu

Figure 1.4: Overview of the studied systems and the applied particle gener-
ation and characterization techniques in Papers I–III.

initial design and construction of this source was carried out mainly by Prof.
Marko Huttula, Dr. Mikko-Heikki Mikkelä and Dr. Lauri Hautala, on the
basis of the ”Exchange Metal Cluster Source” (EXMEC) first reported in
2010 [21, 24, 25]. Further development and commissioning of this instru-
ment at the newly built MAX IV synchrotron was performed in the present
work. The source operates using the adiabatic expansion (+ pickup) scheme
which can be used to generate clusters from a broad range of materials, such
as rare gas clusters, molecular clusters, water-alkali-halide clusters, alkali-
halide clusters, metal clusters, etc. [21, 26–39] In this experiment, the elec-
tronic properties of alkali and halide ions solvated in a confined water cluster
environment with a few hundred water molecules were addressed. Core and
valence level photoelectron spectra of [H2O]N and [H2O]N[KCl]M clusters were
reported, and a thorough comparison of the results to other molecular, cluster
and condensed samples was given. The results provide implications also to
the emergence of electronic properties of macroscopic salt-water solutions as
a function of system size, and to the current discussion on the sensitivity of
photoelectron spectroscopy to differing solvation configurations in general.



8 CHAPTER 1. INTRODUCTION

The used adiabatic expansion + pickup method has previously been applied
for alkali-halide-water clusters only in couple occasions, [36,38] and so general
discussion was also provided on the properties of such species.

In Paper III, ArN and [H2O]NArM clusters, likewise generated using the
adiabatic expansion principle, were probed using an Auger electron-ion-ion
multi-coincidence scheme combining Auger electron spectroscopy (AES) and
ion time of flight mass spectroscopy (TOFMS). High energy electrons pro-
duced with a compact electron source were used for probing the clusters in
this experiment, which was carried out at the Nano and Molecular Systems
Research unit’s laboratory at University of Oulu, Finland. The experiment
provides information from the composition of the precursor clusters and their
dynamical response to core ionization, with selectivity to the ionization site
(argon) and subsequent electronic transitions. By connecting the core level
process into the final charge distribution, the experiment provides implic-
ations to the decay dynamics of core ionized states in heteroclusters and
in aqueous environments in general, particularly regarding van der Waals
bonded species.

Organization of the thesis

The thesis is organized around the unifying experimental scheme applied in
all three papers, as illustrated in Figure 1.3. First, the physical basis of the
applied spectroscopic techniques is given in Chapter 2. Some fundamental
properties of the studied systems and specifics of their interaction with ion-
izing radiation are embedded in the discussion, clarifying how and what kind
of information is reflected in the measurements. In Chapter 3, the instru-
mentation used for generating the particles for in-vacuum characterization
are described. In Chapter 4, central aspects of synchrotron radiation facilities
are introduced. In Chapter 5, operation principles of the used electron and
ion analyzers as well as details of the coincidence technique are discussed.
Finally, a summary and future outlook are given in Chapter 6.
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Chapter 2

Fundamental aspects

2.1 Photoionization and photoelectron spec-

troscopy

2.1.1 Overview

In the ultraviolet (UV) and X-ray regimes, one of the governing primary in-
teraction mechanisms between electromagnetic radiation and matter is pho-
toionization. In this process, the system (atom, molecule, cluster,...) absorbs
a photon and one of the initially bound electrons is released from the system.
For solid matter, the term photoelectric effect is also commonly used for an
analogous process. In quantum mechanical terms, the system is transferred
from its neutral ground state |i⟩ to a final ionic state |f⟩ with one elec-
tron excited to continuum. The transition probability is proportional to the
square of the magnitude of the transition matrix element | ⟨f |H ′|i⟩ |2, where
H ′ is a perturbation Hamiltonian that describes the electron(s) interaction
with the oscillating photon field, typically in the first order electric-dipole
approximation. [40]

Using a single water molecule as an example, the photoionization process
is

H2O+ hν −→ H2O
+ + e−pe, (2.1)

where hν indicates the photon (h is the Planck’s constant and ν is the photon
frequency) and e−pe the photoelectron. Also, since energy must be conserved,

Ep − Ek = Eb, (2.2)

where Ep = hν is the photon energy, Ek is the photoelectron’s kinetic energy
and Eb is the binding energy (BE). Specifically, Eb corresponds to the energy
difference between the neutral ground state Ei and the final ionic state Ef .
Instead of binding energy the terms ionization energy/ionization potential
are also sometimes used, often in referring specifically to the minimum energy
required to remove an electron from the outermost electronic level.
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Photoelectron spectroscopy

Photoionization is the central phenomenon acting in photoelectron spectro-
scopy, the experimental technique applied in papers I and II of this work. If
one irradiates the sample using a well-defined photon energy Ep, and then
measures the kinetic energy of the photoelectron Ek (the operation of elec-
tron analyzers are discussed later in Chapter 5), Eb is straightforwardly ob-
tained from eq. 2.2. A photoelectron spectrum, representing the entire Ek

(Eb) statistics measured over a specific kinetic energy interval with a con-
stant (monochromatic) photon energy, then effectively maps the sample’s
electronic density of states weighted by the transition probability.

As an example, the valence photoelectron spectrum of water molecules,
given their presence in all of the here studied systems in Papers I–III, is
shown in Fig. 2.1. The distinct features can be assigned to ionization of
electrons from the different molecular orbitals. For comparison and assign-
ment of the peaks, the ground state molecular orbital diagram of gas phase
water is also shown in the figure [41].

Ionization is often accompanied by simultaneous excitation of the mo-
lecule to different vibrational states, which is reflected as fine structure in
the photoelectron spectrum (Fig. 2.1). The broad band structures of water
are seen to be composed of a series of narrower peaks (at positions of the
vertical bars below [42]) separated by near-constant energy intervals, corres-
ponding to the different vibrational quantum states. Further quantization
of the energy results from excitation of rotational states, but their energy
separations are too small to be resolved here. [43]

Comparison of the photoelectron spectra of free molecules to that of
clusters (and bulk matter) reveals how the electronic properties change upon
condensation. In Fig. 2.1, in addition to the single molecule spectrum, a
spectrum containing signal also from water clusters is shown. The spectrum
of water clusters shows the same main features as seen in the molecular case,
but as significantly broadened and shifted to lower binding energies. This is
particularly visible for 1b1, which is the highest occupied molecular orbital
(HOMO) with no significant overlap with the molecular lines. The binding
energy shift arises from changes in the initial and final state energies. In par-
ticular, in the final state the positive charge of the atom/molecule is screened
by polarization of the electronic density in the neighbouring atoms/molecules,
which typically results in lowering of the binding energy compared to the free
molecule case. Because this screening efficiency is sensitive to the local struc-
ture around the ionization site, the photoelectron peaks in clusters become
broadened as the probed water molecules are present in a range of differ-
ing structures in the highly amorphous and thermally fluctuating molecular
network. Moreover, because the delocalized valence electrons are responsible
for both intra- and intermolecular bond interactions, the valence photoelec-
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Figure 2.1: Valence photoelectron spectra of water molecules and water
clusters with a mean size of ⟨N⟩ = 160 molecules. The molecular orbital
diagram of gas phase water and corresponding labeling of the peaks is shown
for comparison [41]. The photon energy was 100 eV.

tron spectrum is also accordingly sensitive to changes in them. For water,
intermolecular interactions cause additional broadening and splitting of the
spectral lines, where the effect depends on the specific orbital and also on
the distribution of hydrogen bonding configurations, i.e. temperature (liquid
vs. crystalline ice). [44,45]

2.1.2 Inner-shell ionization

In the characterization of different solute-solvent systems in Papers I and
II, in addition to the valence region, photoelectron spectroscopy was applied
also for probing various core (or inner) level spectra. Core level XPS is es-
pecially useful for determining the chemical composition of a given sample.
This is because the inner levels have highly characteristic binding energies,
which typically differ by several tens to several thousands of eV between the
different elements and also between the different inner shells. Such energy
separations can be easily resolved with modern electron analyzers, and the
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relative intensities of the peaks are proportional to the number concentra-
tions of their respective elements. When an atom is placed in a chemical
environment (molecule, cluster or condensed matter), the BEs of core levels
are only marginally changed so that their characteristic nature is retained.
They can thus still be easily identified and assigned to different elements in
the sample, largely irrespective of the sample’s overall chemical composition.

Importantly, the small BE shifts typically from few fractions of an eV
to few eV in magnitude, can however also be commonly resolved. While
inner shell electrons do not similarly participate in molecular bonding as the
valence electrons, the magnitude of the BE shift is however inherently linked
to the local atomic structure and type of chemical bonding via changes in
the local charge density in the initial and final states (polarization screen-
ing). Core level BE shifts can therefore be exploited as sensitive probes of
the atom’s local chemical environment, and are generally referred as chemical
shifts. In clusters, distinct BEs are commonly observed for atoms located at
different coordination sites or chemical states, such as water molecules in
different hydrogen bonding configurations in water clusters [46], ions in bulk,
face, edge or corner sites in alkali-halide clusters [37], and solvent separated
or contact ion pair states in salt-water clusters [38]. It should be noted that
while the signs and magnitudes of chemical shifts can often be qualitatively
reasoned as in the above examples, in general the shifts do not however al-
ways develop monotonously as a function of cluster size [38, 47]. Especially
in small sizes significant changes in structural configurations can occur, while
with larger sizes more gradual shifts can be expected as long-range (screening
efficiency, depending also on the structural properties) effects slowly saturate.
In practice, it should also be generally considered that one often simultan-
eously probes a specific distribution of clusters with different sizes, compos-
itions and/or internal structures, which will be accordingly reflected to the
experimental photoelectron spectrum as peak broadening.

As an example, the Cl 2p inner shell photoelectron spectrum of KCl solv-
ated in water clusters from Paper II is shown in Fig. 2.2. Two peaks with
a 1:2 statistical ratio are observed due to spin-orbit coupling with a total
angular momentum j = 1/2 (higher BE) or 3/2 (lower BE) in the final state.
Besides clusters, a small contribution from uncondensed KCl molecules is
also simultaneously observed, but at a distinct ∼1.1 eV lower BE. The BE
difference can be understood from the response of the environment, as in
clusters the Cl− ion is solvated by water molecules, and in the molecule it is
only paired with K+. For reasons discussed above, the cluster peaks are seen
to be significantly broader than the KCl molecule peaks.

Common to all alkali halides, the BE shifts have opposite signs for anion
and cation core levels [36, 38]. Different directions and magnitudes of the
shifts stem from the response of the environment when ionizing an anion
(Cl−), for which the charge state changes from -1 (initial state) to 0 (final
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Figure 2.2: Photoelectron spectra of the Cl 2p level, showing distinct con-
tributions from gas phase KCl molecules and KCl solvated in water clusters
with a mean size of 160 molecules. Data from Paper II.

state), or a cation (K+), for which the change is from +1 to +2. For an ion
in a (water) solution, the BE shift from a free ion is equal to the difference
in the electrostatic interaction energy with the environment in the initial
state and in the final state. The magnitude and sign of this energy difference
depends rather strongly on the initial and final charge state, as was discussed
by Weber et al. [48] in terms of a dielectric continuum cavity model. When
a cation is ionized, the charge state increases from +1 to +2, and therefore
also the electronic polarization interaction with the solvent increases in the
final state. In contrast, for an anion, interaction with the solvent decreases
in the final state (hence the opposite direction of the shift), and the change
is also smaller in magnitude compared to the cation case (hence the smaller
magnitude of the BE shift). More precisely, the energy difference is ∆Gcav

for an anion, and −3∆Gcav for a cation, where ∆Gcav is the electrostatic
free energy from electronic polarization of the solvent continuum [48]. An
alkali halide molecule appears something of an intermediate case between free
ions and solvated ions. In a molecule, the counter-ion provides qualitatively
similar electronic screening which depends on the charge states in the initial
and final states, but apparently by a smaller magnitude than in a solution.
Note that the BE of a free K+ ion (∼31.7 eV) is ∼10 eV higher than of
a solvated ion (∼22.2 eV), while the KCl molecule (∼25.1 eV) settling in
between, is only ∼3 eV higher. Similarly, the BE of a free Cl− ion (∼3.6 eV)
is ∼6 eV lower than in a solution (∼9.9 eV), while the KCl molecule (∼8.9 eV)
is only ∼1 eV lower [49]. The larger magnitude of (decreasing) BE shifts of
cations than (increasing) BE shifts of anions is generally observed also for
other alkali halides, not just for KCl [36, 38]. The here presented peaks fits
(as well as those presented further below) were performed using the Igor Pro
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software with the curve fitting package SPANCF [50,51].
It should be emphasized that the photoionization process occurs so rap-

idly that it is in most cases practically instantaneous from the perspective
of nuclear motion (positions of the atoms) [43]. Thus, soft X-ray photo-
electron spectroscopy essentially carries information from the system in its
initial structural state (excluding certain ultrafast dissociation processes).
Subsequently induced nuclear dynamics, and typically also the electron dy-
namics beyond the final state electron correlation (see below discussion on
”post-collision interaction”), do not influence the photoelectron’s kinetic en-
ergy. In turn, as discussed further below, the detection of ions instead carries
information on later phenomena up to the 10−6 s timescale, namely the in-
duced molecular fragmentation. For example, while water molecules neigh-
bouring solvated Cl− are oriented with the positive hydrogen sites pointed to-
wards this negative ion, but conversely with the negative oxygen site towards
neutral Cl (produced after ionization), such potentially induced structural re-
organizations occur at significantly longer timescales and are not reflected in
the photoelectron spectra [44].

2.1.3 Probe depth
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Figure 2.3: Inelastic mean free path of electrons in KCl.

In further considering the information that (UV and soft X-ray) photo-
electron spectroscopy provides, the high probability for inelastic scattering
of electrons traveling through atomic matter should be realized. As an ex-
ample, the calculated inelastic mean free path (IMFP) of electrons in KCl is
shown in Fig. 2.3, although relatively similar curves are found practically in
all materials [52, 53]. One notices that, in the few tens to few hundreds of
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eV kinetic energy range, the photoelectron peaks contain electrons practic-
ally only from the topmost couple nanometers. Therefore, in the 100-200 nm
diameter particles probed in Paper I, only the particle surface is effectively
probed. On the other hand, in Papers II and III, the probe depth is compar-
able to the size of the clusters (≲ 3 nm). The IMFP has a minimum typically
around 100 eV, and raises at lower and higher energies. Because the probe
depth depends on the electron energy, it is then also apparent that it is in
principle possible to probe the surface composition as a function of depth by
measuring photoelectron spectra with different photon energies.

2.1.4 Photoionization cross section

In analytical photoelectron spectroscopy, one has to account also for the fact
that the transition (ionization) probabilities, and therefore the intensities
of individual photoelectron peaks, vary as a function of the photon energy
[43]. The ionization probability is parametrized by the photoionization cross
section, which has units of area. Specifically, the terms partial (σi) and total
photoionization cross section (σ) are used in referring to the probability of
ionization from a specific orbital and the sum of all partial cross sections σ =∑

σi, respectively. Knowing the precise values of cross sections is important
when elemental concentrations in the sample are quantified, as in paper I.
They should also be at least coarsely considered in choosing an appropriate
photon energy for the experiment, as one typically aims in maximizing the
signal intensity.

In Fig. 2.4, partial atomic cross section curves [54, 55] are shown for se-
lected orbitals which were probed in Papers I and II. It is seen that the cross
section increases with l = 0, 1, 2, .. (for the same principal quantum number
n), i.e. the electronic occupation of the orbital, which in practice makes pho-
toelectrons e.g. from p and d orbitals preferential observables over s orbitals
in terms of shorter measurement time. As an example, the inset shows the
dramatic difference in Na 2s and Br 3d photoline intensities measured from
NaBr particles in Paper I, despite of the 1:1 atomic ratio of Na:Br. The
3d level consists of a doublet peak structure due to the parallel/antiparallel
coupling between spin and orbital angular momenta to total angular mo-
mentum j = 3/2 (higher BE) or 5/2 (lower BE), with 2:3 degeneracy.

Cross sections are typically highest close to the ionization thresholds and
gradually decay with increasing photon energy, but they do not always vary
monotonously. In particular, some orbitals (3p, for example) show distinct
wells near the ionization threshold known as Cooper minima, which result
from a sign change in the overlap integral due to nodal structure in the initial
state wave function [43]. Generally the magnitude of σi depend on multiple
aspects and differ between different chemical environments, although with
the absence of detailed knowledge one often satisfies to using single atom
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Figure 2.4: Photoionization cross sections of selected atomic orbitals. The
inset shows a photoelectron spectrum of NaBr nanoparticles measured with
a photon energy of 175 eV (from Paper I). 1 Megabarn (Mb) = 10−22m2.

reference values for reasonable accuracy [54,55].

2.1.5 Angular distribution of photoelectrons

The photoelectron intensity depends also on the electron’s emission (obser-
vation) angle with respect to the light polarization axis. When linearly po-
larized light is used, as in papers I and II, the differential ionization cross
section is

dσi(θ, ν)

dΩ
=

σi(ν)

4π
[1 + βi(ν)P2(θ)] , (2.3)

where P2(θ) = (3 cos2 θ−1)/2 is the second order Legendre polynomial, βi(ν)
is an anisotropy parameter with values ranging from -1 to +2 (depending on
the orbital character and energy), and θ is the observation angle with respect
to the light polarization axis (electric field vector). [40,56]

A practical aspect from the experimental point of view is that at the
so-called magic angle θ ∼54.7°, P2(θ) = 0, and the ionization probability
becomes independent of the anisotropy parameter which therefore does not
have to be (and often is not) precisely known. In paper I, the photoelectron
spectra were recorded at this angle, allowing compositional analysis of the
particle surface without detailed knowledge of βi(ν) values. The experiment
of Paper II was carried out at θ = 0° angle, mainly because at the time of
the experiment the magic angle mode was not yet commissioned in the newly
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established FinEstBeAMS beamline, but it is also of less significance for this
study since precise relative atomic concentrations were not considered.

2.2 Electron ionization

Besides photons, energetic particles can also cause ionization. In Paper III,
electrons accelerated to the keV regime were used to induce inner shell ion-
ization in mixed argon-water clusters. In electron (impact) ionization, the
incident electron scatters inelastically from the system via Coulomb interac-
tion, passing a part of its kinetic energy so that another bound electron is
released. Using again a water molecule as an example, the reaction is

H2O+ e−i −→ H2O
+ + e−i + e−ii , (2.4)

where e−i is the incident electron and e−ii is the ionized electron. Funda-
mentally, this process represents a complex many-body interaction with two
continuum electrons in the final state, and the amount of transferred energy
is generally not well determined as in the photoionization case (where the
energy of a photon is fully absorbed). [57]

2.3 Decay of inner shell vacancy states

2.3.1 Auger effect and Auger electron spectroscopy

Upon ionization by an energetic photon or electron, the system can be left
with a vacancy in one of its inner electronic shells. This excited and highly
unstable state rapidly (typically in the femtosecond timescale) decays by
transferring an electron from a higher level to occupy the vacancy, simultan-
eously releasing energy from the system. The decay can occur via a radiative
(fluorescence) or a non-radiative (Auger) transition, which are schematically
illustrated in Fig. 2.5. [40]

In radiative decay, the excess energy is released via photon emission. In
turn, in non-radiative decay the energy is transferred to another outer shell
electron which is ejected from the system. The charge state of the system thus
also increases from +1 to +2, so that the initially neutral system becomes
doubly ionized. The energy release is determined by the energy difference
between the initial state with a single inner shell vacancy and the final state
with two outer shell vacancies. The excess energy is converted into kinetic
energy of the Auger electron. The Auger electron’s energy is in most cases
independent of the incident photon (or electron) energy, so in this sense
the core hole formation and Auger decay can in practice be viewed as two
separate processes (In some cases single-step treatments may be required [58].
See also notes on the PCI-effect in section 2.5.). According to the uncertainty
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Figure 2.5: Illustration of different secondary processes following inner shell
ionization (top left). The core vacancy can be filled via radiative decay (top
right), Auger decay (bottom right), or if the atom/molecule is placed in
an environment also by various interatomic decay mechanisms such as the
depicted interatomic coulombic decay (bottom left).

principle, the lifetime of the core vacancy state is reflected to the linewidth
(energy uncertainty) of the photoelectron peak. Note that based on the
kinetic energy of the Auger electron it is not possible to make a distinction
between which of the two outer shell electron’s in question filled the inner
shell vacancy and which one was emitted.

In light elements Auger decay typically dominates over radiative decay,
when sufficient energy is available for the second ionization. With the pres-
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ence of multiple higher electronic levels, the Auger process can occur via
various channels, each resulting in distinct kinetic energies for the Auger
electron. If the initial ionization occurs from a sufficiently deep orbital, a
cascade of consecutive Auger (and/or fluorescence) processes occurs until
the system has finally relaxed to its lowest energy state with all vacancies
transferred to the outermost shells. In such a case, the system will be left
in a multiply ionized state, according to the total number of released Auger
electrons. The measurement of the kinetic energy distribution of Auger elec-
trons in a similar manner as in photoelectron spectroscopy can be separately
termed as Auger Electron Spectroscopy (AES). In Paper III, Auger electron
spectroscopy was applied to pure argon and mixed argon-water clusters.

Figure 2.6: Experimental Auger electron spectra of argon atoms and argon
clusters (⟨N⟩ ∼ 30)) resulting from L-shell ionization (from Paper III). The
pure cluster spectrum was obtained after subtracting the simultaneously ob-
served contribution from uncondensed atoms. The strongest features ob-
served between 200–210 eV (in atoms) originate from L2,3M2,3M2,3 trans-
itions, designated by the black vertical bars. In clusters, the features appear
as broadened and shifted to higher kinetic energies.
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As an example, Auger electron spectra of argon atoms and argon clusters
(⟨N⟩ ∼ 30)) resulting from L-shell ionization by 3 keV electrons are shown
in Fig. 2.6 (note that the electron configuration of argon corresponds to that
illustrated in Fig. 2.5). The rich structure results from various decay channels
of L−1

1,2,3 inner shell vacancies. The strongest features observed between 200–
210 eV (in atoms) originate from L2,3M2,3M2,3 transitions and were monitored
in Paper III. Otherwise, a detailed breakdown of the peak assignments is
not central here and has been well documented in the literature [59], but the
intention is to rather illustrate how the cluster environment is manifested in
the Auger spectrum.

As in the photoelectron spectrum, polarization screening by the envir-
onment lowers the binding energies of each Auger transition as well, with
structural and size variations broadening the peaks. In this case however,
the kinetic energy shift is even larger because the final charge is +2 (instead
of +1) and the screening effect is stronger. The experimental L2,3M2,3M2,3

spectrum can be reproduced reasonably well if one first fits the atomic spec-
trum (with 4 distinct features), and then applies the same relative binding
energy shifts and intensity ratios to the cluster spectrum in two sets. In
earlier works, these two components have been assigned to surface and bulk
coordination sites [60], as illustrated also in the figure with blue and orange,
respectively. A bulk atom is more efficiently screened by the environment
than a surface atom, and is therefore observed at a lower binding energy
(higher kinetic energy). For example, the peak at ∼207.3 eV in atoms res-
ults from close-lying L2M2,3M2,3 (3P0,1,2) transitions, and their equivalents
in clusters appear as two shoulders around ∼209 and ∼210 eV. Clearly, the
fit with just two sets of peaks is a simplified description, since in reality a
distribution of cluster sizes (and geometries) is simultaneously probed. Note
that in fitting the cluster spectrum a strongly increasing background must
also be account for, which is probably due to inelastic intracluster scattering
of the Auger electrons. Here a cumulative Shirley-like description (dashed
line) was applied.

2.3.2 Interatomic/intermolecular transitions

Auger decay can be considered as a ”local” process in the sense that the core
vacancy, the electron that fills it, and the finally emitted Auger electron, are
all initially present in the same atom. If the atom/molecule is an environ-
ment, decay schemes involving electrons from neighbouring atoms/molecules
can also occur [61]. In an interatomic/intermolecular Coulombic Decay (ICD)
for example, illustrated in Fig. 2.5, an electron from one atom fills the
core vacancy and an electron from another atom is emitted (by ”virtual”
photon transfer). Another well known process is Electron Transfer Mediated
Decay (ETMD), where an electron is transferred from one atom to fill a va-
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cancy in another, and an electron is emitted from the electron donating atom
(ETMD(2)) or from a third atom (ETMD(3)). The transition probabilities
via interatomic processes depend strongly on the system by the relative ener-
gies of the electronic levels, interatomic distances, orbital overlap (and bond
class) and the transition energy. Interatomic channels are generally compet-
ing processes with local Auger decay, and play particularly important roles in
the decay of inner valence level vacancies where orbital overlap is larger, and
it may occur that Auger decay is energetically forbidden while an interatomic
process is allowed. A thorough discussion on such interatomic/intermolecular
processes involving two or more atom/molecules is beyond the scope of this
thesis. An extensive review on the topic was recently given by Jahnke et
al. [61].

2.4 Cluster fragmentation and mass spectro-

scopy

Ionization of an initially neutral cluster by an incident photon or electron
often leads also to intracluster reactions (new species formation) and disso-
ciation of the cluster into several charged and neutral fragments. Besides
detection of the photo- and Auger electrons discussed above, it is possible
to detect also the ionic fragments by mass spectroscopic means. The mul-
tiply charged states formed in Auger and/or interatomic decay (cascades),
followed by charge redistribution, are especially dissociative due to the strong
Coulombic repulsion introduced within the cluster. Although, singly ionized
states can lead to fragmentation as well. Considering ”vertical” ionization
within the Born-Oppenheimer approximation, i.e. no nuclear motion dur-
ing ionization, the system can be simultaneously raised to a vibrationally
excited state (as seen also in the photoelectron spectrum of the water mo-
lecule, shown in Fig. 2.1). This is inherently linked to the differing potential
energy surfaces and equilibrium internuclear distances in the neutral and
ionized states, inducing post-ionization nuclear motion and thereby heat dis-
sipation to the cluster [40]. The extent of fragmentation depends also on
the bond strength between the cluster constituents, and therefore in general
differs between different classes of clusters. For example, the energy required
to remove one argon atom from a van der Waals bonded argon cluster is
an order of magnitude less than what is required for removing one water
molecule from a hydrogen bonded water cluster [62].

A general expression for ionization and subsequent fragmentation of a
water cluster, involving the rapid proton transfer reaction which leads to
hydronium ion and OH formation [63], can be written as
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[H2O]N + hν −→ [H2O]+N + e−pe
↘

[H2O]MH3O
+ +OH+XH2O

where X = N−M− 2. Note that besides monomers, some of the neutral spe-
cies might also be larger (cluster) fragments. Similarly, for double ionization
via e.g. core ionization and subsequent Auger decay, one can write

[H2O]N + hν −→ [H2O]+N + e−pe
↘

[H2O]2+N + e−a
↘

[H2O]MH3O
+ + [H2O]KH3O

+

+OH+OH+XH2O

where X = N−M−K− 4. Similar processes occur in case of electron ioniz-
ation.

It has been shown that electron ionization in particular induces substan-
tial fragmentation of water clusters, even with incident energies as low as few
tens of eV, i.e. only slightly above the ionization threshold [64–66]. Bobbert
et al. [64] measured mass spectra of water clusters of varied size at varied
energies of the impacting electron. They observed substantial evaporation of
neutral water molecules from the clusters, with fairly linear dependence on
cluster size. The observed dependence on electron energy was discussed in
terms of the stopping cross section, parametrized by the induced electronic
excitations and their eventual conversion to vibrational energy (heat). The
evaporation efficiency was found to be orders of magnitude more efficient in
clusters than in condensed water, since the extent of heat transfer to the lat-
tice is limited in the finite sized system and the cluster cannot accommodate
the substantial amount of thermal energy. In turn, Lengyel et al. [65] found
that the fragmentation pattern does not significantly depend on the original
cluster size (between 10–140 molecules per cluster on average) or electron
energy (between 15–90 eV), calling for a new theoretical model. The strong
fragmentation was not explainable with the estimated energy deposition of
a few eV at most, suggesting that unidentified effects still remain [66].

In Paper III of this thesis, the fragmentation of mixed argon-water clusters
upon electron ionization was investigated. In these clusters, which form core-
shell type structures, the excess energy (heat) in the cluster causes strong
evaporation especially of the weakly bonded argon atoms [67, 68]. Even
though initially an argon site is ionized, the charges can efficiently migrate
to the water network so that the production of argon ions is effectively sup-
pressed. In this case, one can write
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[H2O]NArM + e−i −→ [H2O]NAr
+
M + e−i + e−ii

↘
[H2O]NAr

2+
M + e−a

↘
[H2O]KH3O

+ + [H2O]LH3O
+

+OH+OH+XH2O+ YAr

It is central to realize that in a mass spectrometer, only the charged
species can be detected. Cluster fragmentation upon ionization has thus
relevance also in linking the original size distribution and composition of the
neutral precursor clusters to those observed in the ion mass spectrum. It is
well known that in many situations these two have limited correspondence
due to extensive cluster fragmentation. This has also lead to the development
of special methods such as Na-doping for ”soft ionization” [65]. Also the inert
gas-layering in the argon-water cluster case (Paper III) can be viewed as a
route for soft ionization of water clusters (via charge transfer to water and
inert gas evaporation). Interestingly, if the initial number of argon atoms is
large enough, then fragmentation of the water cluster can be shielded to the
extent that the OH species is retained in the water cluster ion [68,69].

In Paper III of this thesis, it was shown that a significant benefit in this
regard can be obtained from simultaneous detection of electrons and ions ori-
ginating from the same process, because while the ion spectrum may poorly
reflect the initial cluster composition, the rapid photoionization and Auger
processes directly reflect the initial state of the cluster. In this measurement
method, discussed further below in Chapter 5, the electron can also carry
information from the particular ionization process, electronic decay chan-
nel, and even the ionization site, where the correspondingly observed cluster
fragmentation dynamics originated.

2.5 Remarks on near-threshold excitation

The physical basis for the experimental techniques applied in Papers I–III,
including photoelectron spectroscopy, Auger electron spectroscopy and mass
spectroscopy (and electron-ion coincidence spectroscopy), has been given
above. Various aspects of photon and electron mediated ionization pro-
cesses, as well as the subsequently induced phenomena, were introduced.
In particular, the focus was on processes occurring with energies well above
the ionization threshold, given the focus of the included papers. For the sake
of completeness, brief remarks on near threshold phenomena and related ex-
perimental techniques are also given.

In near-threshold ionization, due to the short lifetime of core ionized
states, at sufficiently low kinetic energies the photoelectron may still be in
the ”vicinity” of the atom during the Auger process so that observable en-
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ergy exchange occurs between the fast Auger electron and the slow photo-
electron [40]. In this Post Collisional Interaction (PCI), the kinetic energy of
the Auger electron is increased because it effectively feels a smaller positive
charge from the ion. The kinetic energy of the photoelectron is correspond-
ingly lowered. In practice, PCI would be seen as an asymmetric profile of
the photoelectron peak. In most XPS experiments, including those of Pa-
pers I and II, the used photon energies are however well above the ionization
thresholds so that PCI-effects do not play an observable role. Likewise, the
primary Auger electron features measured in Paper III do not show similar
interaction with the impacting electron or the initially emitted inner shell
electron.

Besides ionization, it is also possible to excite bound electrons to higher
unoccupied electronic states below the ionization threshold [40]. In case
of UV/X-rays, the photon energy must be tuned exactly to the resonance
energy, the difference between initial and final state energies. In contrast, in
excitation by incident electrons, resonant excitation can in principle occur at
any given energy of the electron (as long as it is sufficiently high). In general,
allowed excitations are limited by different selection rules, which differ for
photon and electron induced excitations. In the case of photoionization the
dipole selection rule is a governing factor (in the UV and soft X-ray regimes
the electric field strength of the photon field can be assumed constant in the
vicinity of the atom), while in excitation by electrons multipole transitions
are also prominent.

If the excited electron is a valence electron, such an excited state typically
decays via photon emission. In case of core excitation, a so-called resonant
Auger process may follow, which can be further divided into spectator and
participator processes [40]. In the spectator process, the core vacancy is
filled by another electron than the initially excited one, and a third electron
is emitted as an Auger electron. In the participator process, an electron fills
the core vacancy and the energy is transferred to the initially excited elec-
tron which is then ionized (or vice versa, though these processes cannot be
distinguished because they are identical in energy). Note that after resonant
Auger decay the system is left only singly ionized, while in the formerly dis-
cussed normal Auger process the system becomes doubly ionized. Likewise,
also intermolecular decay processes can similarly be mediated by resonant
excitation [61].

Aside from the experimental methods applied in this thesis, probing such
near- and at resonance excited phenomena can also provide a lot of inform-
ation from the sample, and a broad range of well established experimental
techniques have been developed around them. For example, by scanning the
sample as a function of the photon energy over a given ionization edge, e.g.
by measuring total/partial electron and ion yields or attenuation of the ra-
diation as it passes through the sample, one can effectively map both the
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bound excited states as well as the threshold region. This method is gener-
ally known as X-ray Absorption Spectroscopy (XAS), and its application to
clusters and nanoparticles can be particularly useful in providing structural
information [70,71]. A related technique using electron ionization is to meas-
ure the energy loss distribution of the impacting electrons, which likewise
reflects both resonant excitations and a continuous above threshold distribu-
tion. The method is generally known as Electron Energy Loss Spectroscopy
(EELS).
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Chapter 3

Generation of particle beams

With most electron and ion analyzer types, a finite interaction volume is
desirable for optimal transmission and resolution properties. In gas phase
characterization, it is then beneficial to focus the investigated particles into
a narrow freely propagating beam, typically from few hundreds of µm to few
mm in diameter, which is crossed with a comparably narrow X-ray/electron
beam at the interaction point. With this approach one also obtains efficient
overlap between the sample and the probe radiation, while avoids unnecessary
gas throughput so that high vacuum can be sustained with a minimal load
on the vacuum pumps. Another benefit of a particle beam approach is that
a constantly renewing sample is not subject to permanent radiation damage
and electrical charging, which is a common issue in XPS applied to surfaces
or surface deposited particles.

Over the years, the field has seen an extensive number of particle genera-
tion techniques developed for different types of sample materials and particle
size regimes [72]. The technical complexity of the instruments typically in-
creases with that of the particles. In this chapter, the particle generation
techniques applied in papers I–III are introduced. In paper I, the so called
atomization technique was applied where aerosol particles with diameters in
the few hundreds of nm size regime were generated from a bulk solution.
These particles were then sampled from ambient conditions to high vacuum
for the XPS experiment. In papers II and III, instead of extracting small
ensembles from a bulk, individual gas phase atoms and molecules were con-
densed into few nm clusters using the adiabatic gas expansion technique.

3.1 Aerosol particle source

The overall experimental scheme applied in Paper I is illustrated in Fig.
3.1, where aerosols were formed from binary salt mixture solutions with
CaCl2/MgCl2 (H2O) and NaBr/MgBr2 (H2O and C2H6O), with the solvent
designated in the parentheses. The particles were generated using a collision-
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Figure 3.1: Experimental scheme applied in Paper I. Aerosols are generated
using a constant output atomizer in recirculation mode, dried in passing
through a diffusion dryer section, and introduced to vacuum with an aerody-
namic lens inlet for XPS characterization. A separate granulometry analysis
is carried out in parallel with an SMPS.

type constant output atomizer (Model 3076, TSI), where the solution is
sprayed by a constant flow of high pressure nitrogen [73]. The gas flow
also carries the generated particles further into the XPS experiment, while
large droplets impact the back-wall and the excess liquid drains (recircu-
lates) back into the solution. The aerosol flow passes through a diffusion
dryer section, where desiccant surrounding the flow tube adsorbs moisture
from the carrier gas and lowers the ambient relative humidity level. As the
particles seek equilibrium conditions by the condensation/evaporation rate
of water molecules to the surrounding gas, the lower RH causes them to lose
water and the internal salt concentration is increased. At a sufficiently low
RH the droplets can eventually go through efflorescence, i.e. abrupt crys-
tallization. After the driers, aerosol flows are extracted to the main XPS
experiment and to a separate granulometry analysis, measured in parallel.
The overall particle generation process has analogy with the natural forma-
tion of sea spray aerosols (SSA) from breaking waves, or on the other hand
with industrial spray-drying schemes.
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3.1.1 Particle size analysis

The atomizer simultaneously produces a distribution of different particle
sizes, which was monitored using a Scanning Mobility Particle Sizer (SMPS).
First, the charge level of the particles is balanced in an X-ray aerosol neutral-
iser (TSI 3087). The polydisperse particle flow is then passed into a differen-
tial mobility analyser (DMA) (TSI 3081), where an electric field disperses the
particles according to their electrical mobility (size). Only particles within a
narrow range of electrical mobility pass through the DMA, resulting in a mon-
odisperse aerosol output. These particles then enter a condensation particle
counter (CPC) (TSI 3786), where the number concentration is measured. In
the CPC, water vapor is condensed into the particles under supersaturated
conditions, enlarging them so that they can be subsequently detected using
a laser-based optical method. The entire particle size distribution can then
be measured by scanning the voltage level in the DMA, thus obtaining the
number concentration as a function of electrical mobility. [74,75]

3.1.2 Aerodynamic lens

In the XPS experiment, the particles were introduced to vacuum using an
aerodynamic lens inlet, implemented in the ”Multipurpose Source Chamber”
(MPSC) at the PLEIADES beamline. The MPSC set-up has been described
in detail by Lindblad et al. [76]. The aerodynamic lens design is similar to
that described by Jayne et al. [77]. The operation principle is schematically
illustrated in Fig. 3.1, with the blue lines representing particle trajectories.

The particles enter the lens from ambient conditions through a flow lim-
iting orifice, typically a few hundred micrometers in diameter. The pressure
inside the lens is on the order of a few mbar. The lens structure contains a
series of few cm long tubes, separated by walls with small central apertures.
Under these repeatedly converging-diverging conditions, the aerodynamic
flow focuses particles with appropriate aerodynamic sizes into trajectories
close to the centerline. Particles which are too large impact the walls due
to their large inertia. The lens has a near 100% transmission for particles
approximately in the 70–500 nm size regime. Note that the mean sizes meas-
ured for the particles in Paper I with the SMPS, around 100–200 nm, are
within this range. In the final nozzle expansion, carrier gas molecules (and
small particles) largely disperse into the vacuum, while the heavy particles
continue forward as a narrow beam (∼1mm). The particle beam is sub-
sequently passed through a skimmer, and crossed with the X-ray beam for
the XPS analysis. [77, 78]
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3.2 Adiabatic expansion source

The clusters investigated in papers II and III were produced using the so-
called adiabatic expansion (or supersonic expansion) principle, which in its
various adaptations is one of the most widely used cluster generation tech-
niques. In its basic form the technique is relatively simple, has a high
throughput of clusters with densities high enough to satisfy the requirements
of even the presently applied spectroscopic techniques, and covers broad size
and sample ranges. Moreover, the approach is extendable to form clusters of
rather unique compositions using the ”pickup” scheme. In this section, gen-
eral aspects of adiabatic expansion sources are discussed, including specifics
of the set-ups used in Papers II and III. The discussion in this section is an
adaptation of material that can be found from several textbooks written on
the subject, such as those of Haberland [7], Johnston [79] and Huttel [72].
Apart from few appropriate exceptions, repeated citation of these works is
omitted.

3.2.1 Cluster formation in a gas expansion

The expansion of high pressure gas into vacuum through a small nozzle (ori-
fice) results in condensation of the gas into clusters, if the conditions are
appropriate [80, 81]. During the expansion, the local pressure rapidly drops
by several orders of magnitude, typically from 102–105 hPa to ≲ 10−3 hPa.
In the high pressure regime before and at the early stage of the expansion,
the gaseous units (atoms or molecules) initially have a random velocity dis-
tribution and a high collision rate, with a mean free path much smaller than
the nozzle diameter. As the expansion proceeds towards the free flow regime,
the atoms gradually obtain near parallel propagation away from the nozzle,
so that their relative velocities and thereby the local gas temperature are
significantly lowered. In these conditions, the gas can reach supersaturation
and condense into clusters. The term supersonic refers to the jet velocity
becoming higher than the local speed of sound.

A few mm to few cm downstream of the nozzle, a beam skimmer is placed
(BeamDynamics Inc. [82]). The skimmer is a conical (often slightly curved)
piece with a central orifice, typically from few hundreds of µm to couple mm
in cross diameter. The main purpose of the skimmer is to extract only the
cluster-rich central part of jet to the experiment. A significant portion of
the uncondensed gas effusing from the nozzle thus remains in the expansion
chamber, so that a much higher vacuum level can be sustained in the analysis
chamber. This is critical for providing free flow conditions for the clusters, X-
rays, electrons and ions, for maximizing the cluster/monomer signal ratio, as
well as for proper functioning of the analyzers (discussed in Chapter 5) which
often cannot operate at pressures ≳ 10−5 hPa. Occasionally, it is appropriate
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Figure 3.2: Illustration of cluster formation in an adiabatic expansion source.

to use several skimmers in series with differential pumping, such as in Paper
II. The edge of the skimmer should be as thin as possible, preferably just a
few µm, to provide smooth flow properties and minimal interference of the
clusters with back-scattered gas.

In generating molecular clusters from low vapor pressure liquids such as
water, it is typically necessary to provide heating in order to increase the
vapor pressure for clustering to occur. The nozzle should be heated to a
slightly higher temperature to prevent condensation in the nozzle throat and
guarantee a smooth flow. In Paper II, water was evaporated in a temperature
controlled liquid reservoir placed just behind the nozzle, as illustrated in Fig.
3.3 (to be exact, the actual scheme used in the experiment was that in Fig.
3.4, including a pickup oven, but the principle is the same).

On the atomic level, the condensation of gas atoms/molecules into clusters
is a complex transaction. The process initiates by dimer formation in three-
body interactions. For example, in the case of argon:

Ar + Ar + Ar −→ Ar2 +Ar (3.1)

Three atoms are necessary to satisfy energy and momentum conservation.
The excess energy released in binding two atoms is carried away as kinetic
energy of the third. This interaction is often considered via initial formation
of a metastable collision complex Ar∗2 in a two-body collision, which can be
later stabilized if a third atom collides to it within its short lifetime [62,83,84].
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Figure 3.3: Illustration of cluster generation from low vapor pressure liquids
(H2O). The clustering efficiency can be increased by using a carrier gas, such
as Ar.

Further growth of the clusters follows in subsequent collisions with individual
atoms

ArN +Ar −→ ArN+1, (3.2)

and eventually also in cluster-cluster collisions

ArN +ArM −→ ArN+M . (3.3)

Since the nature of the process is essentially random, a broad distribu-
tion of cluster sizes is simultaneously produced. Under weak clustering con-
ditions the size distribution is exponential, decaying with increasing cluster
size. When the degree of condensation is increased, log-normal distributions
centered at higher masses are typical. The exponential and log-normal distri-
butions, which under certain conditions can even be observed simultaneously
as a bi-modal distribution, have been attributed to the clustering process be-
ing dominated by either monomer addition or cluster-cluster aggregation,
respectively.

3.2.2 Mean size estimation

In interpretation of the experiments, it is often important to obtain an es-
timate of the produced cluster size. Due to the broad size distribution that
is simultaneously produced, the mean cluster size, ⟨N⟩, is typically defined.
The probed cluster size distribution is generally reflected in the measured
electron and ion spectra, which may accordingly provide indications of it to
a certain degree, but ⟨N⟩ can also be estimated with reasonable accuracy
using semi-empirical scaling laws parametrized by the expansion conditions.
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Rare gas clusters

The clustering efficiency depends on the type, temperature and pressure of
the gas, as well as on the size and geometry of the nozzle. An established
method is to combine these in a single dimensionless quantity known as the
reduced scaling parameter, Γ∗, which is then used to calculate the cluster size.
As discussed by Hagena [85], the reduced scaling parameter is calculated as

Γ∗ =
Pd0.85eq Kch

T 2.2875
, (3.4)

where P is the expansion pressure (in mbar), T the temperature (K), and
Kch is a material dependent constant (1646 for argon). deq = 0.74d/ tanα is
the so called equivalent nozzle diameter for conical nozzles, where d is the
nozzle diameter and α is the half opening cone angle.

For argon clusters, Buck and Krohne [86] reported that when Γ∗ < 350,
the mean cluster size can be obtained from

⟨N⟩ = a0 + a1Γ
∗ + a2(Γ

∗)2 + a3(Γ
∗)3, (3.5)

where a0 = 2.23, a1 = 7 · 10−3, a2 = 8.3 · 10−5 and a3 = 2.55 · 10−7. In
the experimental set-up used in Paper III, for the used 25µm nozzle with
a 20◦ half opening angle, the onset of argon clusters appearing in the mass
spectrum was found to be around 3 bar (at a nozzle temperature of 40◦C).
This corresponds to Γ∗ = 270, or ⟨N⟩ = 15 according to equation 3.5, which
appears reasonable.

For larger values of Γ∗, other expressions have been recommended [85–87].
For 350 < Γ∗ < 1800,

⟨N⟩ = 38.4

(
Γ∗

1000

)1.64

, (3.6)

for 1800 < Γ∗ < 104,

⟨N⟩ = 33

(
Γ∗

1000

)2.35

. (3.7)

and for 104 < Γ∗ < 106

⟨N⟩ = 100

(
Γ∗

1000

)1.8

. (3.8)

An alternative formula for the range 1800 < Γ∗ has been given as

⟨N⟩ = exp[−12.83 + 3.51 · ln(Γ∗)0.8]. (3.9)
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Water clusters

Bobbert et al. [88] adapted the Hagena law to molecular systems, giving the
mean number of water molecules per cluster as

⟨N⟩ = 11.6
Γ∗

1000

1.886

, (3.10)

where

Γ∗ =
Γ

Kch

=
n0 · dqeq · T q−3

rq−3
ch · T q−3

ch

=

P

kT0

· G(f)d

tanα
· T q−3

rq−3
ch · T q−3

ch

(3.11)

Here P , T , d and α are defined as above, and the other values are q = 0.634,
G(f) = 0.933 and rch = 3.19 Å.

The size of water clusters can also be estimated from the photoelectron
spectra, particularly the binding energy shift of the 1b1 HOMO-level with
respect to the free molecule value (see Fig. 2.1). The expression was given
by Barth et al. [89] as

⟨N⟩ =
(

∆G

∆G−∆E

)3

(3.12)

where ∆G = 1.4 eV and ∆E is the binding energy shift. Note that (in-
ner shell) photoelectron spectroscopy has been used for estimating the size
distribution of argon clusters as well [90].

3.2.3 Mixed gas expansions

Mixed gas expansions are generally used for two main purposes, (i) for en-
hancing the clustering efficiency by using a carrier gas, and (ii) for generating
mixed clusters. The composition of the produced cluster greatly depends on
the relative clustering efficiencies of the different species. (i) is particularly
applied in generating water clusters (or other molecular clusters) so that
much lower expansion temperatures are required. The carrier gas is typically
an inert gas like Ar or He, for which the degree of condensation is signific-
antly lower so that only the water molecules condense into the clusters. The
role of the carrier gas atoms is thus merely to increase the collision rate and
dissipate heat away from the clusters. In Paper II, argon seeding was used
to increase the size of the generated pure water clusters, as illustrated in Fig.
3.3. In Paper III, the applied expansion conditions were so that both argon
and water were able to condense into clusters simultaneously. Note that the
energy required to evaporate one argon atom from a small Van der Waals
bonded argon cluster is an order of magnitude less than that for evaporating
one water molecule from a hydrogen bonded water cluster [62]. A drawback
of mixed gas expansions is however that the clustering process becomes sig-
nificantly more complex so that e.g. the above discussed scaling law methods
for mean size estimation are not directly applicable [68].
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3.2.4 The pickup method

Besides the above mentioned co-expansion of multiple gases, the pickup-
scheme provides alternative means for mixed cluster production. The process
is illustrated in Fig. 3.4. Initially, a beam of host clusters is produced in an
adiabatic expansion, similarly as described above. The clusters are then
passed through a region with a high vapor density of guest atoms/molecules
that are captured into the host clusters via gas phase collisions.

H2O
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X-ray 

Temperature control

KCl

Liquid reservoir

10-3 hPa 10-5 hPa 10-6 hPa

Skimmer

Nozzle

[H2O]N

Pickup cell

Electron analyzer

e-

[H2O]N[KCl]M

Figure 3.4: Illustration of mixed cluster generation using the pickup-scheme,
applied in Paper II.

Pickup probability

The probability to pickup k molecules can be estimated using the Poisson
distribution [91]

P (k) =
⟨k⟩k

k!
e−⟨k⟩. (3.13)

The expectation value ⟨k⟩ (the mean number of picked up molecules) is

⟨k⟩ = ρ · σ · L =
p(T )

kBTP

· σ · L, (3.14)

where L is the length of the pick up region and ρ = p/(kBTP ) is the number
density of the guest species (p being the vapor pressure and TP the temper-
ature). σ is the so-called pick-up cross section, which depends on the type
and size of the host cluster, as well as on the pickup species.

A rough value for σ can be obtained from the geometrical hard sphere
cross section, denoted σg. The cluster radius can be estimated for example
as R = rwsN

1/3, where rws is the Wigner-Seitz radius (∼ 1.97 Å for water).
The geometrical cross section is then σg = πR2. Further, the combined
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geometrical cross section of the cluster and the pickup molecule of radius r
can be defined as σg = π(R + r)2. [38, 92]

The above description should be taken as a rough estimate, as in practice
the effective pickup cross section usually deviates from the geometrical one
due to long-range interaction. Lengyel et al. [93,94] measured effective cross
sections up to a factor of 3 larger for certain species. Determining a precise
value for ⟨k⟩ is also subject to the effective value of L (pickup outside the cell),
and as seen in Fig. 3.5, the pickup temperature and vapor pressure curve
should be accurately known. It thus appears that in experiments where
precise values of ⟨k⟩ are required, the cluster composition should ideally
be determined by measurement (of e.g. velocity loss, infrared and/or mass
spectra [91, 93]). Nevertheless, equation 3.14 still provides a useful estimate
for the scaling of the concentration as a function of the pickup temperature,
and was applied in Paper II.

Pickup of alkali halides

In Paper II, the pickup scheme was used for doping potassium chloride mo-
lecules into water clusters. Anhydrous KCl powder was added to the pickup
cell in a resistively heated crucible (more details of the pickup cell design can
be found from Ref. [25]). Applying equations 3.13 and 3.14, the calculated
temperature dependent probability distribution of picking up KCl molecules
into water clusters with N = 500 is illustrated in Fig. 3.5. The curves are
calculated using the combined geometrical cross section, with R = 1.56 nm
calculated as described above, and with r = 0.26 nm taken as the internuclear
distance of KCl [95,96]. L ∼ 13mm is taken as the length of the pick up cell
in the experiment. The vapor density of KCl is obtained from Ref. [97].

Concerning the mobility of the adsorbed species, and thereby the final
cluster composition, the phase of the host cluster should generally be con-
sidered. For water clusters, the rate of evaporative cooling (increasing with
temperature) in comparison to the flight time of the clusters effectively sets
an upper limit for the cluster temperature. Typically reported values are well
below 200K, and it is probable that the clusters are at least partially frozen
before the pickup process. [12,98–102] The melting point is lowered as cluster
size decreases, being ∼210K for ⟨N⟩ ∼500 (the crystallization temperature
is on the order of ∼180K [103]). Regarding the mobility of K+ and Cl−

ions in the cluster surface/bulk (assuming charge separation upon pickup),
it is worth emphasizing that even for crystalline clusters the surface layer is
largely disordered, even liquid-like, while the bulk of the cluster can contain
single or multiple crystallites [102,103]. The water network of small clusters
is largely amorphous at least up to N ∼90, but vitrified amorphous struc-
tures can occur with sizes well above this value if the cluster cools sufficiently
rapidly in the expansion [102]. Upon salt adsorption the cluster temperature
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Figure 3.5: Calculated probability P (k) for pickup of k potassium chloride
molecules into a water cluster with N = 500.

can be temporarily raised due to the energy released in the collision and the
solvation reaction, potentially resulting in (partial) melting of the cluster and
increased ion mobility, especially if multiple consecutive pick-up events oc-
cur. Note also that consequent evaporation of monomers (and addition of salt
molecules) results in progressive changes in the cluster size and KCl concen-
tration, and therefore also the pickup probability changes slightly after each
pickup event. For a more accurate description of the cluster composition,
iterative calculations could be used [25].

3.2.5 Design aspects

Generally, the maximum producible cluster size in an expansion source is
in practice limited by the pumping capacity of the vacuum pumps. A rela-
tionship between the pumping speed (throughput) and the sustained vacuum
level for a given nozzle size and expansion pressure can be obtained by consid-
ering the flow rate of gas through the nozzle. The flow rate can be estimated
as q = Kn0v0A, where K is a numerical constant (0.514 for monoatomic or
0.484 for diatomic gases), n0 = P0k

−1
B T−1

N is the initial number density of the
gas, v0 is the initial most probable local thermal velocity, and A = π(dN/2)

2

is the open area of the nozzle throat [104]. In Figure 3.6, required expan-
sion pressure curves are shown for producing argon clusters with mean sizes
⟨N⟩ = 10, 100 and 1000 as a function of nozzle size (using equations 3.6 and
3.7). Corresponding pumping speed curves for sustaining 1 · 10−3 hPa in the
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expansion chamber, which is a typical value on the high-end of the accept-
able regime, are also shown. For rare gas clusters the clustering efficiency
can be increased if one applies cooling to the nozzle, extending the maximum
producible cluster size (or alternatively, lowering the required expansion pres-
sures). This is shown by the additional curve plotted for ⟨N⟩ =1000 when
the nozzle is cooled to −160 °C, which is a typical temperature for a liquid
nitrogen cooled nozzle. The option for liquid nitrogen cooling is implemented
also in the MUSCLE source. Nowadays, the use of pulsed nozzles has also be-
come popular for producing larger clusters with lower overall gas throughput.
The application of a pulsed nozzle is however not ideal when synchrotron ra-
diation based electron spectroscopy is considered, since the measurement is
of constant nature for which a stable continuous beam of clusters is better
suited.
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Figure 3.6: Required expansion pressure for producing ArN clusters with
mean size ⟨N⟩ = 10, 100 or 1000, as a function of nozzle diameter with
α = 20°(solid lines). Correspondingly required pumping speeds for sustaining
1 · 10−3 hPa in the expansion chamber are also shown (dashed lines).

One observes from Fig. 3.6 that less pumping speed is generally required
for smaller nozzles. On the other hand, with decreasing size higher expan-
sion pressures are correspondingly required, and the nozzle gets increasingly
vulnerable to clogging and difficult to manufacture with conventional ma-
chining techniques. The ∼25µm sized conical nozzle used in Paper III was
manufactured with a laser ablation based procedure, which was developed
together with The Centre for Material Analysis of the University of Oulu.
With this nozzle, small clusters can be efficiently produced from various ma-
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terials using relatively low pumping speeds of just a few hundred Ls−1, even
from weakly bonding rare gases without need for liquid nitrogen cooling.
Stable conditions could thus be kept throughout the total data acquisition
of several weeks required in the experiment of Paper III.

In the MUSCLE source up to ∼ 4000Ls−1 pumping capacity has been
implemented, which allows the production of relatively large cluster sizes.
This particularly benefits the pickup scheme, in which the mass of the host
cluster should be significantly larger than that of the pickup species. This
is because the pickup probability increases with cluster size, transverse mo-
menta induced in the pickup events reduces the sample density at the inter-
action point, and the cluster should also have sufficient degrees of freedom
for sustaining the increase in internal energy (i.e., so that it is not simply
evaporated away).

Pickup cell(s)

Nozzle

Skimmer

Liquid reservoir3-axis manipulator

3-axis rail platform

Figure 3.7: Technical illustration of the MUSCLE-source.

A technical illustration of the MUSCLE-source used in Paper II is shown
in Fig. 3.7. A multi-axis platform was constructed with the assistance of
MAX IV engineers that allows straightforward installation of the setup into
different beamline end-stations, particularly to the gas phase end station of
FinEstBeAMS [105]. It is also rigid and spacious enough for potential fu-
ture installations of electron and/or ion spectrometers to the same platform,
making a complete measurement set-up. In Paper II, a second skimmer after
the pickup cell (distinct from Fig. 3.7, only a single pickup cell was used) for
further beam collimation, a gate valve for separating the vacuum and a flex-
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ible bellow for fluent alignment were also installed. These additions increase
the distance between the source and the interaction point up to several tens
of cm, which reduces the total signal intensity, but on the other hand this
configuration efficiently suppressed the fraction of uncondensed KCl effusing
from the pickup oven to the interaction region. The cluster features could
thus be measured without significant signal overlap from monomer signal,
which was particularly beneficial for extracting the outermost valence spec-
tra of the mixed clusters. Part of the travel distance is compensated by
installing the skimmers on forward-penetrating structures, as seen also in
Fig. 3.7. A mounting piece penetrating to just few cm from the interaction
point in the analysis chamber was also designed, which can also be heated
to reduce condensation of the pickup species into the skimmer.

Besides alkali-halides, the pickup method is generally applicable for the
addition of guest materials into high vapor pressure host clusters, even those
with very low vapor pressures and requiring relatively high evaporation tem-
peratures. Moreover, the scheme can also be used to generate clusters from
various solid materials, such as anhydrous alkali-halide clusters or metal
clusters, via initial generation of inert gas host clusters. The inert gas cluster
provides a growth environment for the metal atoms, acting as a heat bath so
that after multiple pickup events the inert gas atoms are (partially or fully)
evaporated and a metal cluster remains [21]. For certain samples, mainly or-
ganic molecules, the method can be of limited applicability because sufficient
vapor pressures are not reached until temperatures where thermal degrada-
tion of the sample occurs. On the other hand, this could be compensated
simply by increasing the length of the pickup region.
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Chapter 4

Synchrotron radiation

4.1 Overview of a synchrotron radiation fa-

cility

The application of electromagnetic radiation for probing the fundamental
properties of matter with atomic resolution requires decreasing the wavelength
to the corresponding (sub-)nanometer dimensions. In terms of energy, this
corresponds to the regime from few eV (UV) to few keV (soft and hard X-ray),
where strong interactions with valence and inner shell electrons occur. It is
then perhaps not so surprising that the number of developed spectroscopic,
scattering and imaging techniques benefiting this energy regime has grown
exhaustive. Accordingly, efficient application of these techniques necessitates
means of producing UV- and X-ray radiation at high intensity, and with pre-
cise control on its properties like energy (wavelength), polarization, coherence
and spatial distribution. For this purpose, synchrotron radiation is widely
exploited. Synchrotrons are large scale particle accelerators designed for the
purpose of producing high intensity beams of radiation from the far infrared
to hard X-rays for multidisciplinary research, e.g. in the realms of physics,
chemistry, biology, medicine, and archaeology. The experiments of Papers I
and II were carried out at the SOLEIL synchrotron near Paris (France) and
at the MAX IV synchrotron at Lund (Sweden), respectively. Because of the
broad applications of synchrotron radiation an extensive amount of literature
also exists on the subject, and for the topics presented in this chapter, the
introductory book of P. Willmot was used as the primary source [14].

The key physical phenomenon around which a synchrotron operates is
that when a charged particle, in this case an electron, is put in an accel-
erating motion, it emits electromagnetic radiation. To efficiently produce
radiation in the X-ray regime, the electrons have to be accelerated to re-
lativistic energies. An example outline of a synchrotron facility is shown in
Fig. 4.1. Electrons, initially produced in an electron gun, are first acceler-
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Figure 4.1: Main components of a synchrotron radiation facility. Electrons
are produced in the electron gun (bottom right), accelerated in the linear
accelerator (LINAC), and injected to the storage ring. X-rays are produced
as the electrons pass through an ”undulator”-type insertion device (top left).
In the beamline optics section the desired photon energy is selected and the
light is focused to the sample at the end station, where the experiment is
carried out (top right). The illustrated optics scheme follows the design of
the FinEstBeAMS beamline [106] at MAX IV (ID = Insertion device, TM
= Toroidal mirror, PM = Plane mirror, PG = Plane grating, ES = Exit slit,
EM = Elliptical mirror).
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ated in a linear accelerator (LINAC). Then, they are injected to an orbiting
trajectory in the synchrotron storage ring, packed into ”electron bunches”.
In the storage ring, the electrons propagating close to the speed of light are
kept in a well-defined trajectory with strong magnetic fields using mainly
bending, quadrupole, and octupole magnets. Typically, the circumference
of the storage ring is from few tens to several hundreds of meters. As the
electrons repeatedly circle around the ring, they also produce synchrotron
radiation upon deflection (acceleration) by magnetic fields. The radiation
is collected using series of X-ray optics placed in various positions around
the ring, referred to as beamlines. At the end of the beamline is the end
station, where a highly focused and monochromatized beam of X-rays is tar-
geted to the sample. In this manner, several experiments benefiting the same
synchrotron source can be simultaneously operated in different beamlines.

The MAX IV facility operates two storage rings at energies 1.5 and
3.0GeV, which are both fed from the same LINAC. Experiment II was car-
ried out at the FinEstBeAMS beamline, which is placed in the 1.5GeV ring
of MAX IV. Experiment I was carried out at the PLEIADES beamline at
SOLEIL which has a single 2.75GeV storage ring. Distinct from the MAX
IV facility, the SOLEIL synchrotron also includes an intermediate booster
ring between the linear accelerator and the storage ring.

4.2 Properties of synchrotron radiation

Synchrotron radiation is typically produced in bending magnets or in so-
called insertion devices (ID), where the latter can generally result in signi-
ficantly higher photon fluxes than the former. As illustrated in the top left
part of Fig. 4.1, IDs installed in straight sections of the storage ring are com-
posed of long periodic arrays of permanent magnets, which are assembled in
an order of constantly switching polarity. For example, the magnetic array of
the elliptically polarizing undulator of the FinEstBeAMS beamline contains
25 full periods + half periods at the ends, and is approx. 2.5m long [106].
The magnetic array forces a passing electron (bunch) into a periodically os-
cillating motion, where it constantly emits synchrotron radiation.

The angular power distribution of electromagnetic radiation emitted by
a slowly propagating electron under acceleration (by a magnetic field) has a
dipole distribution with a node in the direction of acceleration. According
to Einstein’s theory of special relativity, at relativistic velocities the power
gets strongly peaked into the direction of the electron’s motion. In practice,
for electrons accelerated to the GeV range, the divergence of the radiation
beam (∼1/γ) is less than 1mrad, and the maximum intensity in the forward
direction scales up to the fourth power of the electron’s energy. For this
reason, the radiated power from an insertion device peaks strongly along the
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Figure 4.2: Part of the undulator spectrum measured at the FinEstBeAMS
beamline at MAX IV, showing the distribution of intensity into different
harmonic energies. Black vertical lines indicate calculated energies according
to equation 4.1. (Data kindly provided by the FinEstBeAMS staff)

central propagation axis, and a high photon flux enters the beamline.
While the operation principle is generally the same in all IDs, a further

distinction can be made between wiggler and undulator conditions. In wig-
glers, the maximum angular deviation of the electron’s velocity vector is
larger than the divergence of the radiation beam, whereas in undulators it is
comparable to it. This results in notably different characteristics of the radi-
ated energy distribution. The energy spectrum from a wiggler has a smooth
distribution, and the intensity scales with 2N where N is the number of peri-
ods. In undulators on the other hand the intensity scales with N2, and the
spectrum is distributed into narrow equally spaced energy bands as a result
of constructive/destructive interference of overlapping radiation fields.

An expression for the constructively interfering photon energies Em (in
eV) in the undulator spectrum can be given as

Em = 950 · mE2
e(

1 +
K2

2

)
λu

, (4.1)

where m = 1, 2, 3, ... is the harmonic number, Ee is the electron energy
(in GeV), and λu is the undulator period (in cm). K is a dimensionless
undulator parameter, which is proportional to the magnetic field strength
(K = 0.934λuB0). An example undulator spectrum measured at the FinEst-
BeAMS beamline is shown in Fig. 4.2, where the different harmonic energies
are clearly visible. For comparison, values calculated according to equation
4.1 are also shown. The spectrum was obtained with an undulator gap of
40mm (corresponding to K = 4.1), by scanning the monochromator energy
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and measuring the current from a photodiode positioned downstream. One
also observes that the intensity is greater with odd m values than with even
m values. In practice, when one wishes to obtain photons of a given energy
with maximal flux, the magnetic field strength (and therefore, K) is tuned by
changing the undulator gap so that one of the generated harmonic energies
matches the desired photon energy.

4.3 FinEstBeAMS beamline

Figure 4.3: Main components of the FinEstBeAMS beamline at the 1.5GeV
ring of MAX IV synchrotron. Reproduced from Chernenko et al. [107] (CC-
BY 4.0).

To provide an overview of a typical synchrotron beamline, a brief de-
scription of the FinEstBeAMS beamline at the 1.5GeV ring of MAX IV is
given [106, 107]. The opical layout of the beamline is illustrated in Fig. 4.3.
At FinEstBeAMS, synchrotron radiation is produced in an insertion device,
which is an elliptically polarizing undulator (EPU). The EPU contains four
arrays of magnets with a magnetic period of 95.2mm, which can be longit-
udinally shifted to modify the polarization properties of the radiation. The
polarization can be set to vertical, horizontal and inclined (magic angle) lin-
ear polarization, as well as to left and right circular polarization. The total
radiated power at the EPU is up to 2.3 kW. The radiation is focused with
a toroidally shaped mirror (M1), and subsequently directed to the mono-
chromator. The monochromator contains a plane mirror (M2) and a plane
grating (PG), where the desired photon energy can be selected by changing
the incidence angle. Two Au-coated plane grating options with 92 and 600
lines per mm are included, and used for photon energy ranges 4.5–50 eV and
12–1300 eV, respectively.

After the monochromator, the beamline is split into two separate branches,
the gas phase branch and the solid state branch. The light is directed to the
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desired branch by using one of two toroidal mirrors (M3), and so only one
of the branches is operating at a time. An adjustable exit slit (ES) plays a
central role in determining the size of the beam, the energy resolution and
photon flux at the sample. Afterwards, a set of optical filters are available
for higher order suppression (HOS), which are particularly needed with low
photon energies. Finally, the light is refocused to the sample using a further
ellipsoidal mirror (M4). The beamline contains three end stations. The gas
phase branch contains a gas phase end station (GPES) [105] and a Photolu-
minescence end station (PLES) [108], and additional user set-ups can also be
mounted on this branch. The experiment of Paper II was carried out using
the hemispherical analyzer of the GPES. The solid state branch contains the
Solid State End Station (SSES).

The photon flux curve of the FinEstBeAMS beamline is shown in Fig.
4.4, measured with a 300mA ring current. The curve is non-continuous due
to the use of filters at low energies, and since optimal flux in different energy
regimes is achieved by switching between different undulator harmonics and
the grating in the monochromator. Besides the undulator, the total flux at
the experiment is subject to the energy dependent efficiency of the mirrors
and the monochromator. A particular well is for example observed around
280 eV (C 1s edge) due to carbon contamination in the mirrors. The beamline
design has been optimized to the UV and soft X-ray regimes, and the 100 eV
energy used in measuring the valence spectra of [H2O]N (also Fig. 2.1) and
[H2O]N[KCl]k clusters in Paper II is at the peak flux of the beamline.

Figure 4.4: Photon flux of the FinEstBeAMS beamline at the 1.5GeV ring
of MAX IV synchrotron. Reproduced from Chernenko et al. [107] (CC-BY
4.0).



47

Chapter 5

Electron and ion analyzers

In most charged particle analyzers, the kinetic energy of an electron, or the
mass-to-charge ratio of an ion, is determined based on the particle’s traject-
ory and/or travel time from point A to point B in known electric and/or
magnetic fields. In general, one is interested in having a large collection
efficiency (transmission) of the particles and high energy and/or mass res-
olution, but increasing one often comes at a cost of the other. Numerous
different analyzer types have been developed in the field over the years, with
design principles optimized for different purposes. In papers I, II and III of
this thesis, one of the most widely used electron analyzer types known as the
hemispherical analyzer was used. Additionally, in paper III a time of flight
mass spectrometer (TOFMS) was used for the detection of positive ions, also
in joint ”coincidence” operation with a hemispherical electron analyzer. In
this chapter, the operation principles of these instruments are introduced.

5.1 A hemispherical electron analyzer

5.1.1 Operation principle

A hemispherical electron analyzer, or a hemispherical deflection analyzer
(HDA), is a spatially dispersive instrument suitable for measurements with
high energy resolution at a broad kinetic energy range. A Scienta model
R4000 analyzer was used in Papers I and II, while a Scienta SES-200 ana-
lyzer was used in Paper III [109, 110]. The general operation principle of a
hemispherical analyzer is schematically illustrated in Fig. 5.1. An HDA in-
cludes two concentric hemispherical electrodes, and when set to different elec-
tric potentials, the generated electric field disperses the electrons on curved
trajectories. An electron passes freely through the hemispherical section to
the detector only if it’s kinetic energy corresponds to the pass energy EP ,
with which its radial trajectory in the given hemispherical field matches the
analyzer geometry. More precisely, the energy has to be within a relatively
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Figure 5.1: Schematic of a hemispherical electron analyzer (left). The oper-
ation principle of a position sensitive microchannel plate + resistive anode
detector is also shown (right), together with an example recorded detector
image. The 1D electron spectrum is obtained by integrating the counts over
the X-axis.
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narrow energy window, on the order of∼ EP/10. Modern HDAs are equipped
with position sensitive detectors, and by recording the exact hit position of
the electron on the detector surface, the kinetic energy is further resolved
more accurately.

The hemispherical section is preceded by an electrostatic lens section,
which increases the transmission by focusing electrons emitted to different
initial angles to the entrance slit of the hemisphere. Additional deflection
electrodes are used to compensate for any offset in the position of the in-
teraction point from the symmetry axis. In the lens the electrons are also
decelerated/accelerated according to the potential difference between the in-
teraction region (normally at ground potential) and the hemispherical sec-
tion. If the resulting final kinetic energy of an electron after passing through
the lens corresponds to ∼ EP , the electron reaches the detector. Given the
known analyzer potentials, and further the electron’s exact hit position at
the detector, the initial kinetic energy of the electron can be determined.

An electron spectrum is obtained by scanning the analyzer potentials in
small voltage steps so that electrons with different kinetic energies can pass
through, and at each step electrons are recorded for a short time period.
The step size is typically on the order of a few tens or hundreds of meV. The
measurement is repeated multiple times and the statistics of individual scans
are added together, which is beneficial not only for the sake of repeatability,
but also for minimizing the effect of experimental instabilities to the spec-
trum (such as slight variation in the particle and radiation beam intensities
over time). The analyzer potentials are changed so that EP , and therefore
the energy resolution, remains constant over the entire spectrum. The en-
ergy resolution can be controlled by changing EP and the size of the entrance
slit. EP is typically between 5–500 eV, and slit size between 0.2-8mm. The
smaller the EP and the slit size are the better the energy resolution is, but
the transmission is correspondingly lowered resulting in longer measurement
times. In practice, a balance must be found between these two aspects ac-
cording to requirements of the particular experiment.

5.1.2 Position sensitive resistive anode detector

Microchannel plates

In the electron detector, a single electron can be amplified to a detectable
signal level using a microchannel plate (MCP) detector. An MCP contains
an array of few micrometer sized channels embedded in a thin insulating
body. When an electron of sufficient energy hits one of the channels, it
ionizes the channel surface and releases one or more secondary electrons. If
a high voltage is applied between the conductive back and front surfaces
of the MCP, the formed electric field accelerates these electrons along the
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channel, causing further electrons to be released in a cascade of subsequent
ionization events. The channels typically have a small bias angle with respect
to the surface for improved collision efficiency. In practice, usually a stack
of multiple MCPs are installed in series (at 180◦ rotated bias angles), with a
total potential difference on the order of ∼2 kV. Typical gain values are on
the order 104–107 electrons, and the correspondingly induced abrupt voltage
drop in the MCP produces an analog pulse that can be detected. Besides
electrons, MCPs are generally applied for the detection of energetic ions and
photons as well. [111]

Position determination

MCPs as such are capable of detecting the arrival of an electron, but they do
not provide information of the electron’s exact hit position on the detector
surface. To obtain the position, the avalanche of electrons emitted from the
backside of the last MCP can be collected in a separate position sensitive
device.

In Paper I, the electron shower from the back of the MCP collided onto
a fluorescent screen, where the energy of the electrons was converted into
photons that were then detected in a charged coupled device (CCD-camera).

In Papers II and III, the hit position was instead determined using a
resistive anode encoder (RAE) (Quantar Inc. model 3395A) [112–114]. An
RAE, illustrated in Fig. 5.1, is a uniformly coated resistive surface with
curved boundaries. The charge cloud emitted from the back of the MCP is
accumulated to a local position at the anode surface, where it then diffuses
and the signal is collected in all four corners (A,B,C,D) of the anode. The
signals are amplified, and the electron hit position is computed based on
the signal ratios (in the Quantar Model 2401B Position Analyzer). Analog
voltage outputs proportional to the X and Y coordinates are generated as

X =
B + C

A+B + C +D
, (5.1)

Y =
A+B

A+B + C +D
. (5.2)

In the context of the hemispherical analyzer, one of the two position
coordinates (for example, Y ) represents the energy dispersive direction, while
the other (X) is spatially dispersive according to the electron’s point of origin
in the interaction region [109]. Therefore, in plotting the electron energy
spectrum, all hits at a given Y position can be integrated over the X axis
in the analysis. On the other hand, by filtering the data according to the X
position, it is occasionally possible to separate electrons that originate from
different contributions. For example, while the spectrum from a narrow beam
of clusters or nanoparticles is distributed around X ∼ 0, the simultaneously
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obtained spectrum from dispersed monomers is more spread out (see example
detector image in Fig. 5.1). This aspect was utilized in the data analysis of
Papers I and III.

5.2 Time of flight ion mass spectrometer

5.2.1 Operation principle

In Paper III, a Wiley-McLaren-type [115] time of flight mass spectrometer
(TOFMS) was used for ion detection. As the name implies, it operates
by measuring the ion flight time over a given distance upon acceleration
by an electric field, which is proportional to the ion’s mass-to-charge ratio
(m/q). The larger the m/q, the slower the ion is. The structure of the
presently used TOFMS is illustrated in Fig. 5.2. The instrument has been
reported before [116], and minor modifications were since made according
to requirements of the present work (mainly regarding the structure of the
extraction region).

The instrument can be divided into three regions, the extraction region
(ER), the acceleration region (AR), and the drift region (DR). ER is com-
posed of two parallel plates, where the outer repeller is a solid metal plate
with a couple mm central hole for the cluster beam, and the inner attractor
is a coarse metal mesh with a ∼80% open area. The purpose of the mesh is
to homogenize the electric field, while allowing the ions to pass through. A
second mesh is placed between AR and DR. The AR is composed of a series
of ring electrodes connected via a resistor chain, thus forming a uniform elec-
tric field when a potential difference is applied between the attractor side
and the drift tube. In the front part of the DR, an additional lens element is
included. At the end of the DR, a position sensitive detector is used for ion
detection.

The ion flight time can be determined in various ways, and generally one
wishes to minimize the time delay between ionization and acceleration in or-
der to optimize transmission and resolution properties. Firstly, in pulsed field
mode (PFM), the electric field in the extraction region is applied in pulsed
form. In PFM a continuous radiation beam can be used, where although
ionization events occur at random instants, the ions are extracted for TOF
analysis only when a high voltage pulse is applied. The electric field can be
pulsed at a given fixed frequency (typically few kHz), i.e. at random instants
uncorrelated with the ionization events, or triggered when another particle
such as an electron or a photon is detected (implying that ionization has
occurred). Such coincidence measurements are discussed further in the next
section. Alternatively, in constant field mode (CFM), one can use a pulsed
radiation source with few ns pulse widths, and as the occurrence of ioniza-
tion events is thus well defined, a constant (or likewise pulsed) electric field
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Figure 5.2: Schematic of the Wiley-McLaren-type time of flight mass spec-
trometer used in Paper III. The ion time of flight from the interaction point
to the detector is measured, which is proportional to the ion’s mass. The
operation principle of the position sensitive delay line detector (DLA) is also
illustrated on the right.
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can be kept in ER. Additionally, a continuous radiation source can be used
together with a constant electric field, if instead of absolute flight times one
measures relative arrival times of ions. This mode can especially be applied
for identifying multi-ion fragmentation events (the example detector image
shown in Fig. 5.2 was obtained in this mode), with the limitation that single
ion events and multi-ion events where all ions have the same mass (arrival
time) cannot be distinguished.

The time of flight T of the ion can be calculated as a sum of the time of
flights in the three regions [115],

T = TE + TA + TD, (5.3)

where

TE =

√
2m

qEE

[√
K0 +KE ±

√
K0

]
TA =

√
2m

qEA

[√
K0 +KE +KA −

√
K0 +KE

]
TD =

√
m

2(K0 +KE +KA)
lD.

Here K0 = K cos2 θ is the initial kinetic energy of the ion parallel to the
TOFMS flight axis. Besides the cluster having some initial velocity, the ions
can gain energy from the fragmentation process. KE = qlEEE is the kinetic
energy obtained in ER, as the ion travels a distance lE in an electric field
strength EE. Similarly, KA = qlAEA is the energy obtained in AR, and
K0 + KE + KA becomes the total kinetic energy of the ion. In practice, if
one neglects the effect of K0, equation 5.3 can be written simply as

T = A

√
m

q
+B, (5.4)

where A and B are constants that can be determined from the measured
time of flights of two ions with known mass-to-charge ratios. This allows
straightforward TOF-to-mass conversion of the entire spectrum. An example
time of flight spectrum is shown in Fig. 5.3, obtained from the argon-water
cluster measurements in Paper III.

The interaction region has some finite extent, defined by the spatial over-
lap between the cluster beam and the radiation beam, which has an effect
to the time of flight distribution. Ions which originate slightly closer to the
detector must travel a shorter distance than ions further away, but on the
other hand they also gain less energy (velocity). If one examines dT/dlE = 0
(with K0 = 0), it turns out that an optimal ratio for EE/EA can be found
where these two effects cancel out. In other words, with suitable voltages ap-
plied, an ion with a longer flight path catches up an ion with a shorter path
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Figure 5.3: Bottom: Example electron-triggered ion time of flight spectrum
measured from mixed argon-water clusters (after false coincidence subtrac-
tion). Top: Corresponding radial distribution of the ions in the detector.

precisely at the detector position. This is known as the space focusing (or
Wiley-McLaren) condition, allowed by the two-stage acceleration (ER+AR)
design. [115]

The sign of the ± term in TE depends on whether the ion has initial
velocity towards (−) or away (+) from the detector, as in the latter case
the ion gains an additional turnaround time ∆T = 2

√
2mK0/qEE. It is

then apparent that the initial velocity (or momentum) of the ion parallel to
the TOFMS axis will also have a slight effect to the ion’s flight time, while
the transverse velocity will be reflected in its radial position in the detector.
The effect is seen Fig. 5.3, where the ion peaks originating from fragmented
clusters, such as Ar+ and H3O

+, are broadened in TOF and have larger
radial spreads than ions which do not gain energy from fragmentation, such
as Ar2+ and Ar3+ that originate from atomic Ar. When a potential difference
is applied between the lens element and the drift tube, as in Paper III, a
higher collection efficiency is obtained for the ions with significant transverse
velocity. The lens field is also beneficial if one aims in performing a detailed
momentum analysis of the ions, as it reduces the dependence of the ion’s
initial position in the interaction region to its final radial position in the
detector [117].
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5.2.2 Position sensitive delay line anode detector

The ion detector of the TOFMS uses yet another type of position sens-
itive device, beyond the CCD and RAE devices described above. The de-
tector (RoentDek HEX75) combines a microchannel plate stack with a 3-layer
hexagonal delay line anode (DLA) [118, 119]. The operation of the DLA is
illustrated in the top right part of Fig. 5.2. A delay line is essentially a
tightly looped copper wire, to which the electron cascade from the backside
of the MCP is adsorbed. The thus generated signals propagate towards both
ends of the wire, and by measuring their arrival time difference, the original
hit position of the ion is obtained in one coordinate. A full 2D-image can
be reconstructed from just 2 delay lines crossing each other. The inclusion
of the third delay line improves the resolution and detection efficiency, as
the position of each ion can be simultaneously determined from up to three
different delay line pairs. In particular, while the simultaneous arrival of two
or more ions (with the same m/q) to the detector cannot be readily distin-
guished from the MCP signals alone (overlapping in time), it is possible to
resolve them from the delay line signals as long as their hit positions and
therefore the DLA signal arrival times are different.

In total, the arrival times of 7 different signals (u1, u2, v1, v2, w1, w2,mcp)
are recorded for each ion using a time-to-digital converter (TDC8HP, Roent-
Dek). For determining the ion time of flight, their measurement is synchron-
ized to the extraction pulse generator (or alternatively, to a pulsed radiation
source). In the analysis, good combinations of the DLA signals are identified
by checking that they fill the time sum condition. That is, in a particular
delay line, the sum of the two signals should remain constant with respect
to the mcp-signal (within few ns margins), irrespective of the ion’s hit pos-
ition. For example, u1 + u2 − 2mcp ∼ 0, and similarly for v and w layers.
Additionally, the time sum condition allows one to reconstruct the ion’s hit
position in cases when only one of the two signals was obtained. [118,119]

5.3 Electron-ion coincidence analysis

The operation principles of hemispherical electron and ion time of flight ana-
lyzers were discussed above. In the experiment of Paper III, these two in-
struments were jointly used so that an Auger electron and multiple ions ori-
ginating from the same ionization process were detected simultaneously from
mixed argon-water clusters. The experiment was carried out at the University
of Oulu, although a relatively similar coincidence set-up has been in opera-
tion at the former MAX-LAB, and is currently available at the FinEstBeAMS
beamline at MAX IV [105]. Conventionally, both the radiation beam and the
molecular/cluster beam are oriented perpendicular to the spectrometer axis.
However, in cluster measurements, an improved collection efficiency is ob-
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tained by having the cluster beam directed along the spectrometer axis. In
this configuration the readily fast-moving and heavy cluster ion fragments
do not need to be redirected over a 90 degree angle. On the other hand, in
this scheme the applicable sample range is limited only to volatile samples,
as material deposition on the MCP surface would impede its operation.

The scheme of the electron-ion(-ion) coincidence set-up used in Paper
III is illustrated in Fig. 5.4. The experiment was carried out using 3 keV
electron ionization. In the electron source (SPECS EQ 22-35 [120]), also
illustrated in the bottom part of Fig. 5.4, electrons are continuously emitted
from a heated cathode filament and subsequently accelerated by an electric
field. The intensity is controlled by the Wehnelt potential, with additional
lens and X,Y-deflection electrodes allowing control of the focal distance and
beam position.

During coincidence acquisition, the HDA is kept at fixed voltages, mon-
itoring electrons at a given energy range (in this case L2,3M2,3M2,3 Auger
electrons of argon). The extraction region of the TOFMS is normally kept
field free, and the detection of an Auger electron in the HDA is used to trigger
the extraction field pulse and time of flight of the ions. The RATE output
pulse of the Quantar position analyzer is used for this purpose, which is gen-
erated for each electron via a fast threshold logic so that only a short delay
occurs between ionization and extraction of the ions. The ion signals are
recorded in the TDC-card similarly as in normal (non-coincident) TOFMS
measurements. Additionally, the X and Y coordinates of the electron are
also recorded in each event using an add-on card (ATC1, RoentDek Handels
GmbH) with analog-to-digital (ADC) converters. The X and Y coordinates
are projected linearly proportional to the voltage level of their outputs (which
is scaled to match the ADC range), and their measurement is triggered sep-
arately using the STROBE output which indicates that the electron position
has been determined. The two trigger signals are relayed via pulse generators
for logic conversion and timing adjustment.

In each event triggered by the detection of an electron, there is a probabil-
ity for detecting 0,1,2,3,...n true ions and 0,1,2,3,...n false ions in coincidence.
Here true refers to ions originating from the same ionization process (same
particle) as the electron. False ions are those which originated from other
processes than the electron, but just happened to be present in the inter-
action region at the instant of the extraction pulse. The false coincidence
rate depends on several aspects, such as the time that the ions spend in
the extraction region after their creation before drifting out of reach, and
the probability of the monitored process (electron energy region) relative to
all other possible processes. Importantly, the false coincidence rate depends
on the overall ionization event rate, and one therefore must find a balance
between the required measurement time and the purity of the data.

In order to get the true ion and electron coincidence statistics, the false
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Figure 5.4: Scheme of the electron-ion-ion coincidence set-up used in the ex-
periment of Paper III, combining a hemispherical deflection analyzer (HDA)
and a time of flight mass spectrometer (TOFMS). Illustration of the electron
source is also shown on the bottom right inset, which was installed perpen-
dicular to both analyzers and the cluster source (CS).
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coincidence background must be subtracted. The subtraction methods ap-
plied in paper III were those discussed by Prümper and Ueda [121], which
are based on measuring a random triggered reference spectrum from which
the false coincidence probability is obtained. The random triggered spec-
trum is typically measured in parallel with the electron triggered spectrum,
so that any time dependent changes in the measurement conditions are aver-
aged similarly for both spectra. Often this is done by pulsing the extraction
region at a constant low frequency (using an additional pulse generator). In
paper III a slightly different approach was used, with virtual random triggers
provided by ”dark counts” in the electron detector. With real electrons from
the narrow cluster beam observed only at the center of the detector, and
dark counts distributed evenly throughout the detector surface (see example
detector image in Fig. 5.1), random and electron coincident spectra were
obtained by filtering the events according to the electron hit position.
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Chapter 6

Summary and outlook

Paper I

In Paper I of this thesis, the surface composition of aerosol particles generated
from multi-component parent solution droplets (after drying) were addressed.
Previous investigations have indicated that the intraparticle distribution of
different compounds can be far from homogeneous, and specific compounds
may become enriched at the particle-vapor interface [17, 122–124]. Import-
antly, surface enrichment makes the corresponding species increasingly avail-
able for interfacial reactions in particle form, and may occur also for species
that have virtually negligible compositions in the parent solution. Knowledge
of these processes, naturally occurring e.g. in sea spray particles, is still lim-
ited, but can be built from studies of well defined systems in laboratory
conditions.

In the present study, MgCl2/CaCl2 and MgBr2/NaBr nanoparticles (or
”submicron particles”) generated from precursor solution droplets were in-
vestigated using X-ray photoelectron spectroscopy. Surface enrichment was
monitored by preparing solutions with varied mixing ratios of the given com-
pounds, and monitoring the particle surface composition as a function of the
parent solution composition. Discussion was provided also on the relative
accuracy of two separate data treatment methods of XPS results.

For MgCl2/CaCl2 mixtures, the results imply that the mixing state of
these species in the particle surface correlates well with their relative con-
centrations in the parent solution. No apparent surface enrichment of either
of the species was observed. In contrast, a strong MgBr2 surface enrichment
was observed in the case of MgBr2/NaBr mixtures. Moreover, it was found
that surface segregation of MgBr2 occurs also in changing the solvent into
ethanol, although to a slightly lower degree, which is likely attributed to dif-
ferences in the efflorescence dynamics and/or remaining amount of solvent
molecules in the particles. It was found that all particles contained a small
fraction of solvent molecules in them, which is probably due to the studied
compounds preferring hydrated forms even after drying, although it was not
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possible to explicitly define the phase state of the particles.

The fact that in MgBr2/NaBr particles NaBr was practically absent from
the spectra until the concentration of MgBr2 was decreased to very low val-
ues, indicates that these particles likely manifest core-shell type structures.
Core-shell configurations have been previously observed also on other similar
particles, NaCl/MgCl2 [125] and NaCl/CaCl2 [124], and there appears to be
a pattern in surface segregation of the divalent cation over the monovalent.
A noteworthy aspect is also that in an earlier work it was found that NaBr is
surface enriched over NaCl [17], and the present work suggests that MgBr2
has an even higher tendency to be found in the surface.

A further finding was that particular surface composition dependent bind-
ing energy shifts were reflected in the O1s and Mg2p levels, correlating
with the transition of the surface composition from a Mg-dominant to a Na-
dominant one. While the precise origins of these shifts were left somewhat
undetermined, being subject to the precise hydration state, mixing state and
charge state of the particle surface, they provide a general implication on
that BE-shifts can also be used to obtain information from changes in the
surface composition of such systems.

Aerodynamic lens sources have proven efficient for gas phase characteriz-
ation of aerosol nanoparticles with electron spectroscopic techniques at syn-
chrotron facilities. Experiments have been and continue to be carried out
for a broad range of samples, such as gold nanoparticles [126], carbon soot
particles [127], and lead halide perovskites [128], to name a few. Paper I
represents one of few works that have been carried out regarding the form-
ation of aerosol particles from liquid solutions, particularly with inorganic
ions that are of relevance also to atmospheric chemistry. It is apparent that
similar studies on other simplified model systems would be worth investig-
ating to further elaborate the formation properties of such particles, and on
this basis particles of increased structural complexity (and natural particles)
can be further studied and better understood. In future experiments, the
interplay of the various inorganic and organic compounds abundant in sea-
water, with focus on identifying composition-dependent surface enrichment
of particular substances, can be further addressed.

It is also noteworthy that aerodynamic lenses are now applied also at
X-ray free electron lasers in performing single particle imaging (SPI) [129],
where the scattering patterns from isolated nanoparticles are measured using
few fs long X-ray pulses. Such experiments can provide additional structural
information from aerosol particles, which complements precise surface com-
position determinations using XPS at synchrotrons as in Paper I. The SPI
method is also applicable to macromolecules and viruses. Compared to crys-
tallographic measurements that are routinely carried out at synchrotrons, the
benefit of SPI is that it can be applied also for species that are challenging
to crystallize (a requirement for synchrotron characterization). Furthermore,
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the diffraction pattern is (ideally) obtained before any X-ray induced struc-
tural damage takes place. Although, the method is still developing in this
regard, being limited by the brightness and duration of the FEL pulse. In
better understanding the dynamics of radiation damage, studies such as that
of Paper III are clearly informative in this context as well. In particular, the
effect and potential benefit of hydration layer(s) to the extent and timescale
of radiation damage is a currently investigated topic [130].

Paper II

In Paper II, the pickup and solvation dynamics of KCl into water clusters
containing a few hundred water molecules were addressed. Both the initial
water cluster size and the number of picked up molecules were varied in the
experiment. The present work continues from earlier successful applications
of the adiabatic expansion + pickup method for the generation of neutral
few nm sized alkali-halide-water clusters [36, 38]. The results are the first
reported using a new multiuse cluster emission source, now commissioned
for use at the FinEstBeAMS beamline of MAX IV synchrotron.

In a general view on XPS of aqueous species, the comparison of cluster
results to bulk systems is of interest not only for interpretation of the cluster
spectra, but as the presently applied gas phase approach is also distinctly dif-
ferent from e.g. liquid microjets and substrate deposited systems. For alkali
halide solutions, questions lie on the sensitivity of photoelectron spectroscopy
for resolving different solvation structures such as surface/bulk localization
and ion pairing [38, 45, 131]. The accurate determination of absolute ioniza-
tion energies to the vacuum level, which reflect on chemical reactivity, is also
a fundamental aspect that has been under recent debate [15,132].

Concerning the dependence of the electronic structure from cluster size,
and thereby the comparison of the present solvent and solute spectra of
clusters to macroscopic systems, the gradually shifting vertical ionization en-
ergy of the 1b1 level was considered. For a gas phase water molecule, the
value is 12.615 eV [42], while the most recent assignment for the correspond-
ing value in a liquid microjet is 11.33±0.03 eV [132]. This is only slightly
lower than the 11.5±0.1 eV (⟨N⟩ = 160) to 11.4±0.1 eV (⟨N⟩ = 500) found
for pure water clusters in the present experiment, which are among the low-
est reported from water clusters, and higher energies are found for smaller
sizes [89, 133]. These results seem to be in line with the expectation that a
gradual cluster size-dependent transition towards the bulk value occurs, with
the notion that the somewhat lower temperature of the water clusters should
be considered.

The vertical ionization energies of the probed H2O 1b1, Cl 2p, K 3p and
Cl 3p levels were not strongly dependent on the cluster size or KCl concen-
tration, and only weakly imposed over the generally broad peak widths. This
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observation is in line with that earlier work showed little dependence of the
binding energies on the counter-ion as well [36]. The ability to directly ex-
tract the outermost valence spectra of the picked up species in the presently
applied experimental configuration is emphasized. For the vertical ionization
energy of the Cl 3p level a value of 9.9±0.1 eV was found, which to the best
of the author’s knowledge has not been previously reported on clusters of
this size regime. The result is in very good agreement with recent theoret-
ical results [134], and is ∼0.3 eV higher than the 9.6 eV previously found for
liquid solutions [49] (calibrated to 1b1 = 11.16 eV, but if corrected to the
more recent value given above, the difference is suppressed to just ∼ 0.1 eV).

From the perspective of overall binding energy shifts from free monomer
values, the results from clusters and liquid jets are relatively comparable
already in this size range. As partially seen in Fig. 1.1, only a few water
molecules are required to induce charge separation, and with a few hundred
water molecules, the clusters are able to facilitate solvation states up to sev-
eral hydration shells around the ions (with approximately 6 water molecules
in the first hydration shell of both ions [135]). In this sense, from a single
ion point of view, at this size regime the degree of solvation begins to in-
creasingly resemble the situation in a bulk aqueous solution. Although, it is
clear that a nanoscopic cluster environment is still in many regards unique
from a continuum solution. Various aspects can be considered to explain the
slight discrepancies between clusters and the bulk, including the still limited
extent of long-range screening effects, larger fraction of surface molecules in
clusters, structural differences and low temperature effects, and/or experi-
mental uncertainties.

Photoelectron spectroscopy of aqueous solutions is currently developing at
a rapid phase, particularly around the liquid microjet technique [22]. As the
accuracy of bulk level studies improves, so does their comparison to cluster
studies. In the context of alkali halides in water clusters, further works could
address for example the valence energetics of heavier halides like Br and I.
Their vertical ionization energies are better separated from the HOMO level
of water than in the Cl case, and they also appear to have a higher surface
tendency, and so the dependence of their VIEs on surface/bulk localization
(and comparison to bulk values) could be probed [49,131]. These species are
attractive also from an experimental point in that they contain high cross
section d-orbitals. Chemical shifts in the core levels of different cations would
also be worth exploring in general, which may be more sensitive to the local
hydration structures than the anion core levels [25]. Non-radiative decay
processes have also not been properly addressed for ions in large neutral
water clusters, which could also be worth addressing. In liquid jet studies it
has been found that structural information can be obtained especially from
monitoring non-local decay processes (interatomic coulombic decay) [136].

Clearly, in experiments such as those of Papers I and II, the simultan-
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eous application of complementary techniques alongside XPS could be be-
neficial. In particular, X-ray Absorption Spectroscopy, or more specifically
partial/total electron and ion yield spectroscopies, could be straightforwardly
applied using the same instrumentation (SR beam + HDA or TOF spectro-
meter) [71]. By comparing XPS and XAS spectra obtained from the same
sample, whether they are larger aerosol nanoparticles or smaller water-alkali-
halide clusters, the electronic properties could be better correlated to the
structural properties and the extent of hydration. On the other hand, as
a still largely unexplored territory, the size evolving XAS characteristics of
water clusters with dopant species would also be interesting as such, and
further benefit understanding of corresponding bulk level spectra. Such ex-
periments can be straightforwardly carried out with the currently existing
instrumentation at SOLEIL and at MAX IV.

Paper III

In Paper III, ArN and [H2O]NArM clusters were probed by means of Auger
electron-ion-ion coincidence spectroscopy, using 3 keV electron ionization.
The initial Ar 2p−1 core hole decay dominantly occurs via a local Auger
transition, leading to an intermediate state with a doubly charged argon site
that is subsequently neutralized by transferring the charges to the water net-
work. The results demonstrate the efficient capability of water molecules
in adsorbing multiple charges from a core ionized site, an initially weakly
bonded argon atom in this case. The work relates also to recent assess-
ments of the ”protective” effect of water molecules in ionization of molecular
species [19].

Because of the high efficiency of this charge transfer process, combined
with strong evaporation of argon atoms in lowering the system’s increased
internal energy [68,69], the yield of Ar+N ions is effectively suppressed. How-
ever, despite of the charge transfer process, with the coincident detection
of the Auger electron that is emitted on a much faster timescale than the
fragmentation process, it was still possible to reveal the presence of argon
in the precursor clusters. It is reasonable to expect that similar suppression
of specific ion yields can occur in other heterocluster systems as well. It is
clear that a higher information output is obtained from coincidence detection
compared to the measurement of only electrons or ions, particularly regard-
ing the fragmentation dynamics and structural composition of the clusters.
The deposition of energy from radiation into a cluster environment, initially
via electronic excitation, differs from that in a bulk in the sense that the
energy is distributed to a finite volume with a large relative number of sur-
face atoms/molecules (distinct from ionization of a local site in an extending
medium). However, the underlying electronic transitions and induced chem-
ical reactions have direct implications to the same phenomena occurring in
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bulk environments (radiation damage), while the finite-sized sample enables
direct detection of the reaction products.

The experiment showcases that insights to core-level processes in hetero-
clusters can be obtained also with compact electron sources when combined
to electron-ion-ion coincidence characterization, so that one does not always
need to rely on large scale X-ray facilities to access such information. Fur-
ther possibilities of applying high energy electron impact (as in Paper III)
for selected Auger electron-ion(-ion) coincidence studies of clusters would be
worth exploring. Additionally, electron energy loss spectroscopy, and further
”electron energy loss - ion coincidence spectroscopy”, are potential avenues
that could be applied in the University of Oulu.

The benefits of synchrotron (and FEL) radiation are however clear in
many regards, and so the results also lay ground for similar studies e.g. at
the FinEstBeAMS beamline. Compared to electron ionization, X-ray excit-
ation with high tunability provides better selectivity for particular primary
interaction processes, including resonant excitations to unoccupied bound
states. Also the photoelectrons, due to their well defined kinetic energy, can
in this case be monitored in coincidence with the ionic fragments. At the
FinEstBeAMS beamline, operation of the developed multi-use cluster emis-
sion source together with the permanent gas phase end station [105] opens a
wide range of possibilities for cluster experiments at MAX IV. The set-up is
largely similar in operation to the set-up applied in Paper III, so that high
resolution photo/Auger electron-ion-ion coincidences can be recorded even
for relatively high kinetic energies of several hundreds of eV (where core ex-
cited Auger transitions typically lie for common light elements such as C, O,
N,...).

As the results of Paper III also demonstrate, the coincidence method can
provide detailed information of the electron and nuclear dynamics by sim-
ultaneously revealing the primary interaction mechanism, the intermediate
electronic decay step(s), the product ionic fragments and therein the final
charge distribution. The approach provides also selectivity to the ionized
element, and even its localization within the cluster (surface/bulk), which
makes it highly useful also for compositional analysis. While photo-/Auger
electron-ion-ion coincidences have already been largely exploited in prob-
ing the fragmentation dynamics of molecules, the method has so far been
little applied to clusters. In future works, the structural properties, radi-
ation induced chemical reactions, and neighbour-induced effects in (cascade)
electronic decay processes can be further investigated especially for hetero-
clusters. Mixtures of volatile species, such as rare gas/rare gas, water/rare
gas, water/biomolecule compounds, etc., should be straightforward to ex-
plore with the present equipment. Systems such as water/alkali halide, wa-
ter/metal or metal/metal clusters would also be of clear interest, although
additional challenges are involved in their handling (potential coating of the
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ion detector could be reduced for example by installation of a reflector type
TOFMS). However, conventional electron spectrosopic techniques are still
applicable to these systems as well.

In addition to electron-ion coincidence spectroscopy, a magnetic bottle
type electron spectrometer developed in the University of Oulu has also
been recently commissioned at FinEstBeAMS, which allows opportunities for
multi-electron coincidence studies of clusters. This electron time of flight-
measuring instrument will further benefit from a future installation of a
mechanical chopper in the FinEstBeAMS beamline, which is currently under
development at MAX IV.

Finally, it is noted that interesting prospectives could be found also from
accompanying synchrotron radiation (or electron impact) experiments, such
as those applied Papers I–III, with parallel functional measurements of the
particles. For example, a separate gas phase reaction chamber (where the
particles could also be deposited on a surface) could be positioned before
or after the SR analysis chamber, where for example the growth proper-
ties, catalytic activity, optical properties, or heterogeneous reactions with the
particles (surface) in general, could be monitored. This information could
then be directly combined with the compositional, electronic and dynamical
information obtained from the particles in the parallel SR analysis. Moreover,
using sources such as those applied here, the functional properties could be
straightforwardly monitored as a function of the cluster/nanoparticle com-
position and size. For aerosols measured using an aerodynamic lens source,
such measurements could also be carried out in parallel, in a similar manner
as the size analysis of the particles was carried out in Paper I.
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[30] M.-H. Mikkelä, M. Tchaplyguine, S. Urpelainen, K. Jänkälä, O. Björne-
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M. Fárńık, D. Zaouris, and J. Fedor, “Uptake of atmospheric molecules
by ice nanoparticles: Pickup cross sections,” The Journal of Chemical
Physics, vol. 137, no. 3, p. 034304, 2012.

[94] J. Lengyel, A. Pysanenko, V. Poterya, P. Slav́ıček, M. Fárńık,
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