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Tag der mündlichen Prüfung: 10. Februar 2023



Contents

Zusammenfassung ix

Abstract xi

1 Introduction 1

List of publications by the author 5

2 Theoretical model 9
2.1 General description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Electric field calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 ADK rate and ionization probability . . . . . . . . . . . . . . . . . . . . . 11
2.4 Generation of static surface charges . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Rejection sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.2 Candidate generation . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4.3 Candidate acceptance . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.4 Total charge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Ion generation and propagation . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Experimental Methods 21
3.1 Aerosol generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Aerosolization of silica nanoparticles . . . . . . . . . . . . . . . . . 21
3.1.2 Droplet aerosol generation . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.3 Aerodynamic Lens . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Laser systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Reaction nanoscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3.1 Detection of nanoparticle or droplet events . . . . . . . . . . . . . . 27
3.3.2 Typical nanoparticle density in the laser focus . . . . . . . . . . . . 31
3.3.3 Ion momentum measurement . . . . . . . . . . . . . . . . . . . . . 33

4 Reaction nanoscopy with nanoparticle clusters 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3 Proton Emission from single nanoparticles and nanoparticle clusters . . . . 41



vi CONTENTS

4.4 Dependence on intensity and wavelength . . . . . . . . . . . . . . . . . . . 44
4.5 Theoretical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.6 Coincident ion emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Elliptical polarization and surface groups 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2.1 Laser system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2.2 Reaction nanoscope . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.2.3 Nanoparticle Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.2.4 Nanoparticle synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3 Theoretical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6 Reaction nanoscopy with droplets 73
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2.1 Laser system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.2.2 Reaction nanoscopy with droplets . . . . . . . . . . . . . . . . . . . 76

6.3 Theoretical description of the droplet surface . . . . . . . . . . . . . . . . . 76
6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.4.1 Near-field driven ion emission . . . . . . . . . . . . . . . . . . . . . 77
6.5 Intensity dependence of the ion emission angle . . . . . . . . . . . . . . . . 79
6.6 Droplet size characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.7 Droplet charge and stability . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.8 Ion emission: gas-phase vs. droplet . . . . . . . . . . . . . . . . . . . . . . 84
6.9 Isomer comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

A Expression for elliptical input fields for the FDTD simulations 91

B Energy of a charged spherical surface 93

Acknowledgments 109



List of Figures

1.1 Field Enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1 Ionization rate and probability . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Discrete and continuous sampling . . . . . . . . . . . . . . . . . . . . . . . 15
2.3 Electric field, ionization probability and charge distribution . . . . . . . . . 16
2.4 Potential due to the polarization of a dielectric . . . . . . . . . . . . . . . . 19

3.1 Aerosol Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2 Particle Characterization by SEM . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Proton rate vs. nozzle diameter of the aerodynamic lens . . . . . . . . . . 26
3.4 FROG characterization of the 2 micron pulses . . . . . . . . . . . . . . . . 27
3.5 Reaction nanoscope and coincident electron detection . . . . . . . . . . . . 28
3.6 Reduction of false coincidences in droplet experiments . . . . . . . . . . . . 30
3.7 Multihit probability vs. channeltron hit rate . . . . . . . . . . . . . . . . . 32
3.8 Asymmetric proton spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.9 Single-shot detector response with nanoparticles at high laser intensity . . 37

4.1 Field enhancement for single nanoparticles and clusters . . . . . . . . . . . 41
4.2 Proton momentum distribution vs. nanoparticle concentration . . . . . . . 42
4.3 Dependence of cluster contribution on laser intensity . . . . . . . . . . . . 43
4.4 Cluster signature at longer wavelengths . . . . . . . . . . . . . . . . . . . . 45
4.5 Experiment vs. Simulation for nanoparticle dimers . . . . . . . . . . . . . 46
4.6 Experiment vs. Simulation for nanoparticle dimers - 1D projections . . . . 48
4.7 Cumulative proton yield as a function of dimer angle . . . . . . . . . . . . 49
4.8 PiPiCo for gas phase vs. nanoparticle ions . . . . . . . . . . . . . . . . . . 50
4.9 Physical interpretation of nanoparticle-related PiPiCo histograms . . . . . 52

5.1 Reaction Nanoscopy setup for ellipticity investigations . . . . . . . . . . . . 59
5.2 Field enhancement vs. ion emission for different ellipticities . . . . . . . . . 62
5.3 Experiment vs. theory for ion emission with different ellipticities . . . . . . 63
5.4 Alkoxy group formation on silica surfaces . . . . . . . . . . . . . . . . . . . 63
5.5 Solvent comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.6 Ion energies for different ellipticities . . . . . . . . . . . . . . . . . . . . . . 68
5.7 Coincidence and covariance histograms for H+ and CH+

3 . . . . . . . . . . 69



viii LIST OF FIGURES

6.1 Schematic of droplet experiment . . . . . . . . . . . . . . . . . . . . . . . . 74
6.2 Detailed depiction of experimental setup for droplet experiments . . . . . . 75
6.3 Simulation geometry for 1,2-PDO and 1,3-PDO . . . . . . . . . . . . . . . 77
6.4 Ion emission from droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.5 Intensity dependence of droplet proton emission . . . . . . . . . . . . . . . 80
6.6 Droplet size and charge characterization . . . . . . . . . . . . . . . . . . . 82
6.7 Discrimination between droplet data and gas-phase data . . . . . . . . . . 85
6.8 Proving PDO protonation by symmetry . . . . . . . . . . . . . . . . . . . . 87
6.9 Isomer comparison for droplet and gas-phase ions . . . . . . . . . . . . . . 88
6.10 Energy of 1,2-propanediol vs. C2-C3 rotation angle . . . . . . . . . . . . . 89



Zusammenfassung

Die Wechselwirkung zwischen Licht und Nanoteilchen führt zu einer lokalen Verstärkung
des elektromagnetischen Feldes auf der Teilchenoberfläche. Im Regime der Starkfeld-Physik
verursacht diese Feldlokalisierung eine räumlich begrenzte Emission von Ionen von der
Oberfläche von sphärischen Nanopartikeln, die mit der kürzlich eingeführten Reaktionsna-
noskopietechnik abgebildet werden kann. Die Technik erlaubt die massenaufgelöste Mes-
sung der Energie- und Winkelverteilungen von Ionen, die durch die Starkfeld-Ionisation
einzelner Nanopartikel im Vakuum erzeugt werden.

In der vorliegenden Arbeit wurden Reaktionsnanoskpie-Experimente für einen breiten
Bereich experimenteller Parameter durchgeführt und die Ergebnisse weitgehend durch ein
Monte-Carlo-Modell reproduziert, das auf der Nahfeld-getriebenen Erzeugung von Ladun-
gen und ihrer klassischen Propagation beruht.

Im ersten Teil der Arbeit werden Experimente an SiO2-Nanoteilchen mit hohen Pro-
benkonzentrationen und niedrigen Laserintensitäten behandelt. Mit Hilfe des Monte-Carlo-
Modells wurden charakteristische Signaturen in den Daten auf die Ionenemission von
Nanopartikel-Clustern zurückgeführt. Auf der Grundlage dieser Ergebnisse wurden ver-
schiedene Methoden vorgeschlagen, die eine Trennung der Messdaten in die Beiträge ein-
zelner Nanopartikel und Clusterbeiträge ermöglichen. Diese Signaltrennung und der Nach-
weis von Nanopartikel-Clustern im Allgemeinen war in früheren Studien zur Starkfeld-
Elektronen-Emission von Nanopartikeloberflächen nicht möglich. Die dort beobachteten
Abweichungen zwischen Theorie und Experiment könnten daher durch einen nicht berück-
sichtigten Beitrag von Elektronen aus Nanopartikel-Clustern erklärt werden.

Der zweite Teil der Arbeit enthält eine Parameterstudie an einzelnen SiO2-Nanopartikeln
bei verschiedenen Laserpolarisationen und -intensitäten. Außerdem werden Isotopenaus-
tauschexperimente vorgestellt, die die molekulare Oberflächenzusammensetzung von SiO2-
Nanoteilchen in typischen Reaktionsnanoskopie-Experimenten klären. Die Analyse der ent-
sprechenden Ergebnisse wurde genutzt, um die Gültigkeit des Monte-Carlo-Modells zu
prüfen und die Grenzen seiner Anwendbarkeit zu ermitteln. Die hier gewonnenen Erkennt-
nisse bilden die Grundlage für die zukünftige Entwicklung einer theoretischen Beschreibung
von Reaktionsnanoskopie-Experimenten, die auf der molekularen Beschaffenheit der Na-
nopartikeloberfläche basiert.

Der letzte Teil der Arbeit befasst sich mit der ersten Studie zur Reaktionsnanoskopie
an starkfeld-ionisierten Nanotröpfchen. Anhand von Propandiol-Tröpfchen wurde gezeigt,
dass der an festen Nanoteilchen beobachtete enge Zusammenhang zwischen der Nahfeld-



verteilung und der Winkelverteilung der Ionenausbeute auch für Nanotröpfchen beobach-
tet wird. Diese Übereinstimmung wurde für eine in-situ-Charakterisierung der häufigsten
Tröpfchengröße in der Verteilung und für die Bewertung der Tröpfchenstabilität genutzt.
Schließlich wird ein Vergleich der Ionenspektren von Tröpfchen aus zwei verschiedenen
Propandiol-Isomeren durchgeführt. Ergebnisse aus Dichtefunktionaltheorie-Rechnungen deu-
ten darauf hin, dass ein Teil der beobachteten Unterschiede in den Spektren auf die iso-
merspezifische Molekülstruktur auf der Tröpfchenoberfläche zurückzuführen ist.

Die Ergebnisse dieser Arbeit belegen das enorme Potenzial der Anwendung der Reakti-
onsnanoskopie auf Problemstellungen der Oberflächenchemie. Die Technik legt den Grund-
stein für die Verfolgung der Entstehung von Reaktionsprodukten auf den Größenordnungen
von Femtosekunden und Nanometern.



Abstract

The interaction between light and nanoparticles leads to a local enhancement of the electro-
magnetic field on the particle surface. In the regime of strong-field physics, this field local-
ization causes a spatially confined emission of ions from the surface of spherical nanoparti-
cles, which can be imaged using the recently introduced reaction nanoscopy technique. The
technique facilitates the mass-resolved measurement of energy and angular distributions of
ions produced by the strong-field ionization of individual nanoparticles in a vacuum.

In this work, reaction nanoscopy experiments were performed for a wide range of exper-
imental parameters. The results were largely reproduced by a Monte Carlo model based
on the near-field driven generation of charges and their classical propagation.

The first part of this work describes experiments employing silica nanoparticles with
high sample concentrations and low laser intensities. Using the Monte-Carlo model, char-
acteristic signatures in the data are attributed to ion emission from nanoparticle clusters.
Based on these results, several methods are proposed to separate reaction nanoscopy data
into single nanoparticle and cluster contributions. This signal separation and the detection
of nanoparticle clusters has not been possible in previous studies on strong-field electron
emission from nanoparticles. The deviations between theory and experiment observed
there are consistent with an unaccounted contribution of nanoparticle clusters.

The second part contains a parametric study of different laser polarizations and inten-
sities incident on single silica nanoparticles. Isotope exchange experiments are presented,
which are used to investigate the molecular surface composition of silica particles in typ-
ical reaction nanoscopy experiments. The results are used to evaluate the applicability
of the Monte-Carlo model and explore its limitations. The insights gained here form the
foundation for future developments toward a theoretical description of reaction nanoscopy
experiments based on the molecular details of the nanoparticle surface.

The final part of this thesis covers the first reaction nanoscopy study on strong-field
ionized nanodroplets. Using propanediol droplets, it is demonstrated that a close corre-
spondence between the near-field distribution and the angular distribution of the ion yield
is observed for droplets similar to that of solid particles. This correspondence is used for
an in situ characterization of the mean droplet size and for evaluating droplet stability. Fi-
nally, a comparison of the ion spectra for droplets from two different propanediol isomers is
carried out. Density functional theory results suggest that parts of the observed differences
can be attributed to the isomer-specific molecular structure on the droplet surface.

The findings of this thesis demonstrate the great potential of the application of reac-



tion nanoscopy to surface chemistry. The technique paves the way toward spatiotemporal
tracing of reaction products on the femtosecond and nanometer scales.



Chapter 1

Introduction

Nanoparticles and nanodroplets are highly relevant in many fields of science. In chem-
istry, nanoparticles are widely used for separation[1–3], enrichment [4–6] and catalysis [7–
9]. Catalytic nanoparticles enable, for example, the efficient production of synthetic and
carbon-neutral fuels and may accelerate the transition to renewable and sustainable en-
ergy sources [10, 11]. Nanodroplets can serve as highly efficient reaction environments
as well [12–16]. They hold great potential for the chemical and pharmaceutical indus-
try [17, 18] and are considered a key element in prebiotic chemistry [19–22]. Atmospheric
aerosols contain both, droplets and particles. They have a substantial impact on human
health [23] as well as the weather and the global climate due to their role as condensation
nuclei and their influence on the earth’s radiative balance [24–26]. In biology and medicine,
nanoparticles hold great promise for molecular sensing applications [27], and as drug deliv-
ery vessels [28]. Among other things, they allow a traversal of the blood-brain-barrier [29–
31], which is a crucial step toward an effective treatment of cerebral diseases [32]. With
the ongoing COVID-19 pandemic and the corresponding immunochromatographic rapid
tests, nanoparticles have even become ubiquitous in everyday life. These tests use the
accumulation of functionalized metallic nanoparticles (gold or silver) to indicate a positive
or negative result [33]. The red appearance of the chromatographic indicator lines is the
consequence of the interaction of light with the metallic nanoparticles.

This effect of structural color [34] is one of many intriguing optical properties of nanopar-
ticles or nanodroplets. For metallic nanoparticles, the free electrons give rise to collective
oscillations at the particle surface, which can be driven resonantly for a certain wave-
length. Around this so-called localized surface plasmon resonance [35], the absorption of
light is greatly enhanced, causing the colorful appearance of metallic nanoparticles. While,
for dielectric materials, equivalent resonance effects can only be observed outside the op-
tical domain [36], dielectric and metallic nanospheres share many of their other optical
properties. The most relevant ones for this thesis are the localized enhancement of the
electric field around a nanosphere and the effect of nanofocusing [37], which are bene-
ficial for techniques like surface-enhanced Raman spectroscopy [38] and other nonlinear
spectroscopies [39]. These techniques make use of the enhancement of the electric field
enhancement at the interface between the particle and the environment, as shown for an



2 1. Introduction

Figure 1.1: Field enhancement in the plane z = 0 for
light with a wavelength of λ = 2µm and a sphere at the
origin (diameter d = 500 nm and refractive index n =
1.5). The field enhancement factor is defined as the ratio
between the local amplitude of the electric field and the
amplitude of an incoming plane wave. It was calculated
from the Mie solution of Maxwell’s equations [40].

exemplary case in Fig. 1.1. The localization of the field at the surface of the nanosphere
implies that field-sensitive experimental techniques can, in principle, also be sensitive to
the particle or droplet surface and its local chemical composition. Such a surface sensitivity
is highly desirable for almost all of the above-mentioned applications of nanoparticles and
droplets.

For nanoparticles and droplets in a vacuum, a very direct way of achieving this sensitiv-
ity is by the detection of ions, which are generated by strong-field ionization of the surface.
The process of strong-field ionization is highly sensitive to near-field variations[41–46], and
the ions can serve as a fingerprint of local, ionization-induced chemical processes on the
nanosurface. The recent introduction of the reaction nanoscopy technique [47] has enabled
the recording of such fingerprints. The technique facilitates the mass-resolved measure-
ment of energy and angular distributions of ions produced upon strong-field ionization of
isolated nanoparticles in a vacuum. Its surface sensitivity relies on the choice of sufficiently
low intensities such that bulk ionization and plasma formation, as reported in earlier stud-
ies [48], can be avoided. With this condition met, however, it has been shown that the
angular distribution of the protons emitted from silica nanoparticles is a direct map of the
angular distribution of the proton yield on the particle surface [47]. This spatial mapping
of strong-field-induced reaction yields makes reaction nanoscopy a unique and promising
technique for the direct observation and control of laser-induced chemistry on nanoscale
surfaces.

In this thesis, the experimental and theoretical advances in the reaction nanoscopy
technique since its introduction are presented. In the experiments, silica nanoparticles,
clusters of silica nanoparticles, as well as propanediol nanodroplets were investigated using
a wide range of different laser parameters. The generated ion data were used to assess
the target size and morphology, the validity of the theory, and to investigate the surface
chemistry of the targets.

The structure of the thesis is described in the following. In the next chapter (Chapter 2),
a model for the strong-field ionization of nanoparticles, as well as the near-field driven
generation and emission of ions is presented. The charge generation is based on quantum-
mechanical rates using the optical near-field as an input, and the ions are propagated
classically. The ion emission model was used for the description of all results involving silica
nanoparticles and has been employed for modeling further reaction nanoscopy experiments
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outside the realm of this thesis [49].
In Chapter 3, the reaction nanoscopy technique is introduced. This includes the descrip-

tion of the experimental procedure for generating aerosols of droplets and nanoparticles as
well as the manufacturing process of the silica nanoparticles. Moreover, the parameters of
the different laser systems used for the reaction nanoscopy experiments are presented and
the reaction nanoscope itself is described in much detail.

The chapters thereafter contain the results of three reaction nanoscopy projects carried
out by the author in chronological order. In Chapter 4, we discuss the effect of nanoparticle
clusters (in particular nanoparticle dimers) on the reaction nanoscopy data. It is shown
that the strongly nonlinear nature of the ion emission causes a suppression of the ion yield
from unaligned dimers with respect to the laser polarization and a dominant contribution of
the aligned ones. Additionally, the signature of clusters in the ion-ion coincidence spectra
and the differences between coincidences from nanoparticle ion emission to conventional
ion-ion coincidence spectroscopy are discussed. It is furthermore demonstrated that the
cluster-related ion signal dominates at low laser intensities, even for a small relative amount
of cluster compared to single nanoparticles. This observation is a possible explanation for
discrepancies between the theory and experiments in earlier studies on strong-field electron
emission from nanoparticles, where a possible contribution of nanoparticle clusters at low
intensities was not considered.

In Chapter 5, we present the first reaction nanoscopy data taken at a wavelength of 2µm
for a set of laser polarizations of different ellipticity and a range of intensities. The data
serve to explore the limits of the theoretical model introduced in Chapter 2 and successfully
applied in Chapter 4. While the model reproduces the angular distribution of the emitted
ions, their energy is not predicted correctly across the entire parameter space. We discuss
possible reasons for the observed discrepancies and provide experimental justification for a
part of the underlying assumptions of the model. Equally relevant to the model, the surface
composition of the silica nanoparticles was investigated in a solvent exchange experiment.
We find that the solvent does not play a significant role in reaction nanoscopy experiments.
It is rather the covalently bound functional groups on the nanoparticle surface and the
nanoparticle material itself, which determine the ion spectra. This insight is of great value
for the future development of the theoretical model as well as for the design of reaction
nanoscopy experiments targeted at the observation of chemical reactions.

Driven by the findings about the ion origin, systems with a more controllable molecular
surface structure, namely droplets, are investigated in Chapter 6. Droplets comprise the
same molecules on the surface as in the bulk, allowing chemically well-controlled exper-
iments. We used the reaction nanoscope to study polydisperse droplets of propanediol
and characterize their average size based on the angle of maximum field enhancement
measured from the angular ion distribution. The energy measurement in the reaction
nanoscope moreover allows an estimate of the droplet charge and an assessment of the
droplet stability after ionization. We interpret the reaction nanoscopy ion data from both
isomers of propanediol to extract droplet-specific as well as isomer-specific effects in the
ion emission process. In combination with density functional theory calculations for the
molecular structure on the droplet surface, the results suggest that the ion yields from
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droplets are influenced by the molecular alignment on the surface.
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Chapter 2

Theoretical model

As part of this thesis, a model for describing the strong-field ion emission from clusters of
nanoparticles was developed. The model was later adapted for single nanoparticles and
more complicated laser polarization states [50], as well as multi-color light fields [49]. It is
inspired by the M3C model [51], which was used for the description of the initial reaction
nanoscopy results by Rupp et al. [47]. M3C is short for Mie-field, mean-field, Monte-Carlo.
The M3C model was originally developed for modeling the photoemission of electrons from
nanoparticles and has successfully been applied to a variety of different experimental con-
ditions [46]. However, the M3C code only describes the light-matter interaction for single
nanoparticles and is thus not suited for the description of nanoparticle clusters, which was
the initial motivation for the development of a different approach. The second reason for
using a different model was the insight that the precise details of the electron dynamics are
not crucial for the reproduction of the major features of the experimental results of strong-
field ion emission from nanoparticles [49, 50, 52]. Omitting electron trajectory calculations
leads to a faster run time and thus allows averaging over many different configurations,
which was essential for the description of the experiments on randomly oriented nanopar-
ticle clusters. The following paragraph contains a brief summary of the concepts of the
M3C model and describes how they were adapted for an optimized description of the ion
momentum spectroscopy experiments.

2.1 General description

In the M3C model, the strong-field electron ionization of the naoparticles is described by
the quasi-static Ammosov-Delone-Krainov (ADK) ionization rate [53] using the ionization
potential of the nanoparticle material. Ionization rates like ADK are typically used for
atomic and molecular systems, where the electric field used as the input for ADK rate cal-
culations is usually homogeneous in space. In the M3C model, however, the response of the
nanosystem is taken into account for the calculation of a spatially and temporally varying
electric field. This electric field is composed of the optical response of the nanosphere, the
so-called Mie field [40], and the Coulomb field due to the charges generated over time, i.e.,
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the mean field. There are two types of charges, electrons and positively charged mother
ions. The mother ions remain at their initial position throughout the simulation while the
electrons are propagated classically in the total electric field (Mie field + mean field). For
the first study using the reaction nanoscopy technique by Rupp et al. [47], the M3C model
was extended by placing protons at a small distance to the surface and including them in
the time propagation starting from the most intense peak of the laser pulse. The generation
probability of the protons was modeled by an intensity-dependent power law assuming that
the proton generation is achieved via multi-photon ionization [54] of molecules adsorbed
on the nanoparticle surface. In this adapted M3C code, the protons themselves did not
contribute to the mean field and consequently did not influence the electron trajectories
and the trajectories of other protons.

The model developed here uses a similar semi-classical approach, and the ionization of
the nano surface is also described by the ADK rate. However, the input for the ADK rate,
the electric field, is assumed to be dominated by the optical near-field. The contribution
of charge interactions to the ionization rate is thus neglected. The idea behind this as-
sumption is similar to the strong-field approximation in atomic and molecular strong-field
ionization [55] where the influence of the ion’s Coulomb potential on the outgoing electron
is neglected due to the presence of a strong electric field. The other difference to the M3C
approach is that the electrons are neglected in our model, as mentioned above. When a
nanoparticle is ionized by a strong laser pulse, many electrons are generated with a broad
distribution of energies [46]. However, only the most energetic electrons can escape from
the vicinity of the nanoparticle, leaving a net positive charge on the nanoparticle surface.
This positive charge traps low energy electrons close to the nanoparticle surface [43]. Our
model neglects the microscopic details of the interaction between the trapped electrons
and the emitted ions. Doing so is justified by the fact that individual electrons scattering
from outgoing ions can not efficiently change the ion momentum due to the low electron
mass compared to the mass of a proton. On the nanoparticle scale, however, the trapped
electrons lower the nanoparticle’s effective charge, reducing the repulsive force on the ions
and, thus, the ions’ final kinetic energy. In the model, the total charge of the particle is
constant during the emission of the ions. This means that the shielding effect by trapped
electrons is treated statically, which is a valid approximation due to the long time scale of
the ion emission (ps to ns) compared to the time scale of electron generation (the pulse
duration, i.e., fs). As in Ref. [47], the outgoing ions (protons in our case) are generated
based on a power law, propagated independently of each other in the static field of the
mother ions, and their final momentum is extracted. The following sections contain more
detailed explanations of the different parts of the model mentioned here.

2.2 Electric field calculations

The basis for the generation of all charges in the model is the electric near-field around
the nanoparticle or nanoparticle cluster in response to an incoming plane-wave laser pulse.
This linear response can be efficiently calculated for a single spherical object using the
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Mie solution of Maxwell’s equations but requires more advanced techniques when more
than one particle is present. Such techniques are the T-matrix approach [56–58] for solving
Maxwell’s equations by coupling the single particle solutions or the discretization of the
equations on a spatio-temporal grid in the FDTD method (FDTD = finite-difference time-
domain). In our case, the FDTD method was chosen due to readily available commercial
solvers and the flexibility of the approach. We calculated the near-field on a regular cubic
grid using the Lumerical FDTD software package. From the time- and space-dependent
electric field on the grid, the local field enhancement factor α for every point r on the grid
was calculated as:

α(r) =
maxt|EFDTD(r, t)|

maxt|Ein(t)|
. (2.1)

Here EFDTD is the field obtained by the FDTD simulation and Ein(t) is the incoming
electric field of the laser pulse. The simulations used a Gaussian for the temporal envelope
of the pulse:

Ein(t) = sin(−ω0t+ φ) exp(−t2/2δ2t )ep, (2.2)

where ω0 is the central frequency, φ is the carrier-envelope phase, δt is the pulse duration,
and ep is a unit vector pointing along the direction of the linear polarization. The ex-
pressions for spherical and general elliptical polarization are derived in the appendix. The
minus sign in the sine function is a convention of the FDTD software. The quantity δt
relates to the full width at half-maximum (FWHM) of the intensity envelope TFWHM in
the following way:

δt =
TFWHM

2
√
ln 2

(2.3)

In the following, any pulse duration given refers to the FWHM duration TFWHM.
A typical grid spacing of 3 nm, 200 grid points along every spatial dimension, and a

similar number of time steps in a single FDTD run leads to large amounts of data. Reading
the simulation data back into the code for ionization and ion propagation can therefore
be the bottleneck of the overall performance. This is especially undesirable when large
parameter scans are necessary, as in the case of averaging over different dimer orientations.
For this reason, the FDTD solution was approximated by rescaling the incident electric
field with the field enhancement factor at the corresponding grid point:

EFDTD(r, t) ≈ α(r)Ein(t) ≡ E(r, t). (2.4)

This approximation was selectively compared with the full FDTD solution. For the systems
studied in this thesis, no significant impact on the ion emission results was found.

2.3 ADK rate and ionization probability

The ionization of the surface of the nanoparticle or cluster was described by a simple two-
state model where the states are coupled by the ADK ionization rate γ, as illustrated in
Fig. 2.1a. An electron of an atom on the surface of the nanosystem is with probabilities Pb
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and Pf either in a bound state or a free state, respectively. The interaction of the system
with a strong laser pulse E(t) leads to a non-zero, time-dependent ionization rate γ(E(t))
and to population transfer between the states, which is expressed by the following system
of ordinary differential equations (analogous to the approach in Ref. [59]):

dPb

dt
= −γ(E(t))Pb, (2.5)

dPf

dt
= −dPb

dt
= +γ(E(t))Pb. (2.6)

Before the arrival of the laser pulse, at t = −∞, the probability for the bound state is one
Pb(t = −∞) = 1, and the free state is unoccupied Pf (t = −∞) = 0. With these initial
conditions, the solution of this system for Pf (t) is given by:

Pf (t) = 1− exp

[
−
∫ t

−∞
dt′ γ(E(t′))

]
. (2.7)

The ionization probability for an atom exposed to a laser pulse is then given by the value
Pf (∞). At this point, it is important to stress the difference between the ionization rate,
which describes population transfer, and the ionization probability, which describes the
population itself. For practical purposes, the limit t → ∞ is replaced by a final time tf
that is large enough such that Pf (tf ) has converged within the desired accuracy. Due to
the exponential dependence of the ADK rate γ on the electric field E(t), only the strongest
half-cycles of the field need to be included in the integral to reach convergence. This effect
is illustrated in Fig. 2.1b, where the ADK rate for a laser pulse with a central wavelength
of 2µm is shown. The plot only contains those half-cycles of the electric field, which have
a significant contribution to the ionization probability in Fig. 2.1c. For this example, the
final population of the free state is already reached three half cycles after t = 0, i.e.,
Pf (t = ∞) ≈ Pf (t = tf = 10 fs).

For the nanosystem, the electric field and thus the ionization probability varies across
the surface. Instead of calculating the ionization probability on the fly, the approximation
made in Eq. (2.4) allows for a more efficient approach since the polarization and the
temporal evolution of the field are approximated as constant across space and only the field
amplitude changes. The ionization probability can thus be calculated for the laser pulse
corresponding to the lowest field in the simulation volume, for the pulse at the highest field,
and for a small number of points in between. With sufficiently many intermediate points,
the ionization probabilities for all other field enhancement values can then be obtained by
interpolation. This approach is illustrated in Fig. 2.1d.

The same sub-figure shows that the total ionization probability in this model behaves
very differently for different regimes of field amplitude. For very high fields, the full de-
pletion of the bound state leads to a saturation of the ionization probability, and a value
constant for Pf (t = ∞) ≈ 1. Mathematically, the depletion occurs when the exponential
term in Eq. (2.7) approaches zero, i.e., when the time integral of the ADK rate becomes
large: ∫ t

−∞
dt′ γ(E(t′)) ≫ 1 −→ Pf (t = ∞) ≈ 1 (saturation). (2.8)
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b

f
a

Figure 2.1: Ionization rate and ionization probability for a single atom. a: Schematic depicting the
population transfer between the bound state b and the free state f due to the ionization rate γ. b: The
electric field (blue line) of a laser pulse with a central wavelength of 2µm and a full-width-at-half-maximum
duration of the intensity envelope of 25 fs. The corresponding ADK ionization rate for the ionization
potential of silica (Ip = 10.2 eV, see [60]) is shown in orange. c: The probabilities Pb and Pf of the bound
state and the excited state, respectively, as a function of time. d: The final probability Pf (t = ∞) as a
function of the field amplitude of the laser pulse. The crosses show the points where the probability was
calculated using Eq. (2.7), and the dashed line shows a linear interpolation used for approximating the
ionization probability in the simulations.



14 2. Theoretical model

For intermediate field strengths, the ionization probability scales linear with field ampli-
tude, and for low electric fields, it is proportional to the time integral of the ADK rate.
This can be shown by Taylor-expanding the exponential of Eq. (2.7) to first order:

Pf (t) ≈ 1−
[
1−

∫ t

−∞
dt′ γ(E(t′))

]
︸ ︷︷ ︸

exp(−x)≈1−x

=

∫ t

−∞
dt′ γ(E(t′)). (2.9)

2.4 Generation of static surface charges

2.4.1 Rejection sampling

As mentioned above, the model uses static, positive point charges to describe the combined
effect of the ionized atoms on the particle surface and the shielding due to the trapped elec-
trons close to the surface. The surface charges in the simulation sampled from the spatial
distribution of the ADK-based ionization probabilities using the rejection sampling tech-
nique [61]. In short, rejection sampling works by randomly generating candidate samples,
which are accepted or rejected based on the target distribution and a uniform random
number. If done correctly, the accepted samples follow the target distributions. Even
though the rejection sampling method can be applied to discrete distributions as given
by the FDTD grid, a continuous distribution of charges in space was more desirable for
the simulations. In the discrete case, charges could only be generated exactly at the grid
points, which would lead to artifacts in the simulation or require excessively fine FDTD
grids. In order to avoid this, the electric field from the FDTD simulations (Eq. (2.4)) was
linearly interpolated such that an ionization probability could be calculated for every point
in space. This approach is visualized in Fig. 2.2 for a one-dimensional probability distri-
bution. The necessary steps for rejection sampling in three-dimensional space, as applied
in the model, are described in the following sections.

2.4.2 Candidate generation

The candidate samples for the placement of the static surface charges were obtained by
generating uniformly and randomly distributed position vectors in a thin layer below the
nanoparticle surface. First, three Gaussian random numbers g = (gx, gy, gz) were drawn.
These random coordinates were then normalized to obtain a set of random numbers that
are uniformly distributed on the surface of a three-dimensional unit sphere around the
coordinate origin[62, 63]:

ĝ =
g

∥g∥
=

g√
g2x + g2y + g2z

(2.10)

Afterward, the random positions were rescaled with a factor of R − δR, where R is the
nanosphere radius, and δR is a small, positive number drawn from a uniformly random
distribution. This scheme results in a set of candidate positions that are distributed uni-
formly and randomly within a thin layer δR underneath the surface of a sphere with a
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Figure 2.2: Example for sampling a distribution using the rejection method. The points (xi, ui) in
red and green are pairs of candidate sample values xi (uniformly distributed in [−1, 1]) and uniformly
distributed random numbers ui ∈ [0, 1]. Candidates xi are accepted as samples if ui ≤ ρ(xi), where ρ is
the probability density (gray shading). Accepted samples are displayed in green, and rejected samples in
red. a: A discrete probability distribution. b: The interpolated, continuous version of the distribution in
panel a.

radius R. The extension of the candidate generation to nanoparticle clusters is straightfor-
ward: For every particle of the cluster, an equal number of candidates are generated using
the algorithm described above. For a two-particle cluster, for example, 2N candidates are
generated, N of them are shifted to the center of the first particle r1, and the other N are
shifted to the center of the second particle r1. In summary, a single candidate position p
for a particle at position rn is obtained as:

p = (R− δR)ĝ + rn. (2.11)

2.4.3 Candidate acceptance

Candidates in rejection sampling are rejected or accepted based on the value of the prob-
ability ρ at the candidate position p and a random number u that is compared to ρ(p).
The probability distribution of u, denoted as U(p) must be chosen such that

cU(p) ≥ ρ(p) (2.12)

for all points p, where c is a constant [64]. In our case, the random number u was chosen
to be distributed uniformly random between zero and the maximum ionization probability
ρmax. The ionization probability is a monotonously increasing function of the electric field
and, therefore, also of the field enhancement α(r). The maximum ionization probability
ρmax could thus be obtained by finding the maximum field enhancement on the FDTD grid
and calculating the corresponding ionization probability.

With these parameters, a candidate position p is accepted for the placement of a static
charge if:

ρ(p) ≤ u. (2.13)
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In Fig. 2.3c, the angular distribution of 1000 accepted candidates is shown. The example
illustrates the case of a relatively low field amplitude where the field distribution is much
wider than the charge distribution.

In principle, the shape of U can be chosen as non-uniform as long as Eq. (2.12) is
satisfied for all p. This can be used to increase the relative amount of accepted samples if
the shape of U resembles the shape of ρ. However, in practice, it is extremely challenging
to generate such non-uniform random numbers computationally efficient while ensuring
that Eq. (2.12) is not violated, especially for a three-dimensional domain, as is the case
here.
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Figure 2.3: a: The electric field distribution on the surface of a silica nanoparticle with a diameter
of 300 nm illuminated with a 25 fs, 2µm linearly polarized laser pulse. The result was obtained from an
FDTD simulation on a grid with 3 nm spacing in all directions. b: The ionization probability corresponding
to the field displayed in panel a, calculated via Eq. (2.7). c: Histogram of a sample of 10k point charges
obtained from the distribution of panel b.

2.4.4 Total charge

The rejection algorithm described above does obviously not fix the maximum number
of samples to be drawn from a distribution. In physical terms, however, the number of
accepted candidate positions is equivalent to the number of elementary charges placed on
the surface of the nanosystem and will thus have an impact on the charge dynamics. It
is, therefore, necessary to calculate the total ionization probability for obtaining the total
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charge and, thereby, the number of required samples. The ionization probability per atom
is given by Pf (t = ∞), as introduced above. The density of generated charges per unit
volume is obtained by multiplying Pf (t = ∞) with the number density n of the nanoparticle
material. Finally, the total charge Q on the surface is obtained by integrating the obtained
charge density over space:

Q =

∫
S

dV P∞(r)n =

∫
S

dV ρ(r). (2.14)

Here, S represents the thin surface layer of the nanoparticle or all the surface layers for
all the particles of a nanoparticle cluster, respectively. The expression P∞(r) is used as a
shorthand for the ionization probability Pf (t = ∞) at a point r.

Carrying out this multidimensional integral can be elegantly achieved by reusing the
candidate generation scheme described above for a Monte-Carlo integration (see, for in-
stance, [61, 64]). The candidate positions are generated uniformly random within the
surface layer of the system. This means that the candidate density is a constant c = 1/V ,
where V is the volume of the surface layer. The expectation value of the charge density
ρ(r) under the constant candidate density can formally be expressed as:

⟨ρ(r)⟩c =
∫
S

dV ρ(r)c =
1

V

∫
S

dV ρ(r) =
Q

V
, (2.15)

where we have used Eq. (2.14) to replace the integral over space with the total charge of
the system Q. Eq. (2.15) shows that the charge Q could be calculated if the expectation
value ⟨ρ(r)⟩c was known. It can be approximated using the sampled, uniformly distributed
candidate positions. With N candidates generated with positions ri in the surface layer,
the value of ⟨ρ(r)⟩c can be estimated by sample averaging:

⟨ρ(r)⟩c ≈
1

N

N∑
i=1

ρ(ri). (2.16)

The total charge can thus be approximated by the Monte-Carlo integral:

Q = V ⟨ρ(r)⟩c ≈
V

N

N∑
i=1

ρ(ri). (2.17)

While Monte-Carlo integration is not the most efficient integration method, it was suffi-
ciently fast for the charge calculations and came at the large advantage of being easily
applicable to both single nanoparticles and nanoparticle clusters. Due to the rather slow
convergence of Monte-Carlo integrals with O(1/

√
N) [64], the number of candidate samples

needs to be high enough for sufficient accuracy of the total charge. This has been checked
in the code by repeating the integration multiple times and ensuring that the variance
between the results is small enough.
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2.5 Ion generation and propagation

Apart from the static charge on the nanosurface, the model also considers non-static, mobile
ions. In the experiments, they are generated by the dissociative ionization of molecules
and functional groups on the nanoparticle. They are accelerated by Coulomb repulsion
from the surface and their final momentum is observed with the reaction nanoscope. For
the case of the silica nanoparticles studied here, the exact surface composition depends on
the solvent that the particles are stored in as well as, in the case of an aerosol injection, the
evaporation conditions (see Chapter 5). The ion generation model used here was adapted
from the approach introduced by Rupp et al. [47]. It assumes that the surface constituents
are ionized in a multi-photon fashion. This means that the ion yield Y is proportional to
the laser intensity I taken to the power of the number of photons n needed to overcome
the ionization potential Ip:

Y ∝ In = IIp/h̄ω, (2.18)

where ω = 2πf is the angular frequency of the light field. The intensity I = I(r) is the
position-dependent peak intensity around the irradiated nanoparticle. To restrict the ion
generation to an area close to the surface of the nanosystem, Y was further multiplied with
a Gaussian along the radial coordinate:

Y (r) ∝ In(r) · exp
(
−(r −R)2

2σ2
r

)
(2.19)

The standard deviation of the Gaussian is given by σr, and the mean is set to the nanopar-
ticle radius R. This expression holds for a single nanoparticle centered around the coordi-
nate origin, with r = ∥r∥. For N nanoparticles at positions Ri and radii Ri, the formula
is generalizes to:

Y (r) ∝ In(r) ·
N∑
i=1

exp

(
−(∥Ri − r∥ −Ri)

2

2σ2
r

)
(2.20)

The ions in the simulation only interact with the static charges on the surfaces but not
with each other. This means that the number of charges sampled from the distribution
Y (f) only affects the statistics of the simulation but has no influence on individual ion
trajectories. For this reason, it is sufficient to define Y (r) proportionally and only up to
an arbitrary normalization constant.

The initial positions of the mobile ions are sampled by rejection sampling, as described
above. They are then propagated in the static electric field of the surface charges. The
electric field acting on a mobile ion at position r is approximated by summing over all the
static point charges:

E =
e

4πε0

Ns∑
i=1

r− ri
∥r− ri∥3

(2.21)

This approximation neglects the potential due to the material polarization induced by the
point charges under the surface (and by the mobile ion). Expressions for the polarization
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potential can be obtained by solving Maxwell’s equations for a point charge inside or in the
vicinity of a dielectric sphere. The solution for this system can either be represented by a
multipole expansion around the coordinate origin [43], or by an image charge density [65,
66]. The solution via the latter approach can be further simplified by approximating the
charge density by a set of point charges using Radau quadrature [67, 68]. As Fig. 2.4
shows, for small distances, the difference between the pure Coulomb potential and the
full potential (including polarization) can be significant. The polarized dielectric material
shields the charge and thus reduces the potential energy in the field. In the simulation,
the effect of polarization was neglected for multiple reasons:

• Description of clusters: The polarization of a nanocluster cannot be represented as
simply as for a single sphere

• Computational cost: The introduction of mirror charges or the expansion in multi-
poles increases the computational cost

• Other error sources: The error resulting from an inaccurate intensity and pulse char-
acterization in the experiment and the error from neglecting electron-ion interaction
are likely to have a larger influence than neglecting the polarization field. The model
is an effective model in this sense: The shielding by dielectric polarization can be
compensated by fitting the intensity (within the experimental bounds) and producing
fewer surface charges.
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Figure 2.4: Potential due to a point charge inside a dielectric sphere with a radius of 150 nm. The
sphere is centered around the coordinate origin, and the charge is placed at (149 nm,0,0). A set of 30 image
charges [67] was used to approximate the polarization potential of the dielectric. A relative permittivity
of εr = 3.9 was chosen. This simulates the extreme case of a DC material response for silica [69] (for high
frequencies, εr is smaller). a: Potential energy of an elementary test charge along the x-axis (red dotted
line in panel b). The blue line includes the effect of the dielectric polarization, the orange dashed line does
not. The black dashed line indicates the position of the point charge generating the potential. b: The
electrostatic potential energy (Coulomb + polarization) in the plane z = 0. The surface of the sphere is
indicated by the white dashed line.

The propagation of the mobile ions was achieved by integrating Newton’s equations
of motion using an off-the-shelf solver for ordinary-differential-equations [70]. Ions were
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propagated until their momentum did not change significantly anymore from one time step
to the next. At this point, due to the infinite range of the Coulomb potential, the potential
energy of the ion has not yet been fully converted into kinetic energy. The momentum
vector of the ion is thus rescaled to match the total energy. This scheme assumes that
the ion has propagated far enough away from the nanoparticle that only the length of its
momentum vector might still change while the direction remains fixed.

For single nanoparticles, combining the individual final ion momenta into histograms
for further analysis is a trivial task. For clusters, however, different alignments correspond
to different near-field distributions and thus a different total ion yield. Ion histograms
for different alignments thus need to be weighted by the total ion yield for obtaining the
averaged result. The total ion yield is proportional to the integral of Y (r) over the en-
tire space. This integral was calculated for every alignment by Monte-Carlo integration
in analogy to the determination of the total surface charge, with the modification that
the random numbers were drawn uniformly inside the entire FDTD volume and not only
from a surface layer. Importantly, while the proportionality constant for Y (r) is arbitrary
(see Eq. (2.18)), it needs to be chosen before and kept constant during the entire align-
ment averaging procedure in order to obtain correct results. The orientation-averaged ion
momentum histograms can then be compared to the momenta measured via the reaction
nanoscopy technique, introduced in the next chapter.



Chapter 3

Experimental Methods

All nanoparticle and droplet measurements described in this thesis were carried out with
reaction nanoscopy setups. The data on nanoparticle clusters were collected at the Amer-
ican University of Sharjah (AUS), and the other datasets were collected at the Ludwig-
Maximilians-Universität (LMU) in Munich. The reaction nanoscopy technique was first
introduced by Rupp et al. [47] and is described in much detail in Ref. [71]. The reaction
nanoscope is designed for momentum spectroscopy of ions generated from the strong-field
ionization of aerosolized nanoparticles, droplets, and other nanosystems. This chapter is
an introduction to the reaction nanoscopy technique. It will give an overview of all the
involved parts, including the aerosol generation, the particle detection, and the momentum
reconstruction.

3.1 Aerosol generation

The aerosol generation setups were similar for both, the silica nanoparticle studies and the
droplet investigations. The setups are shown in Fig. 3.1. In the following, both setups will
be described separately and independently for ease of reading.

3.1.1 Aerosolization of silica nanoparticles

Silica nanoparticles produced by the Stöber method [72] with a diameter of 300 nm were ob-
tained from collaborations with different research groups. The group of Prof. Dr. Markus
Gallei from Saarland University provided the samples for the investigation of nanoparticle
clusters (see Ref. [52] and Chapter 4) and the group of Prof. Dr. Stefan A. Maier from the
chair in Hybrid Nanosystems of Ludwig-Maximilians-Universität delivered the particles for
the investigations in Ref. [50] and Chapter 5. The particles were produced, washed, and
stored in anhydrous ethanol. The details of the nanoparticle synthesis are described in
the corresponding chapters. The washing procedure consisted of three consecutive cycles
of centrifugation (4000 rpm, 10min), solvent removal, and redispersion in a fresh solvent.
The solvent was removed with a pipette, and redispersion was achieved by bath sonication
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Figure 3.1: Aerosol generation setups for nanoparticles (panel a) and propanediol (PDO) droplets (panel
b). a: The aerosol source for nanoparticles consisted of a reservoir containing the nanoparticle-alcohol
dispersion connected to an atomizer (TSI inc., model 3076) operated with 1.4 bar of argon. The aerosol
was dried in a counter-flow membrane dryer (PermaPure MD-700-48S) operated with dry, compressed
air. The dried aerosol was passed through an impactor (TSI inc., part no. 1035900). A high-efficiency
particulate air (HEPA) filter connected to ambient air ensured a pressure of 1 atm at the aerosol outlet as
required by the aerodynamic lens of the reaction nanoscope. b: For generating droplet aerosols, the dryer
was removed from the system, and a 1 l bottle was inserted between the impactor and the HEPA filter,
which acted as a damping volume to stabilize the flow (see atomizer manual) and as a reservoir for excess
liquid building up at the impactor over time.
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for 5min. The samples were delivered with concentrations between 20 g of nanoparticles
per liter and 40 g/l and diluted to 1 g/l and below for the experiments. When a complete
solvent exchange was required, as in Ref. [50], the washing procedure with redispersion in
the new solvent was applied.

A note on redispersion by sonication: Sonication is a well-established method for reduc-
ing the likelihood of aggregated nanoparticles in the solution [73]. However, in some cases,
the sample appeared visually well-dispersed, but still, a cluster contribution (as described
in Chapter 4) was observed in the ion spectra, even at low nanoparticle concentrations. To
reduce the cluster signal, longer sonication times than 5 min were tested, but no further
improvement in the clustering behavior of the samples was observed. A possible explana-
tion is that the bath sonicator was not powerful enough for an ideal de-agglomeration of all
particles. For future investigations, the use of a probe sonicator is advisable. Probe sonica-
tion can be more effective than bath sonication in reducing the cluster content nanoparticle
dispersions [74].

The size distributions of the silica nanoparticles used in our studies were characterized
using different methods. The Gallei group provided a polydispersity value of 2.9% for their
particles, which they obtained from dynamic light scattering [75] and transmission electron
microscopy. The Maier group provided scanning electron microscopy images, from which
we determined the size distribution by a combination of algorithms of the OpenCV Python
library [76], as shown in Fig. 3.2. A polydispersity of 6% was obtained.
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Figure 3.2: Panel A: SEM image of the silica nanoparticles used in Ref. [50]. The green rectangles
indicate the position of the particles detected by a combination of algorithms of the OpenCV Python
library [76]. Panel B: The histogram of the particle diameters from all marked particles of panel A with a
standard deviation of 6% w.r.t the mean of the distribution.

For a typical measurement, between 50ml and 100ml of diluted nanoparticle solution
was prepared in a flask and attached to the nanoparticle source. As shown in Fig. 3.1a, the
nanoparticle solution was aerosolized using an atomizer (TSI inc., model 3076) operated
with argon gas at a pressure of 1.4 bar at the inlet. According to the manual and the
reference therein [77], the atomizer is designed to produce a fine mist of droplets with a
wide size distribution at a constant rate. With nanoparticles present, the goal is that most
of these droplets contain exactly one nanoparticle such that only individual particles and



24 3. Experimental Methods

no clusters are contained in the aerosol once the solvent is completely removed in a drying
stage.

In the aerosol generation setup used here, the aerosol is dried with a counter-flow
membrane dryer (PermaPure MD-700-48S). It consists of two concentric tubes connected
by a Nafion membrane, which is permeable to water and alcohols but not to argon, air,
or nanoparticles, in particular. The wet aerosol flows on the inside of the membrane, and
dry compressed air on the outside in the opposite direction. This configuration causes
a humidity gradient across the membrane leading to an outflow of moisture (or alcohol
vapor) from the inner tube, and the aerosol gets dried.

After the drying stage, an impactor was used to remove any (large) clusters of nanopar-
ticles that may have formed in the atomizer. The impactor forces the aerosol through a
narrow aperture of 0.71mm toward a stainless steel plate at a distance of 2.0mm from the
aperture. This narrow geometry guides the aerosol around a sharp 90° turn, which causes
large particles or clusters with high inertia to hit the steel plate, while (ideally) only single
particles are transmitted further.

The last element of the nanoparticle source is a high-efficiency particulate air (HEPA)
filter mounted to the transmission line with a T-piece. One outlet of the T-piece connects
to ambient air via the HEPA filter, and the other is connected to the inlet of the reaction
nanoscope. The purpose of the HEPA filter is to reduce the pressure in the aerosol source
to 1 atm, which is required by the aerodynamic lens [78] used for the injection of the
nanoparticles into the vacuum.

3.1.2 Droplet aerosol generation

The generation of an aerosol of propanediol droplets was achieved with the setup shown
in Fig. 3.1b. For the experiments, only fresh propanediol samples from closed bottles
were used. Both propanediol isomers are highly hygroscopic, and prolonged exposure
to ambient air would increase the liquid’s water content, which might affect the droplet
generation and the ion emission, making the experiments non-reproducible. The samples
of 1,2-propanediol (Thermo Scientific, +99.5%) and 1,3-propanediol (Thermo Scientific,
99%) were purchased from Fisher Scientific. For a typical measurement, about 20ml
of propanediol was filled into the reservoir bottle attached to the atomizer. The 1,3-
propanediol was aerosolized using 1.4 bar of argon at the inlet of the atomizer, while for the
1,2-propanediol, 2.0 bar of pressure was required. After leaving the atomizer, the aerosol
was size filtered with the same impactor as used for the solid nanoparticles. A bottle
with a volume of 1 l was inserted after the impactor. The atomizer manual recommends
such a damping volume for a more stable aerosol flow. In addition to its function as a
flow instability dampener, the bottle was used as a collection reservoir for propanediol
which was building up at the impactor over time. Analogously to the nanoparticle delivery
system, the droplet stream was split at the end of the source. One path was attached
to the inlet of a HEPA filter connected to ambient air, while the other path led to the
aerodynamic lens of the reaction nanoscope. The connection to the ambient air ensured a
pressure of 1 atm at the inlet of the aerodynamic lens [78].
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3.1.3 Aerodynamic Lens

For the injection of the nanoparticles and the droplets into the vacuum of the reaction
nanoscope, an aerodynamic lens was used. The model used in this thesis was designed
by H. Bresch at the Freie Universität Berlin [78]. It serves the purpose of generating a
collimated stream of nanoparticles. This is achieved by a series of apertures of certain
sizes at fixed distances. The pressure on the inlet side of the aerodynamic lens is fixed
at 1 atm, and the outlet side is pumped to about 10−2mbar by a roughing pump. Two
additional differential pumping stages after the lens exit generate an ultra-high vacuum
around the nanoparticle stream, which is required to operate the reaction nanoscope. The
dimensions of the aerodynamic lens were crucial for the efficient injection of nanoparticles
into the vacuum chamber. For the inlet of the aerodynamic lens, a glass nozzle with a
diameter of 190µm was found to be ideal for injecting 300 nm silica particles. This was
tested by measuring the rate of protons generated from nanoparticles for different nozzle
sizes. The test data are shown Fig. 3.3. The data demonstrate that optimizing the particle
injection system can lead to a manifold increase in the particle or droplet hit rate and
should thus not be neglected. This applies not only to the aerodynamic lens’s inlet but
also to the geometry of the aerodynamic lens itself. Before the lens version by Bresch [78]
was installed in the reaction nanoscope at LMU, a different, undocumented aerodynamic
lens was used. The change of lenses increased the nanoparticle hit rate by one order of
magnitude.

Bresch [78] reports the highest efficiency for a nozzle diameter of 180µm, which is in
reasonable agreement with our results. Due to the dependence of the throughput on the
particle size, the inlet and outlet pressure, as well as the length of the injection nozzle, a
certain deviation from setup to setup is not surprising.

3.2 Laser systems

Two different femtosecond laser systems were used for the studies presented in this thesis.
The laser system for the investigation of clusters of nanoparticles [52] at the AUS was a
high-power fiber laser (AFS-UFFL-300-2000-1030-300, Active Fiber Systems GmbH). It
produced pulses with a central wavelength of 1030 nm and three different options for the
pulse duration (150 fs, 40 fs, and 8 fs). The pulse duration was measured with a second-
order autocorrelator. Due to technical problems with the 8 fs output of the laser, the 40 fs
option was used for the reaction nanoscopy experiments. The repetition rate of the system
could be set to three different values: 50 kHz, 75 kHz, and 150 kHz. While the highest
repetition rate of 150 kHz is the best choice for fast data collection and good measurement
statistics, it can cause artifacts in the ion time-of-flight spectra since the flight time of heavy
ions is typically longer than the period between two laser shots (6.67µs for a repetition
rate of 150 kHz). This means that the heavy ions arrive at the same time at the detector
as the light ions from the next laser shot leading to a background signal in the light ion
time-of-flight spectra. In the reaction nanoscope at AUS, a spherical mirror with a focal



26 3. Experimental Methods

140 160 180 200 220 240
nozzle diameter ( m)

1000

2000

3000

4000

5000
pr

ot
on

 ra
te

 (1
/m

in
)

Figure 3.3: Proton detection rate as a function of nozzle diameter for a measurement with 300 nm
silica particles ionized by 2µm pulses. The proton rate was filtered on channeltron signals with a high
number of electrons, i.e., nanoparticle hits. The proton rate plotted here is thus proportional to the rate
of nanoparticle hits.

length of 100mm was used to focus the pulses. Measurements were typically carried out
at a peak intensity of 5×1013W/cm2. The intensity was calibrated from a time-of-flight
measurement with argon as the target. The ratio between Ar+ and Ar2+ ions was then
used to determine the peak intensity [79]. Due to the high output power of the laser system
of 150W, significant attenuation of the laser beam to about 1% of the total power was
required not to exceed these intensities. The attenuation was achieved by a half-wave plate
in combination with a thin-film polarizer followed by absorptive neutral-density filters.

The laser system used at the LMU was a custom optical-parametric chirped pulse am-
plifier (OPCPA) [81] producing pulses with a central wavelength of 2µm at a repetition
rate of 100 kHz. Typically, a pulse duration of around 25 fs was achieved. The pulses were
characterized by frequency-resolved optical gating (FROG) [82, 83] using the third har-
monic as the nonlinear signal. A typical pulse measurement is shown in Fig. 3.4. For the
reconstruction of the FROG traces, the COPRA pulse reconstruction algorithm [80] with
a slightly modified version of its reference implementation [84] was used. The maximum
output power of the laser system at LMU was 6W. After attenuation, typically about a
third of the power was focused by a spherical silver mirror with a focal length of 75mm,
reaching a peak intensity of about 5×1013W/cm2. To the best of our knowledge, for strong
few-cycle pulses at 2µm, there are no published methods yet, which allow an intensity cali-
bration based on relative ion yields similar to the Ar+/Ar2+ method used above. The laser
intensity for the OPCPA system was therefore calibrated from the geometry of the laser
focus and the measured pulse duration. Due to the uncertainties of both measurements, a
relative intensity error of about 50% is expected.
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Figure 3.4: OPCPA pulse characterization using a third-harmonic FROG. a: Retrieved pulse in the
temporal domain. The full width at half maximum of the main peak is 24 fs. b: Retrieved pulse in the
spectral domain. c: Measured third-harmonic FROG spectrogram. d: Retrieved FROG spectrogram using
the common pulse retrieval algorithm (COPRA) [80]. e: Difference between the measured and the retrieved
spectrograms.

3.3 Reaction nanoscope

The reaction nanoscope is depicted in Fig. 3.5. It allows the measurement of the three-
dimensional momenta of laser-generated ions from the surface of nanoparticles or droplets
using the ion detection side of a reaction microscope [85] in combination with a channel-
tron electron multiplier for categorizing the events into gas-phase ionization events and
nanoparticle/droplet ionization events.

3.3.1 Detection of nanoparticle or droplet events

Even though the exit of the aerodynamic lens is differentially pumped to reduce the amount
of carrier gas in the interaction region, the contribution of ions generated from the ioniza-
tion of single, gas-phase molecules to the reaction nanoscopy spectra can still be significant.
In order to reduce the gas-phase contribution, the amount of detected electrons is to clas-
sify an ion’s origin as a single molecule or nanoparticle/droplet. Since the strong-field
ionization of a nanosystem generates many more electrons than the ionization of an atom
or a small molecule [71], ions detected in coincidence with a small (or zero) electron signal
are associated with the ionization of a single molecule and ions detected with a large elec-
tron signal correspond to nanoparticle/droplet hits. The threshold can be determined from
gas-only experiments. An example of the separation into the gas-phase background and
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Figure 3.5: Reaction nanoscope and coincident electron detection. a: Setup of the nanoscope. The
aerosol is injected through the aerodynamic lens (AL). The particles or droplets are ionized in the focus of
the laser (FM: focusing mirror). An electric field generated by a high-voltage (HV) across the spectrometer
forces the generated electrons and ions onto the corresponding detectors. The spectrometer rings are spaced
equidistantly and separated by 100 kΩ resistors (R), ensuring a constant electric field [71]. The ion detector
measures the time-of-flight and the position of the emitted ions. The signal of the electron detector is
time-integrated and used as a measure for the number of generated electrons. b: Histogram of proton
counts as a function of the electron signal and the time-of-flight. The time-of-flight axis is restricted to
the proton arrival time. The detected ions can be grouped into ions emitted from background gas (blue
dashed rectangle) and from nanoparticles (orange dashed rectangle). c: The energy of histograms of the
protons from panel b. Due to the coincident electron detection, the ion origin in the energy overlap region
(approx. 10 eV to 20 eV) can be determined.
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the nanoparticle signal for the case of protons is shown in Fig. 3.5b. In Fig. 3.5c the most
important advantage of the classification by electron signal is illustrated. As shown, the
energy spectra of protons from the background and from nanoparticles have a significant
overlap. Individual ions within the overlap region can only be assigned to either of the two
categories due to the single-shot coincident detection of the electron signal. Of course, the
same is true for potentially overlapping ion momentum spectra.

The data shown in Fig. 3.5b,c are representative of reaction nanoscopy experiments with
nanoparticles. When droplets are injected into the vacuum chamber, however, molecules
continuously evaporate from their surface. This leads to a higher density of single molecules
around a droplet in the interaction region than for nanoparticles. This halo of molecules
makes the ionization of a single molecule in coincidence with the ionization of a droplet more
likely. As a consequence, large electron signals in droplet experiments often correspond to
both the ionization of a droplet and, at the same time, a single molecule. Note that the
inverse statement is not true. A small electron still corresponds to the ionization of only
a single molecule. To mitigate this effect of ”false coincidences,” the droplet data can be
further cleaned up by applying a filter based on the ion arrival position on the detector.
This is illustrated in Fig. 3.6. Note that this filtering procedure can only be applied if the
laser polarization is chosen perpendicularly to the time-of-flight axis. Only in this case,
droplet ions are predominantly detected at large deflections from the center of the detector,
making them separable from gas-phase ions at small deflections (see Fig. 3.6b).

As a technical note: The ”electron signal” for the reaction nanoscope at the AUS was
measured as the signal width of the decoupled channeltron voltage over a fixed threshold.
For the data collected at the LMU, ”electron signal” refers to the decoupled, digitally
sampled, and time-integrated channeltron voltage signal.

Probability for multiple nanoparticle hits

A large magnitude of the electron signal in reaction nanoscopy experiments is, strictly
speaking, an indication that at least one nanoparticle or droplet was ionized by the laser.
This implies a non-zero probability of ionizing more than one nanoparticle per laser shot.
In this section, we relate the average rate of large electron signals γ to the probability that
exactly one nanoparticle was ionized, given that a large electron signal was detected. This
can be written as the conditional probability P (n = 1|n ≥ 1), where n denotes the number
of ionized particles or droplets. With a typical experimental rate of one large electron
signal for every 100 laser shots, we obtain γ = 0.01. This rate is equal to the probability
P (n ≥ 1) of ionizing at least one particle per laser shot: P (n ≥ 1) = γ = 0.01.

Assuming independent particles (which is the case for low particle densities in the
aerosol stream), and a constant flow rate of nanoparticles, the probability P (n) for detect-
ing exactly n particles follows a Poisson distribution:

P (n) =
λn

n!
e−λ, (3.1)
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Figure 3.6: Reduction of false coincidences in droplet experiments. a: Histogram of electron signal values
for a measurement with 1,2-propanediol droplets. The dashed red line indicates the threshold below which
ions detected in coincidence originate from a single gas-phase molecule. Ions detected with electron signals
above the threshold stem from either the surface of a droplet or a single molecule. The latter case defines
a false coincidence (false coinc.). b: Time-of-flight histogram, position-resolved along the polarization
direction of the laser (y) and filtered on events with a large electron signal (”droplet data + false coinc.”
of panel a). The white shaded area indicates detector positions with a low deflection from the center of
the detector, corresponding to ions from gas-phase molecules and thus false coincidences. c: Comparison
between the time-of-flight histogram obtained for small electron signals (gas-phase data of panel a) and
the projection of the counts inside (false coinc.) and outside (droplet) the white-shaded area of panel b.
The similarity between the histograms of gas-phase and false coincidences confirms that ions detected at
low deflection correspond to gas-phase molecules. The insets i and ii show the data in the dashed boxes in
more detail. The x-axes of panels b and c are identical (both are linear in time-of-flight). The mass values
in panel c were obtained from a calibration as described in the text.
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where λ is the mean of the distribution. Consequently, we obtain for P (n ≥ 1):

P (n ≥ 1) = 1− P (0) = 1− e−λ. (3.2)

With P (n ≥ 1) = γ, the mean of the Poisson distribution can be expressed in terms of the
hit rate:

λ = − ln(1− γ) ≈︸︷︷︸
γ≪1

γ (3.3)

Using this relationship, the conditional probability for exactly one particle being ionized
given a large channeltron signal P (n = 1|n ≥ 1) can be derived. It is defined as:

P (n = 1|n ≥ 1) =
P (n = 1 ∩ n ≥ 1)

P (n ≥ 1)
=

P (n = 1)

P (n ≥ 1)
. (3.4)

Inserting the Poisson distribution, one obtains:

P (n = 1|n ≥ 1) =
P (n = 1)

P (n ≥ 1)
=

λe−λ

1− e−λ
≈ 1− λ

2
≈ 1− γ

2
. (3.5)

Here, the first approximation was obtained from a Taylor expansion up to the first order
for small λ and the second approximation uses Eq. (3.3). In the case of a channeltron rate
of γ = 0.01, the probability of exactly one nanoparticle being ionized, given that a large
channeltron signal was detected, is approximately P (n = 1|n ≥ 1) = 99.5%.

The probability of multiple particles being ionized at once is consequently given by:

Pmulti ≡ P (n > 1|n ≥ 1) = 1− P (n = 1|n ≥ 1) = 1− λe−λ

1− e−λ
≈ γ

2
(3.6)

This multihit probability is shown in Fig. 3.7 for the full range of channeltron hit rates:
0 ≤ γ < 1.

3.3.2 Typical nanoparticle density in the laser focus

From the average channeltron rate and the focal geometry, the nanoparticle density in the
aerosol stream can be estimated. On the time scale of the duration of a laser pulse (25 fs
in our case), the nanoparticles in the focus do not move significantly. Assuming a particle
velocity of 200m/s (below the speed of sound [86]), the distance traveled is only 5 pm (less
than the size of an atom) within a single laser pulse. Therefore, the particle motion during
ionization can safely be neglected1. In the interaction region of the nanoscope, the full
width at half of the intensity maximum of the laser focus in the plane perpendicular to
the propagation direction was approximately FWHM = 50µm (measured with a camera).
This corresponds to a beam waist w0 = FWHM/

√
2 ln 2 = 42µm and a Rayleigh-length of

1At a repetition rate of 100 kHz, the time between two laser pulses is 10µs, which corresponds to a
distance of 2mm. This is larger than the size of the laser focus, meaning that the same particle cannot be
exposed to two consecutive laser pulses.
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Figure 3.7: Probability of ionizing more than a single nanoparticle given a channeltron hit Pmulti,
defined in Eq. (3.6), as a function of the channeltron hit rate γ. The solid curve shows the exact expression

Pmulti = 1− λe−λ

1−e−λ with λ = − ln(1−γ). The dashed line shows the approximation for γ ≪ 1: Pmulti ≈ γ/2.

zR = πw2
0/λ = 2.8mm. Since the Rayleigh range is longer than the width of the collimated

aerosol stream of approximately 1mm, we will assume that nanoparticles are ionized in a
volume of V = 42µm×42µm×1mm. As mentioned in the section above, the channeltron
hit rate γ for large electron signals and thus the average number of particles ⟨N⟩/ within
this volume is about γ = 10−2. Hence, the density ρ of the nanoparticles in the focus is
estimated as

ρ = ⟨N⟩/V ≈ 104/ cm3. (3.7)

We expect about a factor of two uncertainty per linear dimension in the determination of
the ionization volume, which makes the density estimate accurate within about one order
of magnitude. The estimated value of ρ = 104/ cm3 is two orders of magnitude below
what is reported for the aerosol density that the atomizer produces [87]. Considering the
estimated error, the density in the interaction volume is still at least one order magnitude
lower than what is expected at the atomizer exit.

For the propanediol droplet experiments, this is not surprising since a significant quan-
tity of propanediol accumulated at the impactor and inside the damping bottle over the
course of a measurement. This means that a certain fraction of droplets was stopped at
the impactor and removed from the aerosol, lowering the density.

For the case of the silica nanoparticles, the explanation for the low target density in
the laser focus is the following. When the nanoparticles are aerosolized from a solution,
solvent droplets with ideally one nanoparticle per droplet are produced. However, since the
distribution of the nanoparticles in solution is probabilistic, the number of nanoparticles per
droplet at the atomizer output is as well. The sample concentration needs to be sufficiently
low to minimize the number of droplets with more than one nanoparticle (to avoid cluster
formation, see Chapter 4). Typical concentrations in nanoparticle experiments were on
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the order of 1010 particles per cubic centimeter of solution (for particles with a diameter
of 300 nm, this corresponds to a mass concentration of about 0.37 g/l). With a typical
droplet diameter at the aerosol outlet of 1µm[88] or a corresponding droplet volume of
approximately 5 × 10−13 cm3, it is thus expected that a single droplet contains 5 × 10−3

particles. The aerosol density of the atomizer on the order of 106/ cm3 [87] needs to be
multiplied with this probability for a droplet containing a particle. Doing so results in an
expected particle density in the interaction region which is consistent with the estimate of
Eq. (3.7): ρ ≈ 104/ cm3.

3.3.3 Ion momentum measurement

The ion detector of both reaction nanoscopes consisted of a chevron stack of microchannel
plates (MCP) and a delay-line anode (DLD 80, Roentdek Handels GmbH). It allowed the
measurement of the ion time-of-flight (TOF) and the arrival position on the detector. For
individual ions, the time-of-flight was determined from the arrival time of a decoupled
(high frequency) voltage spike from either the front side or the back side of the MCP2.
This voltage spike was amplified using an Ortec FTA820A amplifier and then sent into
a constant-fraction discriminator (CFD, Ortec 935) to increase the time resolution. The
timing of the resulting voltage pulse was finally detected using a time-to-digital converter
(TDC8HP, Roentdek Handels GmbH). The position detection relied on four additional
voltage pulses per ion, two per direction (x and y) of the delay-line anode. Every direction
of the DLD consisted of a pair of wound-up wires. At either end of the wire pair, the
(high-frequency part of the) voltage across the pair was decoupled, leading to two signals
per direction. The DLD voltage pulses were pre-processed by the same combination of
amplifiers and CFDs before their timing was recorded in the TDC8HP. The position along
a coordinate, x or y, is proportional to the timing difference of the voltage pulses decoupled
from either end of the corresponding pair of delay line wires. The conversion from timing
difference to position, as well as the rest of the data acquisition, was achieved using the
CoboldPC software (Roentdek Handels GmbH).

From the TOF and position of an ion, its momentum vector at the time of birth can
be reconstructed. The reconstruction relies on the constant electric field E inside the
nanoscope and is based on classical trajectories. The direction of the electric field is along
the time-of-direction z, and the other directions are field free, leading to the following
trajectory equations

x(t) =
px
m
t, (3.8)

y(t) =
py
m
t, (3.9)

z(t) =
1

2
at2 +

pz
m
t = L, (3.10)

2The unused output port should always be terminated with a 50Ω resistor to avoid signal artifacts. If
the connector for the MCP front is used for the time-of-flight, the MCP back should be terminated and
vice-versa.



34 3. Experimental Methods

where t is the TOF, m is the ion mass, L is the distance between the interaction region
and the ion detector, and a = Eq/m is the acceleration due to the electric field E for an
ion with charge q. The initial momenta pi can be reconstructed from the TOF t and an
ion’s arrival position at the detector (x(t), y(t)):

px = m
x

t
, (3.11)

py = m
y

t
, (3.12)

pz = m
L

t
− 1

2
m · a · t. (3.13)

The ratio m/q can be obtained from the TOF after a calibration of the spectrometer.
This is achieved with ions of very low energy, i.e., sharp peaks in the time-of-flight his-
togram. Such ions are generated, for example, after the single ionization of single molecules.
In that case, the only momentum imparted on the ion is the recoil momentum from the
released electron (and negligible contribution due to the momenta of the absorbed pho-
tons) [89, 90]. Thus, setting pz = 0 in Eq. (3.13), it follows that the TOF is proportional
to the square root of the ratio m/q.

t ∝
√

m

q
. (3.14)

In practice, the TOF t is only measured up to an initially unknown offset with respect to
the actual instance of ionization. This offset and the proportionality constant of the above
equation can be fixed by fitting a linear function using the time of flight for pz = 0 for
multiple ions with known m/q. The TOF calibration can be used to eliminate the electric
field from the momentum calculations such that only the length L of spectrometer’s ion
side needs to be known. If pz = 0, it follows that:

a =
Eq

m
=

2L

τ 2m/q

, (3.15)

where τm/q was used as a notation the fragment- or m/q-specific TOF for pz = 0. Inserting
this expression back into Eq. (3.13), we obtain:

pz =
mL

t

(
1− t2

τ 2m/q

)
. (3.16)

This approach is advantageous over the direct calculation of pz since the value of the electric
field is removed as a potential source of error and the length of the spectrometer can be
measured with high accuracy. For this reason, Eq. (3.16) was used throughout this thesis
for calculating the momentum component parallel to the TOF axis.
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Limitations of the ion detector

A delay-line detector, as used in the reaction nanoscope, is optimized for detecting only
a few ions (< 10) per laser shot. However, we found that staying within this limit in
reaction nanoscopy experiments is not always possible. The reason is the high number of
molecular adsorbates on the surface of a nanoparticle, which can contribute one or more
ions to the emitted ion spectrum upon ionization of the nanoparticle surface. The number
of adsorbates can be estimated using the density of silanol (Si-OH) groups on the silica
surface. In Chapter 5, it is shown that silanol groups are the primary source of protons in
reaction nanoscopy experiments with silica particles and that protons dominate the overall
ion spectra. With a surface density of approximately 2.2OH/nm2 [91], a d = 300 nm silica
particle with a surface area of approximately 3×105 nm2 contains about 600k silanol groups,
which could release a proton. To stay within the ideal operating range of the ion detector
(< 10 ions), the average proton generation probability from silanol groups thus has to be
on the order of 10−5. This probability alone would not be a problem since the laser power
can be arbitrarily lowered. The challenge in current reaction nanoscopy experiments is the
strongly nonlinear dependence of the ion generation probability on the laser intensity (IN ,
with N > 10, see Chapter 2). This means that a small increase in laser intensity already
causes the proton generation probability to exceed the threshold of 10−5, and a small
decrease significantly lowers the rate at which protons are generated and thus substantially
increases the measurement time. A second problem at low intensities arises from the
increased contribution of ions emitted from nanoparticle clusters, an effect demonstrated
in Chapter 4. These considerations show that, in practice, it is often unavoidable to
generate more protons from a nanoparticle or droplet surface than the detector is optimized
for, leading to detector saturation. The following section discusses the effects of detector
saturation. The term ”laser intensity” will refer to a constant intensity at a certain point
in the laser focus (without taking into account focal volume averaging).

For laser intensities, which produce proton counts slightly above the detector limit, the
effect of the detector dead-time can be observed in the proton histograms. The delay-
line detector used in the reaction nanoscope has a multihit dead-time of 10 ns-20 ns (see
Ref. [92]). For ion detection in single-molecule experiments, this dead time is usually
sufficient for detecting multiple ion fragments per laser shot. If the fragments differ in
m/q, their times-of-flight are typically significantly different, easily avoiding dead time
limitations. For ion fragments of identical m/q, their mutual Coulomb repulsion causes
different emission directions from the interaction region and, for the most part, sufficiently
different times-of-flight above the dead-time limit. In the experiments on nanoparticles
or droplets presented here, most emitted ions are protons, and the Coulomb repulsion
determines their emission direction from the charged nanoparticle surface instead of each
other. As a result, the times-of-flight of multiple protons can be dead-time-limited, which
leads to asymmetric time-of-flight and momentum histograms since protons with longer
time-of-flight values are less likely to be detected. This effect is shown in Fig. 3.8 for an
exemplary data set obtained from an experiment with silica nanoparticles. This dead-time
effect is most severely observed for protons. Other fragments like H+

2 or CH+
3 are produced
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Figure 3.8: Asymmetric proton spectra. a: Ion time-of-flight spectrum for a measurement with silica
nanoparticles filtered on large electron signals, i.e. nanoparticle hits. An asymmetry along the time-of-
flight direction can be observed mostly for the protons, while the H+

2 and CH+
3 spectra are approximately

symmetric. b: Proton (H+) time-of-flight spectrum, position-resolved along the laser propagation direction.
For this measurement, the laser polarization was chosen along the time-of-flight axis.

at much lower rates, which makes the detection of two ions of the same species in a single
laser shot less likely.

A more detrimental saturation effect can be observed at higher intensities. In this
regime, the decoupled signal from the MCP can reach 10s of volts (see Fig. 3.9a). For
comparison, typical amplitudes for single ion MCP signals are on the order of 10s of
millivolts. The enormous voltage difference suggests that such intense shots correspond
to a very high number of generated ions (on the order of 1000 ions if a linear scaling is
assumed). From the arrival time of the peak in Fig. 3.9a, it can be deduced that the ion
species causing the extremely strong signal are protons. This is qualitatively consistent
with the above considerations about the proton generation. That the signal is related to
a high intensity can be deduced from an estimate of the proton energy from the voltage
trace. As shown in Fig. 3.9a, protons with energies of approx. 75 eV are generated with
such signals, which is 2-3 times more energy than in the regime below detector saturation.
According to our understanding, the increased ion energy requires more surface charge on
the nanoparticle, which makes a higher laser intensity necessary [42]. The strong voltage
signals from the MCP cause a saturation of the signal amplifier used before the CFD.
As shown in Fig. 3.9b, the saturation results in a ringing at the amplifier output, which
lasts more than 1µs. This ringing can be observed as unphysical spikes in the ”raw”
time-of-flight spectra of the CoboldPC software. ”Raw” time-of-flight spectra consider all
TDC counts on the channel connected to the MCP, even those without a valid position
reconstruction. Apart from the ringing at the amplifier output, strong proton signals as in
Fig. 3.9a appear to increase the dead-time of the MCP itself since no other peaks in the
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Figure 3.9: Extreme example for the single-shot detector response for a nanoparticle measurement at
high laser intensity (recorded with an oscilloscope). a: Decoupled signal from the MCP without further
amplification. The arrival time of the main peak corresponds to the proton time-of-flight (TOF), as
indicated by the dashed lines. A voltage pulse produced from a single ion causes signal amplitudes on the
order of 10mV, while here, 10s of volts are observed. The actual amplitude for the signal shown here is
unknown due to the saturation of the oscilloscope channel at ≈ −30V. b: Exemplary amplifier output for
a similar input as shown in panel a. A nonlinear amplifier response and strong ringing with a decay time
of more than 1µs are observed.

voltage curve can be observed, even after many microseconds (not shown in the figure).
Therefore, we assume that the acquisition software can detect not a single ion with a valid
position for such a laser shot.

The effect of these two types of detector saturation on the nanoparticle data is expected
to be equivalent to a filter on low local intensity in the focal volume. Low-intensity regions
are unaffected by detector saturation, while areas of high intensity might be. Hence, some
care must be taken when interpreting reaction nanoscopy data. Since a single measurement
might not represent the entire focal volume, it is advisable to perform experiments for a
range of pulse energies and test whether parameters such as the ion energy change upon
a change of pulse energy. Additionally, we recommend monitoring the rate of exceedingly
strong MCP signals on an oscilloscope (as shown in Fig. 3.9). This rate can be compared to
the rate of large channeltron signals, i.e., the rate of nanoparticles hits. The ratio of both
rates indicates which fraction of nanoparticle hits generate entirely undetectable signals,
like in Fig. 3.9. This fraction should obviously be kept as low as possible by decreasing the
laser intensity to the lowest possible value while maintaining a workable data acquisition
rate. Suppose the fraction of undetectable MCP signals is negligible. In that case, the
only other saturation effect is due to the detector dead time, which is insignificant for ions
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heavier than the proton (as shown in Fig. 3.8). We, therefore, expect that this effect does
not significantly affect the interpretation of reaction nanoscopy data

Due to the nonlinear scaling of the ion generation rate, detector saturation is not always
avoidable in strong-field reaction nanoscopy experiments. However, since the nonlinearity
of the signal causes the problem, future reaction nanoscopy could benefit from using higher
energy photons, say close to the ultra-violet region. This would greatly reduce the non-
linearity of the ionization and ion generation process and would thus enable investigations
over a wider range of laser intensities.



Chapter 4

Reaction nanoscopy with
nanoparticle clusters

In this chapter, the signatures of nanoparticle clusters in the proton momentum spectra
are investigated both theoretically, using the model introduced in Chapter 2, and ex-
perimentally, using the reaction nanoscopy technique. We demonstrate that cluster- and
nanoparticle-emitted ions can be identified in a single-shot manner due to their negligible
overlap in certain projections of the momentum histograms and the coincidence spectra.
We furthermore discuss the intensity dependence of both signals and find a dominance
of ions emitted from nanoparticle clusters at low laser intensities, which provides a possi-
ble explanation for previously observed discrepancies between theoretical predictions and
experimental data in studies on strong-field electron emission from nanoparticles.

The majority of the results presented in this section were published in Ref. [52], the
first study on reaction nanoscopy from isolated clusters of nanoparticles.

4.1 Introduction

When nanoparticles come close to each other and form a cluster, the plasmonic, excitonic,
and magnetic responses of the individual nanoparticles start coupling, which gives rise to
a cluster response that differs from the sum of the individual responses [93, 94]. These
coupling effects, in combination with the very high surface-to-volume ratio of nanopar-
ticle clusters, have led to a multitude of applications. Nanoparticle clusters are used,
for instance, in surface-enhanced Raman scattering [95], for optical labeling [96], in pho-
tocatalysis [97–103], for chemical separation, and enrichment [104, 105], and in biomedical
applications [106–108].

Nanoparticle clusters can be produced in a bottom-up fashion, starting from a stable,
i.e., non-aggregated, dispersion of single nanoparticles in a suitable solvent. Particle stabil-
ity is achieved through various approaches depending crucially on the nanoparticle surface.
A common stabilization approach is modifying the nanoparticles’ surface charge such that
their mutual Coulombic repulsion overcomes all attractive forces. The effective charge of a
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particle in solution is usually measured via the zeta potential ζ, the electrostatic potential
at the slipping interface between the liquid and the nanoparticle [109]. The higher the
magnitude of the zeta potential, the higher the charge on the particle surface, the more
repulsion between the particles, and thus the more stable the solution. Due to the finite
temperature of the particle solution and the kinetic energy of the particles, the absolute
value of the zeta potential must be sufficiently large to maintain stability. At room temper-
ature, zeta potentials of |ζ| > 30mV are considered stable [110]. The silanol groups on the
surface of silica particles, for example, get deprotonated when the particles are dispersed
in pure water [111, 112], which gives rise to a negatively charged particle surface and thus
negative zeta potential stabilizing the particles.

Cluster formation from a stable dispersion can be initiated by destabilizing the nanopar-
ticles in a controlled way. There are two main approaches to destabilization: Internal
destabilization by the modification of the nanoparticle-nanoparticle interaction and the
application of external forces [94]. One way of internally destabilizing an aqueous solution
of silica nanoparticles is by changing the pH to counteract the deprotonation [113], thus
lowering the surface charge and the inter-particle repulsion. The second way of internal
destabilization is the addition of salts. Salt ions attach to the charged nanoparticle surfaces
and form an electric double layer, which (partially) shields the electrostatic inter-particle
repulsion [114]. The salt concentration above which a nanoparticle dispersion becomes
unstable is called the critical salt concentration [115]. Finally, cluster formation can be
internally controlled by surface functionalization. As before, this can effectively imply
the control of the surface charge when, for instance, parts of the ligands are prone to
(de-) protonation in solution. Apart from charge interactions between the ligands of differ-
ent particles, steric and osmotic, as well as solvophilic or solvophobic interactions, can be
used to form nanoparticle clusters [94].

For the results presented in this chapter, we started from a stable dispersion of silica
nanoparticles (d = 300 nm) in a mixture of ethanol and water, and achieved the for-
mation of nanoparticle clusters by an external force. The aerosol generator introduced
in Section 3.1 first produced an aerosol of small droplets of nanoparticle dispersion. In
the second step, the solvent was dried off such that only the nanoparticles remained. If
a droplet contained more than one nanoparticle, the surface tension of the drying, i.e.,
shrinking, droplet forced the enclosed particles closer and closer together, resulting in the
formation of a nanoparticle cluster.

The strong-field emitted ions emitted from the mixed stream of single particles and
clusters were analyzed using the reaction nanoscopy technique. The technique’s sensitivity
to the optical near-field around the nanostructures allowed an in-situ identification of
the origin of the emitted ions (single particle or cluster) on a single-shot basis. Using
the model introduced in Chapter 2, we found that the optical near-field governs the ion
emission (see Fig. 4.1) and that the nonlinearity of the strong-field ion generation causes a
pseudo-alignment of small nanoparticle clusters like dimers. Further results on the intensity
dependence of the cluster contribution suggested a high relevance of our findings on related
work on strong-field electron emission.



4.2 Experimental Techniques 41

Figure 4.1: Near-field enhancement around a 300 nm silica nanosphere and its dimers for a linearly
polarized laser pulse (red line) with a central wavelength of 1030 nm. The laser polarization (E) and
propagation (k) directions are shown in the top left. The local field enhancement factor was calculated by
FDTD simulations and is encoded by the color scale. The angle θ is defined as the angle between the dimer
axis and the laser polarization axis. The laser-induced deprotonation of molecules from the nanoparticle
surface is shown in the inset. Figure taken from Ref. [52].

4.2 Experimental Techniques

For a detailed description of the experimental techniques, see Chapter 3. In brief, we used
a commercial fiber laser system with a central wavelength of 1030 nm, a repetition rate of
150 kHz, and a pulse duration of 40 fs. The laser pulses were attenuated and then back-
focused by a spherical silver mirror (f = 100mm). In the laser focus, i.e., the interaction
region of the reaction nanoscope, intensities of up to 5×1013W/cm2 were reached. A mixed
aerosol of single nanoparticles and clusters was generated from dispersions of d =300 nm
silica nanoparticles using argon as the carrier gas. The particles were prepared in ethanol
at a concentration of 25 g/l and diluted with deionized water. The cluster content in
the aerosol was controlled by varying the concentration of the nanoparticle dispersion
between 0.2 g/l and 1.5 g/l. The aerosol was injected into the reaction nanoscope with an
aerodynamic lens to form a collimated stream of nanoparticles intersecting the laser beam
in the focus. Due to the transmission characteristics of the aerodynamic lens [78] and the
aerosol source as a whole (see discussion in Section 3.1), it is assumed that the ion signal
from nanoparticle clusters is mostly generated by the ionization of nanoparticle dimers
with a negligible contribution of larger clusters.

4.3 Proton Emission from single nanoparticles and

nanoparticle clusters

We studied the influence of nanoparticle clusters on the measured proton momentum dis-
tribution by carrying out measurements for different concentrations of nanoparticles in the
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Figure 4.2: Measured proton momentum distributions for different sample concentrations. a: 0.2 g/l.
b: 0.4 g/l. c: 1.5 g/l. Momenta are shown in atomic units (au). The data was taken at a peak intensity of
5×1013 W/cm2. d: Events with two coincident protons from the data in panel c. e: Angular distributions
of counts for the data from panel c (green line) and panel d (red line). The definition of proton emission
angle α = arctan(ppol/pprop) is indicated in panel c. Figure taken from Ref. [52].

dispersion at a fixed peak laser intensity of 5 × 1013W/cm2 and linear laser polarization
along the time-of-flight axis of the nanoscope. The results of the concentration scan are
shown in Fig. 4.2a-c. It contains the data for protons emitted from a nanosystem (single
particle or cluster), i.e., protons where a large channeltron signal was detected in coinci-
dence with the ions. The histograms are projections of the three-dimensional momentum
distribution of these protons onto the plane of polarization and propagation.

At the lowest concentration of 0.2 g/l (Fig. 4.2a), a close-to-dipolar emission pattern
along the polarization direction is observed. We find a small asymmetry along the propa-
gation direction, with more ions being emitted forward in the laser propagation direction.
The asymmetry of the ion emission is a consequence of the asymmetric enhancement of
the electric field on the surface of a single nanoparticle, as shown in the left-most image of
Fig. 4.1. The field enhancement is shifted forwards in the laser propagation direction due
to the non-negligible size of the nanoparticle compared to the laser wavelength. Quanti-
tatively, this effect is described by the Mie solution of Maxwell’s equations [40] where the
quantity ρ = kR = nπd/λ is the so-called size parameter [116]. If the size parameter ρ is
much smaller than one, the propagation of the light field inside the spherical particle can
be neglected, meaning that the phase of the light field oscillation as a function of space is
approximately constant throughout the particle. In this limit, the physics can be described
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by Rayleigh scattering. For practical purposes, Rayleigh scattering holds when the object’s
size is smaller than 1/10 of the vacuum wavelength of the incident radiation [117]. If the
size parameter ρ is on the order of or larger than unity, the propagation of the electric
field within the spherical object is no longer negligible, and the Mie solution needs to be
applied. For the case studied here, where d = 300 nm silica spheres and an incident laser
wavelength of λ = 1030 nm were used, the value of the size parameter is ρ = 1.33. This
indicates the onset of Mie scattering and is reflected by the slightly forward-tilted field
enhancement pattern (see Fig. 4.1) and the corresponding asymmetry in the ion emission
(see Fig. 4.2). This propagation-induced asymmetry in the ion emission pattern from single
nanoparticles was first reported by Rupp et al. [47].

The ion momentum distribution at higher nanoparticle concentrations, however, had
not been observed previously. We found that, starting at a concentration of 0.4 g/l (see
Fig. 4.2b), a forward-emitted component at large values of pprop appears in the proton
momentum distribution. Since this contribution dominates the momentum histogram in
Fig. 4.2c at the highest studied concentration of 1.5 g/l, we concluded that it is caused
by clusters in the aerosol. It should be noted that the concentration from which a cluster
contribution can be observed in the proton momentum spectra depends sensitively on the
steps of nanoparticle preparation, storage, cleaning, dilution, and the laser intensity. The
concentration values found here should thus not be overinterpreted.

50

0

50

p p
ol

 (a
.u

.)

a 1.9 1013W/cm2 b 2.0 1013W/cm2 c 2.2 1013W/cm2

50 0 50
pprop (a.u.)

50

0

50

p p
ol

 (a
.u

.)

d 2.5 1013W/cm2

50 0 50
pprop (a.u.)

e 2.9 1013W/cm2

50 0 50
pprop (a.u.)

f 3.5 1013W/cm2
0.0
0.2
0.4
0.6
0.8
1.0

no
rm

. c
ou

nt
s

Figure 4.3: Intensity scan with 1030 nm, 40 fs laser pulses and a sample of silica nanoparticles with
a diameter of 300 nm dispersed in ethanol and deionized water at a concentration of 1.5 g/l. The low-
intensity data (panels a-c) only show features of nanoparticle clusters. At higher intensities, the single
particle signal along the polarization direction appears (panels d-f).
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4.4 Dependence on intensity and wavelength

The conclusion that the forward-emitted proton signal is related to nanoparticle clusters
is further supported by the intensity dependence of the observed signal. As shown in
Fig. 4.1, for d = 300 nm silica particles exposed to λ = 1030 nm light, the maximum
enhancement factor for a single nanoparticle is about 1.5, while for dimers, it reaches
values of up to 2.6, depending on the alignment. Combined with the nonlinear nature
of the ion generation in our experiments, it is expected that at low laser intensities, only
clusters of nanoparticles can be ionized and emit ions. At higher intensities, contributions
of both, single nanoparticles and clusters, are anticipated. To investigate this hypothesis,
an intensity scan at a high sample concentration of 1.5 g/l was carried out. The results
are shown in Fig. 4.3. At peak intensities of 2.2×1013W/cm2 and below (Fig. 4.3a-c) only
the momentum component along the propagation direction was observed, which confirms
the above hypothesis. After a mere 10% intensity increase to 2.5×1013W/cm2, the dipolar
single-particle signature started appearing in the momentum histogram.

Since the field enhancement of a single nanoparticle is not high enough at low intensity
for substantial ionization of the surface and ion generation, low-intensity data is ideally
suited for studying the pure ion signal from dimers without the contribution of protons from
single nanoparticles. For this purpose, a different projection of ion momentum distribution
is shown in Fig. 4.5g, where the laser propagation direction is still from left to right, but
the laser polarization is perpendicular to the image plane. One can see that the forward
component is, in fact, a ring-like emission pattern with a strong concentration of counts in
the forward direction.

This asymmetry is once more a consequence of the propagation of the light in the
nanostructure, which causes an asymmetric field enhancement, shifted forwards along the
propagation direction. The field enhancement plot in Fig. 4.1 for the aligned dimer (θ = 0)
shows this propagation effect. Experimental evidence for this claim can be obtained from a
measurement at a different wavelength, which alters the propagation effects. The OPCPA
system introduced in the experimental chapter (Chapter 3) was used for this purpose.
Silica nanoparticles with the same diameter of 300 nm were ionized with strong, linearly
polarized laser pulses at a central wavelength of 2µm. In this case, the initial nanoparticle
solvent (ethanol) was completely replaced with ultra-pure water, in contrast to the dilution
of an ethanol dispersion with water that was used for the rest of the results in this chapter.
Consequently, a concentration of 0.5 g/l was sufficient for observing a cluster signature. Due
to the higher surface tension of water compared to ethanol, or a water-ethanol mixture,
we assume that the atomizer produced larger droplets when operated with water. This
increases the average number of nanoparticles enclosed in a droplet and, thereby, the
cluster content in the aerosol. Fig. 4.4a shows the proton momenta in the propagation-
polarization plane for the measurement at λ = 2µm. The white-shaded polygon marks
the single nanoparticle emission, which was confirmed by a measurement without clusters.
The cluster part of the signal, outside of the polygon, is much more symmetric along
the propagation direction compared to the case of the 1030 nm pulses. The symmetry
corresponds to an approximately equal amount of forward and backward-emitted protons
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along the laser propagation. Fig. 4.4d shows the cluster contribution to the proton signal
(counts outside the blue region) in the plane perpendicular to the laser polarization. This
projection makes it obvious that the proton emission from 300 nm nanoparticle dimers
ionized by 2µm laser pulses is, in fact, donut-shaped with only a slight concentration
of counts in the forward direction. This is in contrast to the high propagation-induced
asymmetry, which was observed at a wavelength 1030 nm (see Fig. 4.5g).

E
k

E
k

Figure 4.4: Proton Momentum histograms from a measurement of 300 nm silica particles with a central
laser wavelength of 2µm and linear polarization. a: Momentum histogram projected onto the plane of
propagation and polarization. The blue regions define the filter used in panels c and d. Counts within
the region are associated with ion emission from single nanoparticles (NP), and counts outside the region
with nanoparticle dimers. b-d: Momentum histograms projected onto the pprop-p⊥ plane. Panel b shows
the unfiltered proton data. Panel c only shows counts within the blue region of panel a, and panel d the
counts outside the filter region. The data was symmetrized along the time-of-flight direction p⊥ to remove
an asymmetry due to detector saturation.

4.5 Theoretical Results

Another confirmation for the assignment of the forward-emitted component along the prop-
agation direction to ion emission from nanoparticle dimers is provided by the results of the
semi-classical model introduced in Chapter 2. A brief summary of the model will be given
here. All further details can be found in the theory chapter. The model’s basic assumption
is that the final proton momenta are dominated by the Coulomb repulsion from the charge
on the nanoparticle or nanocluster surface. The charging of the surface, as well as the gen-
eration of the protons, were modeled based on the near-field, which was obtained from the
commercial Lumerical FDTD software. The generated (positive) surface charges account
for the ionization of the nanosurface, i.e., the removal of electrons. While in reality, not all
electrons are energetic enough to leave the nanosystem [43], we neglected this effect and
introduced the total (positive) charge of the surface as an effective quantity. The spatial
distribution of the positive charge on the surface was calculated from the ADK ionization
rate [53] based on the local electric field on the surface. The Coulomb repulsion from these
static charges was used to propagate individual (non-interacting) protons along their clas-
sical trajectories. The protons’ initial positions were sampled from a distribution given
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single particle dimer

Figure 4.5: Comparison of experiment and simulation for single nanoparticles and their dimers.
a,c: The measured proton momentum distributions from isolated nanoparticles at a peak intensity of
5 × 1013 W/cm2, linear laser polarization and a sample concentration of 0.2 g/l. Here, ppol is the mo-
mentum component along the polarization, pprop the component along the propagation direction of the
laser, and p⊥ is the momentum component perpendicular to the other two. b,d: The corresponding model
simulations for single nanospheres. e,g: Experimental data for nanoparticle dimers below the ionization
threshold for single nanoparticles at a peak intensity of 1.9×1013 W/cm2 and a high sample concentration
(1.5 g/l). f,h: The model simulations for nanosphere dimers at an intensity of 1.9 × 1013 W/cm2. Figure
taken from Ref. [52].
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by the product of the local intensity enhancement to a fixed power and a radial Gaussian
centered around the surface of the nanoparticle1. The IN(x) power law was implemented
to model the intensity-dependent proton generation probability. For fixing the power N ,
the approach of Ref. [47] was followed, and N = 13 was used. The Gaussian distribution
was used for modeling the distribution of proton-containing molecules before the arrival of
the laser. A standard deviation of σ = 10 nm was used. However, due to the large value of
N and the fast decay of the near-field amplitude with distance to the nanoparticle surface,
the results were robust w.r.t. to changes of the standard deviation σ.

As mentioned above, the total surface charge in the model is an effective charge. Here,
it is obtained by fitting the mean energy of the simulated protons emitted from single
nanoparticles to the experimental data. A second fit for nanoparticle dimers is not required
(explanation follows below). For the single nanoparticle simulation results, which are
compared to the experiment in Fig. 4.5a-d, the total charge was set to be ≈ 1600e, where e
is the elementary charge. Note that this approach of determining the total surface charge
differs slightly from the method described in Chapter 2, which was developed later and
only applied to the results presented in Chapter 5.

The predictions of the model and the corresponding experimental data on single nanopar-
ticles and clusters are shown in Fig. 4.5 and Fig. 4.6. The overall good and almost quan-
titative agreement between the model and the experiment shows that a treatment of the
electron-ion interaction via an effective surface charge is feasible. For single nanoparticles,
this holds for both projections displayed in Fig. 4.5a,b and c,d and for the one-dimensional
distribution in Fig. 4.6a-c.

A good predictive power of the model for a single nanoparticle is a requirement for its
application to clusters of nanoparticles, in this case, dimers. The theoretical results for
dimers shown in Fig. 4.5 and Fig. 4.6 were calculated by averaging over approximately
600 random dimer orientations. The random orientations were generated by projecting
a vector of three Gaussian (µ = 0, σ = 1) random numbers onto the unit sphere. This
method is the same as that described in Chapter 2 for uniformly sampling random points
on the surface of a sphere. It ensures averaging over uniformly random distributed dimer
orientations [62, 63]. To increase the computational efficiency, however, a higher number of
samples for small alignment angles θ < 30◦ was used. As Fig. 4.7 shows, 95% of all protons
are emitted under such small angles for a power law of I13. The altered sampling density
was accounted for in the averaging procedure by applying appropriate weighting factors.
Apart from these sampling weights, the ion yields for different dimer orientations were
weighted based on the relative number of expected protons generated from a dimer in a
certain orientation. The proton number is proportional to the integral of the initial proton
distribution (power law × Gaussian), which was evaluated using Monte-Carlo integration
(see also Chapter 2).

As mentioned above, the total surface charge on a nanoparticle dimer was determined by
rescaling the result of the fit carried out for the single-particle case. The fit effectively fixes
the number of neutral atoms per volume. It can thus be used to calculate the total charge

1For a nanoparticle cluster, one Gaussian per nanoparticle was used.
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single
particle

dimer

Figure 4.6: Projected proton momentum distributions for single nanoparticles and dimers. One-
dimensional momentum distributions for single silica nanoparticles and nanoparticle dimers. The projec-
tions are obtained from the data in Figure 4.5. Simulated data are shown as dashed lines, and measured
data are shown as solid lines. The top row contains the single particle results (panels a-c). The results
for dimers are shown in the bottom row (panels d-f). Panels a,d show the momentum component along
the laser polarization, panels b,e the component along the laser propagation axis, and panels c,f show the
component perpendicular to the other two. Figure taken from Ref. [52].

consistently for a different system (i.e., more nanoparticles) or at a different intensity.
In practice, the ratios of ionization probabilities between the single particle and dimer
were again determined by Monte Carlo integration and used for a consistent scaling of the
total surface charge. For example, for the dimer aligned along the laser polarization, at an
intensity of 1.85×1013W/cm2, this procedure yielded a total charge of approximately 400e.
The corresponding results averaged over all dimer orientations are shown in Fig. 4.5e-h.

Overall a high degree of agreement between the simulation and the experimental data
was found. Both simulated projections of the three-dimensional momentum histogram
share the characteristic features seen in the experiment. The heavily forward-concentrated
proton emission in the propagation-polarization (see Fig. 4.5e,f ) plane, as well as the
ring-like structure in the plane perpendicular to the polarization (see Fig. 4.5g,h ) are
reproduced by the model. Only the angular region within which the counts are concen-
trated is predicted to be larger than experimentally observed. This effect is most visible in
Fig. 4.6f, the one-dimensional momentum projection onto the p⊥ axis. Since the angular
distribution of the ions is heavily determined by their initial position, the narrower exper-
imental distribution hints at a more confined ion emission than assumed by the model.
Therefore, the agreement between theory and experiment could be improved by a stronger
confinement of the protons’ initial distribution. This would require a more nonlinear ion
generation law, for example, by using a larger exponent in the power law. However, for
the sake of consistency with the previous work by Rupp et al. [47], and for testing the



4.6 Coincident ion emission 49

extensibility and applicability of the corresponding results, the photon-energy corrected
value of N = 13 was chosen here. The exponent of the power law was only based on a
different ionization potential for the results presented in the next chapter, where the main
proton origin was identified as the silanol groups on the silica surface instead of physisorbed
molecules of water or ethanol.
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Figure 4.7: The cumulative proton yield y from dimers for all angles smaller than θ, the angle between
the laser polarization and the dimer axis. A selection of power laws is shown, I13 was used in Ref. [52] and
the other results presented in this chapter. The vertical dashed lines indicate the angle, which corresponds
to a cumulative yield of 95%.

4.6 Coincident ion emission

While the above paragraphs have provided sufficient evidence that ions emitted in the
plane perpendicular to the laser polarization indicate nanoparticle clusters, the inverse
statement, i.e., the possibility of clusters producing a dipolar ion signal along the polariza-
tion direction, has not been discussed yet. This question requires some attention since the
field enhancement at the poles of a single nanoparticle is approximately equal to the mag-
nitude of the field enhancement on the outer poles of an aligned dimer (see Fig. 4.1). This
means that both, single nanoparticles and clusters, can, in principle, produce ions emitted
along the polarization direction. To which extent clusters contribute to the dipolar part of
the ion momentum spectra depends on the ratio between single nanoparticles and clusters
in the aerosol stream. This fact will be utilized in the discussion section.

To investigate the contribution of clusters to the dipolar ion emission, we employed
events where two protons were detected in a single shot in coincidence with a high chan-
neltron signal (indicating a nanoparticle hit). The momentum histogram for coincidentally
detected protons from 300 nm silica particles is shown in Fig. 4.2d. The data is a subset
of the measurement at the highest concentration in Fig. 4.2c. The absence of the cluster
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signature after a simple selection of coincident proton events is striking. In Fig. 4.2d, two
kinds of regions are defined. Region I contains the dipolar emission, and region II contains
the inner part where the cluster signal might be expected. In fact, coincidences, where
both protons are detected in region II, are not detectable with our reaction nanoscope
due to the 30 ns dead time of the ion detector2. This can be seen on the time-of-flight
scale on the vertical axis of Fig. 4.2c. However, the detection of one ion in region I and
the other ion in region II is not dead-time limited. Still, the counts in region II are very
scarce. This means that the predominant case is the emission of both ions in region I,
where one ion arrives early (TOF≈ 600 ns) and the other one arrives late (TOF≈ 720 ns).
From this observation, we conclude that the forward-emitted momentum component and
the dipolar, single-particle signature were generated quasi-independently of each other in
our experiments. At high enough sample concentrations and laser intensities, this might
not be the case anymore.

i)

i)
ii)

ii)

iii)

iii)

iv)

cluster

single particle

Figure 4.8: Typical Photoion-Photoion Coincidence (PiPiCo) spectra for gas-phase data and nanopar-
ticle data. a: PiPiCo histogram for the C-C bond breaking in ethanol. i) methyl ion + methoxy ion, ii)
methyl ion + CH2O

+, iii) methyl ion + CHO+. b: PiPiCo histogram for nanoparticle data (d = 300 nm
silica particles in ethanol and water). i) proton + proton, ii) proton + H+

2 , iii) proton + H+
3 , iv) H

+
2 + H+

3 .
As indicated by the colored arrows, coincident ions from clusters lie on diagonals with a positive slope, and
coincidences from single nanoparticles lie on the corners of a rectangle. For the proton-proton coincidences,
due to the detector’s dead time, only the ”top-left” corner is observed. Note that this pattern is only valid
for linear laser polarization along the time-of-flight axis of the nanoscope and minor propagation effects in
the single particles.

The previous paragraph demonstrates that an analysis of coincident events in reaction
nanoscopy can be beneficial for understanding the underlying physical processes. Com-

2The dead time of a delay-line anode can be as short as ≈ 10 ns. In the case of this measurement, the
settings of the constant fraction discriminator of the MCP were not chosen ideally, which led to a longer
dead time.
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pared to coincidences from the Coulomb explosion of single molecules, however, coinci-
dences from ions originating from a nanosurface are not quite as powerful since reaction
nanoscopy experiments are not kinematically complete [118]. The incompleteness in re-
action nanoscopy causes unique structures in the photoion-photoion coincidence (PiPiCo)
histograms which are distinctively different from the typical signatures of Coulomb ex-
plosions. Fig. 4.8a shows the PiPiCo histogram for the process of C-C bond breaking in
doubly ionized ethanol. The top-most line (label i)) corresponds to the detection of a
methyl ion (m = 15u) and a methoxy ion (m = 31u) in coincidence. In this case, all ions
involved in the Coulomb explosion are detected, resulting in a sharp line with a negative
slope due to momentum conservation. For lines ii) and iii) of Fig. 4.8a, one or two protons,
respectively, are missing from the methoxy ion, which leads to an incomplete momentum
and a slight broadening of the PiPiCo lines. Due to the low statistics and the warm jet
of the reaction nanoscopy, this broadening effect is not easily visible here. For a clearer
example, see, for instance, Ref. [119]. In contrast to the gas-phase PiPiCo structures, there
are no sharp lines visible in the case of ion coincidences from the emission from the surface
of a nanoparticle or cluster. This is obvious since the heaviest interaction partner, the
nanosystem, is not detected in the experiment, which leads to an incomplete momentum
sum. A nanoparticle PiPiCo histogram is displayed in Fig. 4.8b. The time-of-flight ranges
on both axes correspond to the ions H+, H+

2 , and H+
3 . The shape of the coincidences

between H+ and H+
2 is the most general shown here. It consists of four blobs forming a

rectangle whose positive diagonal contains additional counts. The coincidences involving
the H+

3 ion (labels iii) and iv)) only show the diagonal part. The proton-proton coincidence
(label i)), as explained above, are dead-time limited, which only leaves the counts in the
top-left corner of the full rectangle. Based on the ion time-of-flight, it can be concluded
that the counts on the diagonal correspond to ions emitted from nanoparticle clusters. The
corner counts are coincidences from single particles, as indicated by the labels in Fig. 4.8b.
The four corners of the rectangle correspond to the different combinations of the ions be-
ing emitted toward or away from the detector, respectively. Due to the presence of the
nanoparticle, the emission directions directly correspond to the emission from one side of
the nanoparticle or the other. This is illustrated in Fig. 4.9.

4.7 Discussion

Ratio between single particles and dimers

The good reproduction of the experimental results by the dimer model, the concentration
scan data, as well as the size-selective elements of the nanoparticle source (impactor and
aerodynamic lens, see Section 3.1) allow for the conclusion that the protons emitted along
the propagation direction of the laser are indeed predominantly generated on the surface of
nanoparticle dimers with a negligible contribution of larger clusters. Hence, the separation
between the cluster-related part of the momentum histogram and the single-nanoparticle
component in the concentration scan results (Fig. 4.2) can be used for carrying out an
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Figure 4.9: PiPiCo histogram of H+ and H+
2 ions generated on nanoparticle surfaces (data filtered on

high channeltron signal). The boxes in the four corners correspond to different combinations of ion birth
positions on the surface of a single nanoparticle (NP). This is indicated in the sketches in the dashed
boxes. The detector is assumed to be on the top end of the sketches. Small TOF values correspond to the
emission of an ion toward the detector, and large TOF values to the emission away from the detector. Due
to the presence of a nanoparticle, the emission direction and the birth position are linked. The histogram
data outside of the dashed regions correspond to the emission from nanoparticle clusters.

estimate of the monomer-dimer ratio in the focal volume. For this purpose, the definition
of region I and II Fig. 4.2d is used. While it would be straightforward to define counts in
region I as ”single nanoparticle signal” and, correspondingly, counts in region II as ”cluster
signal,” there is a small contribution of either one of these categories to the other region.
To quantify this, we denote the total number of proton counts in region I or II as NI or
NII, respectively. Both of these contain protons originating from both, single nanoparticles
(s) and dimers (d):

NI = N
(s)
I +N

(d)
I , NII = N

(s)
II +N

(d)
II , (4.1)

To disentangle the individual contributions, we use the coincident proton data of Fig. 4.2d
and the low-intensity measurement of Fig. 4.5e. The former is taken as pure single nanopar-
ticle emission, which enables the extraction of the ratio γs = N

(s)
I /N

(s)
II = 5.5, i.e., the ratio

between the counts in region I and II for a single nanoparticle measurement. The low
intensity data is used analogously for the ratio γd = N

(d)
I /N

(d)
II = 0.035, which describes

a typical cluster measurement. Under the assumption that these ratios also hold for the
concentration scan data of Fig. 4.2, one can rewrite Eqs. (4.1) to obtain(
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Inverting the matrices RI and RII thus allows us to determine the individual contributions
of single nanoparticles and clusters from the total number of proton counts in region I
(NI) and II (NII). The results are summarized in Table 4.1. For the lowest concentration
of 0.2 g/l in Fig. 4.2a, a dimer content of (14 ± 1)% was found. The values at higher
concentrations were (33± 1)% dimers at 0.5 g/l (Fig. 4.2b) and (60± 1)% at 1.5 g/l. The
error was estimated by treating the experimental value γd = 0.035 as an upper limit:
γd ≤ 0.035.

NI N
(s)
I N

(d)
I NII N

(s)
II N

(d)
II N (s) N (d) N(d)

N(s)
N(d)

N(s)+N(d)

(a) 0.2 g/l 5986 5947 39 2195 1081 1114 7028 1153 0.16 0.14
(b) 0.5 g/l 7180 7044 136 5178 1281 3897 8325 4033 0.48 0.33
(c) 1.5 g/l 6769 6389 380 12021 1162 10859 7551 11239 1.49 0.60

Table 4.1: Determination of the ratio between protons emitted from single nanoparticles and protons
emitted from dimers. The data is taken from the histograms a-c of Fig. 4.2 (panel indicated by the label
in the first column). N (s) and N (d) denote the number of protons assigned to single particle events and
dimer events, respectively. See the text for the definitions of the other quantities.

Alignment-selective proton emission

The high predictive power of the model allows an analysis of the contribution of different
dimer alignments with respect to the laser polarization axis. As mentioned above, dimers
aligned at angles θ ≤ 30◦ produce 95% of the total proton signal. The full cumulative
distribution is shown in Fig. 4.7. For such aligned dimers, the vast majority of protons
(99,6%) are generated around the contact point between the two nanoparticles, where the
field enhancement is highest (see Fig. 4.1). The alignment, in combination with the proton
creation at the contact point, gives rise to the ring-like momentum distribution observed
in the plane perpendicular to the polarization axis (see Fig. 4.4d and Fig. 4.5g,h). The
remaining 0.4% of protons originate from the outer poles of the dimer and are emitted
under a small angle along the polarization axis. This theoretical number is consistent with
our experimental observation that the nanoparticle signal and the dimer signal have a very
small overlap in the momentum histogram, which allows a separation of the corresponding
signals.

Limits of the cluster detection

The limits of this kind of separation scheme are set by the Mie-Parameter. The larger
the nanoparticles or the shorter the wavelength becomes, the more will the propagation
of the electric field inside the nanosphere cause a forward shift of the regions of field
enhancement along the propagation direction. Therefore, the overlap between the single
particle proton momentum histogram and the dimer proton momentum histogram will
grow with the Mie-Parameter. In order to investigate this effect and find the limit of
the proton-momentum-based distinction between single nanoparticles and clusters, further
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simulations were carried out. The results suggest that they are distinguishable for a Mie-
Parameter of up to ρ ≈ 1.8. At a wavelength of 1030 nm, this corresponds to a maximum
particle diameter of 590 nm. For a fixed particle diameter of 300 nm, the shortest usable
wavelength would be approximately 520 nm.

In addition, the model was tested on larger clusters using closely packed trimers of
silica nanoparticles with a diameter of 300 nm irradiated by a 1030 nm laser pulse. Due
to the same alignment effect as for the dimers, combined with a strong propagation effect,
the protons generated from trimers will still be favorably emitted in the forward direction.
The overlap with the signal from single nanoparticles, however, stays insignificant. Con-
sequently, the separation of signals from differently sized clusters is challenging, while a
distinction between ion signals from single nanoparticles and small clusters remains feasi-
ble.

Impact on related work

A major result of our work on the ion emission from nanoparticle clusters is the dominance
of cluster-emitted ions at low laser intensities due to the higher field enhancement factor
reached on the surface of clusters compared to single nanoparticles. This observation is a
potential explanation for discrepancies between theory and experiment in earlier strong-
field experiments with silica nanoparticles. For low laser intensities (≤1.5× 1013W/cm2),
Zherebtsov et al. [41] as well as Rupp et al. [120] have reported higher experimentally
observed cutoffs in the photoelectron energy spectra than predicted by their theory. The
authors used the M3C model [46], which only describes the light-matter interaction and the
electron emission for single nanoparticles. The missing contribution of electrons emitted
from nanoparticle clusters is a possible explanation for the reported discrepancy since
clusters give rise to a higher local intensity compared to a single nanoparticle, which
increases the final electron energy (in strong-field electron emission in general [121] and
also for electron emission from nanoparticles in strong fields [122]).

However, a systematic investigation of this hypothesis is still missing. The experimental
challenge is the combined measurement of the electron energy with an (ion-based) clus-
ter detection. A possible implementation could use a double-sided velocity map imaging
spectrometer similar to the instrument presented in Ref. [123].

4.8 Conclusions

In this chapter, the capability of the reaction nanoscopy technique to distinguish between
single nanoparticles and clusters of nanoparticles in an aerosolized mixture was demon-
strated. We showed that ion emission in the plane perpendicular to the laser polarization
is a clear indication of nanoparticle clusters as long as the individual nanoparticles are suffi-
ciently small compared to the laser wavelength. For d =300 nm silica nanoparticles ionized
and a laser wavelength of 2000 nm, an almost isotropic ion emission around this plane was
observed, and only a minor propagation-induced asymmetry was seen in the momentum
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histograms. For the same nanoparticles ionized and a wavelength of 1030 nm, it was shown
here and in Ref. [52], that the propagation of the electric field in the nanoclusters leads to
a strong forward concentration of proton counts within this plane.

The corresponding experimental data is well reproduced by a semi-classical Monte-
Carlo model. The near-field driven charge generation using quasi-static ADK ionization
and ion generation based on a multi-photon process combined with classical Coulomb
interaction and propagation resulted in a close-to-quantitative agreement between theory
and experiment. We have furthermore applied the model to a range of particle and cluster
sizes and found that a momentum-based differentiation between ions emitted from clusters
vs. single particles is applicable as long as the propagation effects in a single nanoparticle
remain small, and the field enhancement pattern is close to a dipolar shape.

In addition, a comparison between the PiPiCo histograms for gas-phase and nanoparti-
cle/cluster ion emission was carried out, and the physical meaning of the different features
was explained. The cluster-related part of the PiPiCo histogram was shown to be isolated
from the single nanoparticle contribution allowing for a coincidence-based separation of the
ion signals. This proves that coincident ion data in reaction nanoscopy can be a valuable
source of information despite the absence of complete momentum information in reaction
nanoscopy compared to the reaction microscopy technique (where kinematically complete
experiments are possible).

Lastly, we found that nanoparticle clusters are the dominating ion source at low laser
intensities due to the typically higher field enhancement around clusters of nanoparticles
compared to single nanoparticles. This observation is a possible explanation for previously
reported discrepancies in studies on strong-field electron emission from silica nanoparti-
cles [41, 120], where the experimentally observed electron energy cutoff was higher than
predicted by theory. In general, the results presented here show that the contribution of
clusters in experiments on aerosolized nanoparticles can be significant and even dominant
for certain experimental parameters like low laser intensity or high sample concentration.
Consequently, thorough sample handling and preparation, the choice of a suitable laser
intensity, as well as careful data interpretation are of utmost importance for any related
work on strong-field ion or electron emission from aerosolized nanoparticles.



56 4. Reaction nanoscopy with nanoparticle clusters



Chapter 5

Elliptically polarized near-fields and
the role of functional surface groups

In the following, the reaction nanoscopy results obtained from the ionization of single silica
nanoparticles ionized with close to few-cycle laser pulses at a central wavelength of 2µm
will be presented. It will be demonstrated that the model introduced in Chapter 2 and
used in the previous chapter is still capable of predicting the angular ion distribution at
the longer wavelength and that it can be applied to arbitrarily elliptical laser polarizations.
The limitations of the current model will be pointed out, and first experimental results
necessitating future improvement of the theory will be presented. These results prove that
covalently bound surface groups are the dominant source of ions in reaction nanoscopy
and that the solvent of the initial nanoparticle dispersion can be neglected to a large part.
This will help to advance the microscopic description of the ion generation from molecules
adsorbed on nanoparticle surfaces.

Most of the results presented in this chapter were published in Ref. [50].

5.1 Introduction

The study of the interaction of nanoparticles with strong laser fields has been an active area
of research for over a decade now [41, 124]. During that time, many research groups have
been focusing their attention on the electron emission process, which has resulted in the dis-
covery of many new phenomena and the development of suitable theoretical modeling [46].
For instance, it has been demonstrated that tailored light fields can be used to control
the photoemission by steering electron trajectories [42] and modifying their backscattering
dynamics. The elastic electron backscattering has been shown to be strongly influenced
by the presence of the highly ionized nanoparticle [43] and the inelastic electron scattering
inside the nanoparticle material was quantified using attosecond streaking [44]. With elec-
tron emission experiments, it was furthermore shown that the light-matter interaction can
alter the properties of the nanoparticle material on sub-cycle time scales [45, 120, 125].

A crucial contribution to these insights was the mature theory for strong-field photoe-
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mission from nanoparticles [46]. While numerous studies on the ion emission from strong-
field ionized nanoparticles have been carried out by now[47–50, 52, 126], the theoretical
description of the process is not very rigorous, especially in the intensity regime below the
onset of plasma formation. Here, we present experimental data that extend the experi-
mentally covered parameter space and provide new microscopic insights into the surface
composition of silica nanoparticles in reaction nanoscopy. Both of these aspects are cru-
cial for further developments of reaction nanoscopy and the theoretical description of the
corresponding results.

Prior to when the results of this chapter were obtained, reaction nanoscopy had only
been applied to silica nanoparticles with linearly polarized laser fields with wavelengths of
720 nm [47] and 1030 nm [52, 127]. In all cases, a close correspondence between the local
near-field on the surface of the nanoparticle and the angular distribution of the emitted
ions was reported, which has allowed the mapping of reaction yields on the nanoparticle
surface with nanometer resolution. In this context, however, two questions are still not
completely answered. The first question is how well the yield imaging concept for regions
of enhanced field generalizes for different parameters, such as wavelength or polarization.
The second question concerns the molecular origin of the observed reaction products. Rupp
et al. [47] hypothesized that the measured proton yield mostly originated from physisorbed
molecules. The assumption was based on the fact that the nanoparticles were dispersed in
ethanol or water, and when the corresponding ionization potentials were used in the model,
no obvious disagreement between theory and experiment was found. The first indication
that this understanding cannot be entirely correct can be found in a study by Alghabra
et. al [127]. In this case, dried nanoparticles were dispersed in pure deuterated water, and
still, a strong signal of protons was observed in the time-of-flight histograms recorded with
the nanoscope.

In this chapter, we present experimental reaction nanoscopy results where 300 nm silica
nanoparticles were ionized by 2µm laser pulses with different ellipticities, investigate the
applicability of the previously introduced model (see Chapter 2) and discuss its limitations.
We complement this with a systematic investigation of the surface composition of silica
nanoparticles in the interaction region of the reaction nanoscope. Using experimental data
obtained after the exchange of the nanoparticle solvent with the fully deuterated counter-
part, we gain quantitative insight into the contribution of chemisorbed and physisorbed
surface molecules to the ion yield in typical reaction nanoscopy experiments. These results
pave the way for a more accurate description of the strong-field ion emission from nanopar-
ticles with the potential inclusion of the microscopic details of the molecular structure on
the nanosurface.

5.2 Experimental Methods

A brief summary of the experimental methods used for the results of this chapter will be
given in the following. For more details, the reader is referred to Chapter 3.
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Figure 5.1: Experimental setup. A stream of silica nanoparticles (cyan) with a diameter of 300 nm is
collimated by an aerodynamic lens and injected into the reaction nanoscope. A spherical mirror focuses
the laser pulses onto the nanoparticles, and the generated electrons (blue) and ions (red) are detected by
a channeltron and a delay-line detector, respectively. A quarter-wave plate (λ/4) is used to adjust the
ellipticity of the laser pulses. The indicated coordinate system is used throughout Chapter 5. Figure taken
from Ref. [50].

5.2.1 Laser system

For the strong-field ionization of the nanoparticles, we used a home-built laser system with
a central wavelength of 2µm, a pulse duration of 25 fs, a repetition rate of 100 kHz and
a maximum average power of 10W based on optical parametric chirped-pulse amplifica-
tion [81]. The laser power was controlled by a broadband half-wave plate in combination
with a wire-grid polarizer. The ellipticity of the laser pulses was adjusted with a broadband
quarter-wave plate (wave plates: B. Halle Nachfl. GmbH, RAC 6L series).

5.2.2 Reaction nanoscope

Inside the reaction nanoscope, the laser pulses were back-focused with a spherical silver
mirror (f = 75mm). The laser focus and the nanoparticle stream were overlapping in
the interaction region of the reaction nanoscope where laser intensities on the order of
1013W/cm2 were reached, leading to strong-field ionization of the nanoparticle surface.
The generated electrons and ions were detected by a channeltron electron multiplier and
a delay-line detector (DLD80, RoentDek Handels GmbH), respectively. A homogeneous
electric field of approx. 100V/cm was used to force the particles onto the corresponding
detectors. The three-dimensional ion momentum was reconstructed from the ions’ impact
position on the detector and their time-of-flight, as described in Chapter 3. The detected
electron signal was used to differentiate nanoparticle ionization events with a high number
of generated electrons from the ionization of single background molecules with very small
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or entirely absent electron signals. For this purpose, the decoupled voltage signal from the
channeltron signal was sampled with a fast analog-to-digital converter (fADC4, RoentDek
Handels GmbH) and time-integrated. The setup as well as the coordinate conventions are
depicted in Fig. 5.1. The laser propagation direction is denoted by z, the ion detector
plane is the x-z plane and the time-of-flight axis is y. The polarization plane is spanned
by the time-of-flight axis y and the x-direction.

5.2.3 Nanoparticle Delivery

For this study, spherical silica nanoparticles with a diameter of 300 nm were used. The
particles were dispersed in three different solvents: ethanol (Fisher Chemical, ≥99%),
methanol (Thermo Scientific, 99%) or methanol-d4 (ACROS Organics, 99.6 at%D). The
particles were aerosolized using an atomizer (TSI inc., model 3076) with argon as the carrier
gas. The generated aerosol was dried with a counter-flow membrane dryer (PermaPure
MD-700-48S) and the cluster content was minimized by an impactor (TSI inc., part no.
1035900). The pressure of the aerosol was reduced to 1 atm by a HEPA filter connected
to ambient air. This pressure was required by the aerodynamic lens [78] used for the
generation of a collimated stream of nanoparticles. The stream was differentially pumped
in three stages before the interaction region of the nanoscope.

5.2.4 Nanoparticle synthesis

The spherical silica nanoparticles with a mean diameter of 300 nm were synthesized by Ana
Sousa-Castillo in the group of Stefan A. Maier at LMU using a modified version of the
Stöber method [72]. The required chemicals of tetraethoxysilane (TEOS, ≥98%), ethanol
(EtOH, absolute), and ammonia solution (NH4OH, 27wt% in water) were purchased from
Sigma-Aldrich. Water with a resistivity of 18.2MΩcm and a total organic content of
less than 3 ppb was obtained from a Millipore Milli-Q water purification system. For the
particle synthesis, 1.7ml of TEOS was added to a solution containing ethanol (18.12ml),
ammonium hydroxide (1.96ml), and water (3.21ml). This mixture was stirred at room
temperature for 2 h and then purified by three subsequent cycles of centrifugation, solvent
removal, and redispersion cycles with ethanol (6000 rpm, 10min). The size and morphology
of the silica nanoparticles were characterized using a transmission electron microscope
(TEM, JEOL1020) operating at a voltage of 80 kV. A standard deviation of 6% for the size
distribution of the nanoparticles was obtained from the electron microscope image. The
procedure is described in the experimental chapter (Chapter 3). All samples were stored in
anhydrous ethanol after cleaning. The solvent replacement was achieved by the same cycles
of centrifugation, solvent removal, and redispersion in fresh solvent as for the purification
step after the synthesis. Before using the samples in the experiment, they were diluted to
a concentration of 1 g/l in order to minimize the number of clusters in the nanoparticle
stream. A low contribution of nanoparticle clusters to the ion spectra was verified using
the methodology introduced in the previous chapter and reported in Ref. [52].
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5.3 Theoretical model

The ideas and principles of the model have been described in great detail in Chapter 2.
It is, to a large extent, identical to the modeling of the results on nanoparticle clusters
presented in the previous chapter. The only changes made were of evolutionary nature and
were based on the results below. These adjustments mainly concern the description of the
proton generation. As a reminder, the initial positions of the protons are sampled from
a distribution, which is the product of an intensity-dependent power law and a Gaussian
function centered around the nanoparticle surface. The latter is responsible for modeling
the density of (proton-emitting) molecules at the surface. The standard deviation of this
Gaussian function was reduced to σr = 1nm (from a value of σr = 10 nm in the previous
chapter). This modification was made to account for the high degree of evaporation of
solvent molecules, which we will prove further below. While the reduction by a factor of
10 might sound significant, the second factor, the dependence of the proton generation
probability on the local intensity, still dominates the overall probability distribution. The
large exponent in the corresponding power law leads to an extremely fast decay of the
proton generation probability with distance from the nanoparticle surface, which causes
a narrower radial distribution than what is set by the Gaussian with σr = 1nm. This
shows the great sensitivity of the reaction nanoscopy technique to the very surface of
the nanosystem (at least theoretically). Like the standard deviation of the Gaussian, the
exponent of the IN power law was adjusted compared to what was used for the description
of the results on nanoparticle clusters. The exponent N is determined by and equal to
the number of photons needed to energetically overcome the ionization potential of the
molecule or surface group, which is assumed to be the source of protons. As our results
below will show, the main proton sources in our experiment were silanol groups (Si-O-H)
on the nanoparticle surface. We, therefore, used the ionization potential Ip =13.0 eV of
the OH radical [128] for calculating the exponent. With a photon energy of Eγ = 0.62 eV
at the central wavelength of 2µm, an exponent of N = 21 was obtained.

5.4 Results

The first reaction nanoscopy data produced with a laser wavelength of 2µm is displayed
in Fig. 5.2B. It shows the proton momentum distribution projected onto the polarization
plane for linearly polarized light. As observed previously for shorter wavelengths [47, 50],
the proton momentum histogram appears to be closely related to the field enhancement
on the nanoparticle surface (Fig. 5.2A).

In order to further test the generality of this mapping between the near-field ampli-
tude and the angular ion distribution, the polarization of the laser pulses was altered with
a quarter-wave plate. Fig. 5.2 contains three different polarization states, linear, ellip-
tical, and circular, which are indicated by the gray symbols. They correspond to wave
plate settings of 0◦, 35◦, and 45◦, respectively. The 35◦ position of the wave plate pro-
duced an elliptical polarization with a ratio of the main axes of b/a = tan(35◦) ≈ 0.7
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Figure 5.2: Field enhancement and proton momentum distributions for different ellipticities.
A,C,E: Field enhancement in the polarization plane (x-y) through the center of a d = 300 nm silica
nanoparticle at the coordinate origin. B,D,F: Projection of the 3D momentum distribution for protons
onto the polarization plane (x-y). Left column: Linear polarization (quarter-wave plate at 0◦). Mid-
dle column: elliptical polarization (quarter-wave plate at 35◦). Right column: circular polarization
(quarter-wave plate at 45◦). All proton data acquired with a pulse energy of 18µJ, which corresponds to
a peak intensity of 2× 1013 W/cm2 for the case of linear polarization. Figure taken from Ref. [50]

(see Appendix A). For all three polarizations, a high correlation between the near field
enhancement factor obtained from FDTD calculations (Fig. 5.2A,C,E) and the proton mo-
mentum in the polarization plane (Fig. 5.2B,D,F) is observed. Whether this remarkable
resemblance between the distribution is also reproduced by the semi-classical model for
the strong-field ion emission is investigated in Fig. 5.3. The Figure shows the angular
proton distributions observed experimentally (Fig. 5.3A,B,C) and produced by the sim-
ulation code (Fig. 5.3D,E,F). While the theoretically predicted distributions are slightly
wider than the experimental ones, the overall qualitative agreement between them is still
acceptable. The width of the angular distribution in the simulation is mostly determined
by the initial distribution of protons. Since the ionization of the surface (described by the
ADK rate) is less nonlinear than the generation law for the protons, the proton trajectories
point in good approximation along the radial direction of the nanoparticle. This effect was
shown in Ref. [49], where the same model was used. This means that the protons’ angular
distribution does not significantly change as they leave the nanoparticle, and their initial
distribution gets directly mapped onto the final angular distribution. Consequently, an im-
perfect theoretical description of the proton generation process will cause the experimental
and the simulated angular distributions to deviate from each other.
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Figure 5.3: Comparison between experimental data (top row) and simulation results (bottom row).
A-C: Angular distribution of the proton yield from 300 nm silica particles shown in the Mollweide pro-
jection [129]. The experimental data were obtained from the same measurements as the data in Fig. 5.2.
D-F: Corresponding simulation results. Details can be found in the text. Figure taken from Ref. [50].

Figure 5.4: Reactions for the formation of alkoxy groups at the silica-methanol interface. The arrows
A and B indicate reactions (5.1) and (5.2) of the main text, which describe the formation of a methoxy
group from methanol and a siloxane (Si-O-Si) or a silanol group (Si-O-H), respectively.
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The surface composition of silica particles

For a better understanding of the proton origin, the surface composition of the silica par-
ticles in our experiment is investigated in the following. This is achieved by comparing dif-
ferent solvents and analyzing their impact on the ion time-flight-histograms. Here we used
d = 300 nm silica nanoparticles, which were aerosolized from dispersions of pure ethanol,
methanol, or fully deuterated methanol (methanol-d4). The microscopic details of the in-
terface between silica (nanoparticles) and liquid-phase alcohols are well-understood [130–
132]: Assuming a clean and dry silica surface that is only covered with silanol (Si-OH)
and siloxane (Si-O-Si) initially, the addition of alcohols will cause the formation of cova-
lent alkoxy bonds with the surface. Björklund and Kocherbitov [91] suggest the following
reactions for this process:

ROH + Si-O-Si → RO-Si + Si-OH (5.1)

ROH + Si-OH → RO-Si + H2O (5.2)

Here, the symbol ”R” denotes the carbon chain part of the alcohol. The first case describes
the reaction of an alcohol molecule with siloxane producing an alkoxy group together with
a silanol group on the surface. In the second case, the alcohol reacts with a silanol group
to form an alkoxy group, which leads to the production of free water molecules. To give
an example, both reactions are depicted in Fig. 5.4 for methanol at the silica surface.
The authors of Ref. [91] have furthermore measured the surface densities of alkoxy and
silanol groups for silica (MCM-141) nanoparticles dispersed in different alcohols by thermal
gravimetric analysis [133]. For ethanol, they found a value of 0.5 ethoxy groups and 2.2
OH groups per nm2 on the silica surface. This relatively high density of OH groups makes
the silica surface polar. For silica nanoparticles dispersed in an alcohol, the polarity gives
rise to the formation of a physisorbed layer of alcohol molecules, which is bound to the
silanol groups via hydrogen bonds [134, 135].

In the reaction nanoscopy experiments in this thesis, all aerosols were generated from
a nanoparticle suspension in water or alcohol. The initially wet aerosol was sent through a
drying stage and the vacuum of the nanoscope. The drying stage, however, is not capable
of completely removing all solvent molecules from the aerosol, which is confirmed by the
presence of ions from gas-phase (small channeltron signal) solvent molecules in the time-
of-flight spectra. It is thus expected that the physisorbed layer is removed from the silica
surface to a certain but unknown extent. Under ambient pressure, temperatures above
100◦C are required for the complete removal of physisorbed alcohols [91]. The same can be
achieved by prolonged exposure to vacuum at ambient temperature [130]. It is not clear,
however, if, in the case of the reaction nanoscope, the brief period from a nanoparticle
entering the aerodynamic lens to the interaction region of about 1ms is long enough for
significant evaporation.

To experimentally clarify the contribution of physisorbed alcohol molecules to typical
reaction nanoscopy spectra, we replaced the original solvent of the 300 nm silica parti-
cles (ethanol) with methanol and fully deuterated methanol-d4, respectively. The solvent
exchange without a calcination step is expected to largely leave the chemisorbed layer
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Figure 5.5: Solvent dependent results for 300 nm silica particles ionized by circularly polarized laser
pulses. A: Time-of-flight vs. position spectrum for a reaction nanoscopy measurement with 300 nm silica
nanoparticles dispersed in methanol-d4 (fully deuterated). B: Comparison of the time-of-flight histograms
for particles dispersed in standard methanol (std.) and methanol-d4 (deut.). The inset shows a zoom-in
to the mass peaks of m = 1u (H+) and m = 2u (H+

2 and D+) on a logarithmic scale. Figure taken from
Ref. [50].

unchanged [91]. A significant amount of deuterons emitted from the fully deuterated sam-
ple would thus indicate a large contribution of ions generated from physisorbed solvent
molecules. A dominance of protons despite the methanol-d4 solvent would mean that the
solvent largely evaporates before a particle reaches the interaction point, and that the ion
origin is the chemisorbed layer on the particle surface. For the measurement with the fully
deuterated solvent, the position-resolved time-of-flight histogram filtered on large chan-
neltron signals is shown in Fig. 5.5A. By far the most abundant ion in the histogram is
the proton at a mass of 1 u. The dominance of the proton peak over the m = 2u peak
(deuterons and H+

2 ) alone is already a strong indication that the solvent molecules play a
minor role in the emission from the nanoparticle surface. For a more quantitative assess-
ment, we compare the time-of-flight histograms of the nanoparticle sample with the fully
deuterated solvent to the histogram for the same nanoparticles in standard methanol. The
data is shown in Fig. 5.5B. For both samples, the only ion contributing to the mass-1 peak
is the proton. For the mass-2 peak in the time-of-flight histogram, however, H+

2 , as well as
D+, are possible candidates. From the histograms, we extract the ratios between mass-2
counts n2 and mass-1 n1 counts. For the standard methanol sample, we obtain:

n2

n1

=
nH+

2

np

. (5.3)

For the deuterated sample, the counts are denoted by nd
2 and nd

1, respectively, and are
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given by:
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Assuming that the ratio between H+
2 and protons is the same for both measurements

nd
H+

2

nd
p

=
nH+

2

np

, (5.5)

we can solve for the ratio between deuterons and protons and find a value of
nd
D+

nd
p

= 0.04.

In other words, despite the use of a fully deuterated solvent (99.6% purity), we only detect
one deuteron for every 25 protons. These findings clearly show that the contribution of
ions generated from physisorbed solvent molecules to reaction nanoscopy spectra is mostly
negligible. A similar conclusion can be drawn from the results presented in Ref. [127],
where water and D2O were used as solvents, and a strong proton signal remained even
for the D2O case. While the authors do find a mass-2 signal comparable in strength to
the mass-1 counts, this is likely due to the absence of a dryer in their setup resulting in a
higher coverage with physisorbed molecules on the nanoparticle (or nanoparticle cluster)
surface.

Expected, detected, and detectable ion fragments

Based on the understanding of the surface composition of nanoparticles aerosolized from an
alcoholic solution, a certain contribution of hydrocarbon fragments from the chemisorbed
alkoxy groups to the ion histograms is expected. Indeed, the methyl ion CH+

3 (mass 15 u,
Fig. 5.5A) is one of the most abundant ion species in the reaction nanoscopy histograms. In
principle, a comparison to the CD+

3 ion (mass 18 u) in analogy to the proton vs. deuteron
comparison presented above could be carried out. Qualitatively, much less CD+

3 compared
to CH+

3 is observed. A quantitative analysis, however, is not possible due to the overlap
between the spectra of ions of similar masses. As shown in Fig. 5.5A, this overlap even
prevents the identification of ion species at masses higher than 18 u. Fragments like the
ethyl ion and the silicon ion Si+, for instance, are expected to contribute in the corre-
sponding time-of-flight range. Due to the high coverage of the silica surface with silanol
groups, an ion that could be expected but was never observed in a reaction nanoscopy
experiment with silica nanoparticles is the OH+ ion (m = 17u). This observation, or the
lack thereof, is an indication that the Si-O bonds on the silica surface stay intact and that
only the remaining part of the surface groups are emitted. While further investigations on
this matter are required, the assumption is compatible with the reaction nanoscopy data,
i.e., the emission of protons and alkyl groups.
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Ion energies

Identifying ions of different masses and the ability to measure their kinetic energies allows
for testing the limits of the model used above. Since, in the model, the charge on the
nanoparticle surface is static, and the generated ions do not interact with each other,
their final kinetic energy is simply given by the initial potential energy. Consequently, the
measured ion energy should only depend on the charge of an ion but not on its mass. This,
however, is not observed experimentally as illustrated by Fig. 5.6 where data for protons
and methyl ions emitted from the nanoparticle surface are shown. While the momentum
histograms for both ions (Fig. 5.6A,B) have a similar shape, their mean energies differ by
up to 20% (see Fig. 5.6C). In all cases, the proton energy is found to be higher than the
CH+

3 energy, independent of the laser polarization and the laser intensity, and the difference
in energy between H+ and CH+

3 is generally lowest at a low laser intensity. For both ions
and all three polarization states displayed in Fig. 5.6C, the energy increases approximately
linearly with intensity and levels off at the highest measured intensities.

Given that the model predicts mass-independent ion energies, the question arises whether
the difference in energy is a measurement artifact or whether monovalent ions of different
masses generated from single nanoparticles can indeed differ in their mean energies. A
lower energy of the CH+

3 ion could, for example, be explained by fragmentation at high
intensities. This would reduce the CH+

3 signal from the high-intensity regions of the laser
focus and thereby shift the mean of the energy distribution toward a smaller value.

Such focal volume-related effects can be tested by analyzing coincident events of H+

and CH+
3 . As derived in Section 3.3.1, typically more than 99% of all nanoparticle ioniza-

tion events involve exactly one nanoparticle. This means that the vast majority of ions
detected in coincidence with each other originate from the surface of the same nanopar-
ticle. Therefore, coincident ions are well-suited for reasoning about effects related to the
intensity distribution within the focal volume. In order to answer the question of whether
the mass-dependence of the ion energy is focal volume related, we show the two-particle
energy histogram in Fig. 5.7A for the data of Fig. 5.6, which was acquired with linearly
polarized pulses. We find for 82% of all H+ - CH+

3 coincidences that the energy of the
CH+

3 ion is lower than the H+ energy. Similar values were found for the other polarization
states (see Ref. [50], supplementary information). This means that difference in ion energy
is observable even for ions emitted from the same nanoparticle and is thus unrelated to
focal volume averaging.

Furthermore, a covariance analysis on the coincident ion data was carried out. Such a
statistical approach to multi-ion events has proven to be very effective when the probability
of generating more than two ions within the regions of interest along the time-of-flight axis
is non-negligible [136]. In Fig. 5.7B, the covariance map for the H+ and CH+

3 energy is
displayed. For every pair of energy bins, it is defined in the same way as the ordinary
covariance of two random variables:

Cov(Xi, Yj) = ⟨XiYj⟩ − ⟨Xi⟩⟨Yj⟩, (5.6)

where in our case X and Y are the kinetic energy of H+ and the CH+
3 and i, j are the
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Figure 5.6: Ion energy scaling with electric field amplitude for different polarizations. A,B: Polarization-
plane momentum spectra for H+ (A) and CH+

3 (B) ions generated on 300 nm silica nanoparticles taken
at the field strength and polarization indicated by the arrows in panel C. C: Mean energies for H+ (solid
lines) and CH+

3 (dashed lines) for a range of field strengths and different polarization states (corresponding
to λ/4-plate angles 45◦, 30◦, 0◦, from left to right). The shaded regions represent the width (standard
deviation) of the ion energy distribution. The conversion to peak intensity I0 (labels at upper x-axis) is
carried out without cycle-averaging: I0 = cε0|E0|2. Figure taken from Ref. [50].
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indices of the corresponding energy bins. The angle brackets denote averaging over all
samples, i.e., all detected coincidences. Positive or negative values in the covariance map
indicate a positive or negative correlation between two ion energies, respectively. We find
a positive correlation along a line underneath and parallel to the diagonal of the covariance
map and a negative correlation everywhere else. The implications will be discussed in the
following section.
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Figure 5.7: Coincidence and covariance histograms of H+ and CH+
3 ions generated by the same laser

pulse. A: Histogram for the energies of H+ and CH+
3 ions detected in coincidence. B: Covariance map

generated from the same data as defined in the text. The dashed line indicates y = x, i.e., equal energies
for both ions. Figure taken from Ref. [50].

5.5 Discussion

The results presented in the previous section are a demonstration that in reaction nanoscopy
experiments with silica nanoparticles, the close relationship between the angular distribu-
tion of the laser-generated ions and the local field enhancement on the nanoparticle surface
is still observed at a wavelength of 2µm and even for arbitrarily elliptical polarization. The
work of Rupp et al. [47] has demonstrated that the mapping between local near-field and
final ion distribution is not trivial for the case of a general surface charge density on the
nanoparticle surface. From the simulations carried out here, we could identify the two
main conditions such that the angular ion distribution shows a high correlation with the
local near-field. The first condition is a monotonically increasing ion generation probability
with near-field amplitude. While this may seem trivial regarding the nonlinear generation
law introduced in the theory section, it can be violated due to the saturation of the ion-
ization and the depletion of the neutral state (see Section 2.3 or Ref. [59], for example).
The second condition is a radial repulsion of the generated ions from the surface of the
nanoparticle. This condition is met if the local charge density around the birthplace of
an ion is in good approximation symmetrical such that all tangential forces cancel out,
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leading to a radial trajectory. In our model, this is fulfilled since the generation of surface
charges in the model requires less field strength than the generation of free ions. The
surface charge is thus distributed over larger areas than the birth positions of the free ions.
As a consequence, most ions are emitted perpendicularly to the nanoparticle surface. Only
the ions generated far away from the field enhancement maxima will be emitted under a
small angle to the radial vector (see also Ref. [49]).

The physical background behind the effective surface charge used in our model is the
ionization of the nanoparticle surface. The more electrons leave the surroundings of the
nanoparticle, the more positively charged the nanoparticle will become, and the more
energy the emitted ions will have. Thus, the electron yield is directly related to the effective
surface charge of the nanoparticle, which, in turn, determines the final energy. Due to this
connection, a comparison between the intensity-dependent ion energies in Fig. 5.6 and a
previous study on strong-field electron emission from silica nanoparticles is carried out.
Süßmann et al. [42] found a linear relationship between the laser intensity and the electron
yield. In other words, they found a linear increase of the effective surface charge with laser
intensity. This finding is compatible with the ion energy scaling we observed in the low-
intensity range. The roll-off of the ion energies at higher intensities observed in Fig. 5.6,
however, is to date not yet fully understood and will require further investigation in the
future.

Since the ion energy is dominated by the Coulomb repulsion from the nanoparticle
surface, it can in principle serve as a probe of the local charge density and the total charge
of the nanoparticle. This could allow, for example, the observation of charge redistribution
on the nanoparticle surface in pump-probe experiments and thereby provide valuable infor-
mation about the material properties on the nanometer length scale and femtosecond time
scale. For a complete understanding and correct interpretation of such data, however, the
different contributions to the final ion energy need to be fully known. The observation of
varying mean energies across different ion species proves that the static Coulomb descrip-
tion chosen here is still incomplete. An unaccounted contribution in the model is the initial
energy from the dissociation of the molecular bond(s) upon ionization, which led to the
production of a certain ion. Since typical dissociation energies of molecules upon dissocia-
tive ionization are in the few-eV range [137, 138], such a contribution would be compatible
with our measurements. The first step toward modeling this effect was achieved by the
results presented above, where the most important molecular adsorbates for ion emission
were identified. It was shown that the ion spectra in reaction nanoscopy experiments are
in very good approximation dominated by ions originating from covalent bonds with the
surface and that the solvent in which the nanoparticles are dispersed plays only a minor
role. A second possible contribution to the difference in ion energies is a dynamical effect.
As positive ions are emitted from the nanoparticle surface, the total charge on the sur-
face is reduced. This means that the surface charge is reduced for heavier particles with
higher inertia, causing them to stay closer to the nanoparticle for a longer time than lighter
ones. A consequence of this process may be visible in Fig. 5.5A, where a position-resolved
time-of-flight histogram measured with circular polarization is shown. Interestingly, the
radius of the circular emission pattern for every ion species decreases with ion mass. The
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square of the ring radius is proportional to the energy of a particle: In the constant field
of the spectrometer, a particle with zero initial velocity along the time-of-flight axis (i.e.,
the direction of the field), zero velocity along z and maximum velocity along the field-free
x-axis satisfies:

τ ∝
√

m

q
, (5.7)

px = m
y

τ
∝ my

√
q

m
, (5.8)

pz = 0, (5.9)

where q is the charge of the ion, m its mass and τ its time-of-flight. Hence, the kinetic
energy does not depend on mass but only the charge and the x-position:

E =
p2y
2m

∝ qx2 (5.10)

Given that we have never detected ions with a charge q > 1e (like C2+ for instance), we may
assume that all ions are monovalent (q = 1e), even those that are not uniquely identifiable
due to overlapping spectra. In this case, the observation of smaller rings in the position-
resolved time-of-flight histogram (Fig. 5.5A) indeed corresponds to a decreasing ion energy
with ion mass. The data is therefore compatible with the hypothesis of a mass-dependent
effective nanoparticle charge due to the faster emission of light ions like protons or H+

2

molecular ions. Still, further (pump-probe) experiments are required to fully confirm the
different contributions to the fragments’ energy.

5.6 Conclusions

In this chapter, it was demonstrated that the model for strong-field ion emission introduced
in Chapter 2 and first used for the description of the reaction nanoscopy results presented in
Chapter 4, is able to also reproduce the angle-resolved momentum histograms at the longer
wavelength of 2µm and for an arbitrary ellipticity of the laser polarization. Furthermore,
the current limitations of the model were discussed. The model is, at this point, not yet
suitable for the description of ion energies over large parameter ranges like laser intensity
or polarization state. More fundamentally, its underlying assumptions do not allow for
a mass dependence of the mean ion energies, which was observed in the experiment and
confirmed to be a single-particle effect by a covariance analysis of the coincident ion data.
For these reasons, a more elaborate theoretical treatment will be required for a correct
description of all ion energies.

As a first step toward this goal, the main origin of the observed ions in reaction
nanoscopy was identified. Using silica nanoparticles dispersed in a fully deuterated sol-
vent, it was found that after aerosolization and subsequent injection into the vacuum,
their surface is, to a large extent, free of physisorbed solvent molecules. Ions originating
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from such adsorbates were shown to only contribute at a level of a few percent to the over-
all ion yield. The dominant ion sources in reaction nanoscopy are therefore chemisorbed
molecules, i.e., functional groups, which are covalently bound to the surface. The acquired
reaction nanoscopy data for silica particles in an alcoholic dispersion were found to be
compatible with studies where the influence of different alcohols on the silica surface was
investigated by means of thermal gravimetric analysis [91]. The reported dominance of
silanol groups on the surface with a significantly smaller amount of alkoxy groups is an
explanation for the high abundance of H+ and H+

2 ions in reaction nanoscopy and also
explains the presence of hydrocarbon fragments like CH+

3 .
In conclusion, the results of this chapter have answered the crucial question of the

ion origin in reaction nanoscopy experiments. While the data itself is limited to silica
nanoparticles, the principle that fragments of chemisorbed molecules dominate the ion
spectra should apply to a wide range of nanosurfaces. This insight is a necessary step
toward the development of more accurate models and, equally important, for the conception
of future reaction nanoscopy experiments.



Chapter 6

Reaction nanoscopy with droplets

This chapter presents the first results of reaction nanoscopy with droplets. Polydisperse
propanediol (PDO) droplets were ionized by a 2µm laser, and the three-dimensional ion
momenta were recorded. It was found that the ion emission is governed by the local
near-field amplitude on the droplet surface, analogous to the results of reaction nanoscopy
with solid nanoparticles. The correlation between the near-field enhancement and the
angular distribution of the emitted ions was used to determine the most prominent droplet
diameter, and the droplet charge was estimated from the energies of the emitted ions. To
isolate droplet-related effects and effects of the molecular surface structure, we compared
1,2-PDO and 1,3-PDO reaction nanoscopy data. It was found that the ionized droplet
surface increases the probability of fragment protonation. In addition, the isomer-specific
molecular alignment on the surface of the PDO droplets was found to cause an enhanced
emission of methyl ions from 1,2-PDO droplets, which was confirmed by density functional
theory.

The results presented in this chapter were published here: arXiv:2212.05587 [physics.chem-
ph].

6.1 Introduction

One of the ultimate goals of the reaction nanoscopy experiments is the direct observation of
catalyzed chemical reactions by probing the reaction products via light-induced ion emis-
sion. While nanoparticles are heavily used in wet-chemistry catalysis applications [8], the
transfer of these reactions to the ultra-high vacuum environment of the reaction nanoscope
has remained challenging. To observe catalytic reactions, sufficient coverage of the surface
of a nanoparticle with reactant molecules is required. As demonstrated in the previous
chapter, the solvent’s evaporation can strongly reduce the surface coverage and lower the
signal from potential reaction products.

Despite reaction nanoscopy’s sensitivity to single ions, a low rate of reaction product
ions means a stronger relative signal of ions from surface ligands or the nanoparticle mate-
rial itself and thus lowers the signal-to-noise ratio. This is especially problematic for cat-
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Figure 6.1: Schematic depiction of reaction nanoscopy with droplets of propanediol (PDO). A few-cycle
laser pulse ionizes the droplet’s surface, and the released ions are detected by a time-of-flight- (TOF) and
position- (POS) sensitive detector. The green arrows indicate the ion trajectories. Laser pulses with a
duration of 25 fs, a central wavelength of 2µm, and an intensity of up to 5×1013 W/cm2 were used. The
mean droplet diameter was 590 nm (see results). The box on the top-left shows an example of the laser-
induced emission of a CH+

3 ion from a 1,2-PDO droplet.

alytic particle materials, which typically require stabilization by large hydrocarbons [139].
Upon laser ionization, such hydrocarbons fragment via multiple pathways resulting in a
broad background in the time-of-flight spectra.

A technically simpler and potentially more feasible alternative to catalyzed reactions
on nanoparticle surfaces could be reaction nanoscopy with droplets. Analogous to an
enhancement of reaction rates by the presence of a catalyst, chemical reactions on droplets
can be accelerated by charging the droplets [13–16, 140]. This has led to investigations
into possible industrial applications [17, 18], and is why charged droplets are regarded as
potential reactors for prebiotic polymers [19, 141, 142]. However, the primary mechanism
behind the reaction rate enhancement on charged droplets is still not fully elucidated.
While some researchers suggest that the acceleration of reaction rates is caused by solvent
evaporation [143–145], other studies point out the role of the droplet surface itself [140,
146, 147]. The charge on the droplet leads to extreme conditions near the surface, with a
strong electric field [148–150], a high degree of molecular concentration and alignment [19,
141, 142, 151, 152] and a high acidity [12, 153, 154]. However, the specific contributions of
these effects have not been quantified so far and are still actively investigated [15, 150].

Since experimental methods for the study of charged droplets mostly rely on the com-
plex and hardly controllable process of electrospray ionization [155–157], a distinction be-
tween surface effects and evaporation contributions to the mass spectra has so far not
been possible. Furthermore, the uncontrolled charging of electrospray-generated droplets
gives rise to droplet fission and the generation of progeny droplets when the total charge
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approaches the Rayleigh limit[158]:

qR = 8π
√

γε0R3, (6.1)

where γ is the surface tension, R is the droplet radius, and ε0 is the vacuum permittivity.
The consequence is unknown distributions of both the sizes and the charges of the droplets.

In this chapter, it is demonstrated that reaction nanoscopy can serve as a surface-
sensitive method for investigating ion emission from charged droplets with the additional
benefit of an in-situ evaluation of the droplet stability and characterization of the most
abundant droplet diameter in a polydisperse stream of droplets. For this purpose, aerosolized
droplets of PDO were ionized by a strong femtosecond laser pulse, and the three-dimensional
momentum vectors of the generated ions were measured with the reaction nanoscope. For
this proof-of-principle study, PDO was chosen as a target due to its low vapor pressure
and relatively high surface tension, which make it ideal for droplet generation and injection
into a vacuum. Apart from its favorable physical properties, it exists in the form 1,2-PDO
and 1,3-PDO, which allows an investigation of isomer-related effects.

It will be shown that the comparison of reaction nanoscopy data for both isomers allows
the separation into effects related to the droplet environment in general and furthermore
reveals the isomer-related effect of enhanced production of CH+

3 ion from 1,2-PDO droplets.
Using density functional theory calculations, this effect is attributed to the isomer-specific
molecular alignment on the droplet surface.

Figure 6.2: Droplet source and reaction nanoscope. The propanediol (PDO) droplet source consisted
of an atomizer operated with argon (Ar), an impactor, a damping volume of 1 l, and a high-efficiency
particulate air (HEPA) filter. An aerodynamic lens (AL) was used to inject a collimated aerosol stream
into the reaction nanoscope, where the droplets were ionized in the laser’s focus. The generated electrons
and ions were directed to the corresponding detectors by a homogeneous electric field generated by a high
voltage (HV).

6.2 Experimental

As in the previous chapters, the experimental setup will only be briefly described here. For
more details, the reader is referred to the dedicated experimental chapter (Chapter 3).
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6.2.1 Laser system

For the droplet experiments, the same OPCPA laser system as in Chapter 5 was used (see
also Ref. [81]). It produced laser pulses with a central wavelength of 2µm, a maximum
pulse energy of 100µJ, a pulse duration of 25 fs, and a repetition rate of 100 kHz. The pulse
energy was controlled with a broadband half-wave plate in combination with a wire-grid
polarizer. The temporal compression of the pulses was optimized by maximizing the ion
count rate in the reaction nanoscope while tuning the pulse dispersion with a pair of fused
silica wedges. The pulses were focused with a silver mirror (f = 75mm), resulting in a
peak of up to 5×1013W/cm2 in the laser focus, i.e., the interaction region of the nanoscope.

6.2.2 Reaction nanoscopy with droplets

The droplet source and the reaction nanoscope are shown in Fig. 6.2. The droplet setup is
very similar to the configuration for solid nanoparticles. For droplet generation, the pure
liquid of 1,2-PDO (Thermo Scientific, +99.5%) or 1,3-PDO (Thermo Scientific, 99%) was
aerosolized by the same atomizer as before (TSI inc., model 3076). The aerosol was then
sent through an impactor to remove large droplets from the stream, and the accumulating
liquid at the impactor plate was collected by a subsequent reservoir, which also served as
a dampener for flow instabilities (see the atomizer manual). The remaining components
of the source were identical to the case of solid nanoparticles. The reaction nanoscope
itself was operated at almost identical conditions as well (same voltages and similar laser
intensities). From the reaction nanoscopy data, the most frequent droplet size (at the
interaction point) in the aerosol stream was determined as (590±50) nm (see further details
below).

6.3 Theoretical description of the droplet surface

For the interpretation of the isomer-specific reaction nanoscopy data from the PDO droplets,
a microscopic description of the droplet surface on a molecular level was needed. Arijit
Majumdar from the group of Prof. Dr. Matthias Ihme at Stanford University carried out
density functional theory (DFT) calculations for this purpose. Since the computation of
the entire droplet is not feasible at this level of theory, a model system of six layers of
molecules was used. Periodic boundary conditions were chosen in the directions perpen-
dicular to the surface normal. The curvature of the droplet surface is neglected due to
the large droplet size compared to the size of the individual molecules. Such a system of
layers has two boundaries with the vacuum, while a droplet has only one interface with
the vacuum. To resolve this ambiguity and make the identification of the vacuum interface
unique, the three bottom layers in the simulation are rotated by 180◦ with respect to the
top three layers. The minimum energy configuration for this arrangement was calculated
for both, 1,2-PDO and 1,3-PDO. The results are displayed in Fig. 6.3

The calculations were carried out with the Vienna ab initio simulation package (VASP) [159,
160], a code using the plane-wave DFT formulation [161]. The exchange correlation term
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Figure 6.3: Simulation geometry for 1,2-PDO (left) and 1,3-PDO (right). The surface normal is along
the y-axis. Periodic boundary conditions were applied along x and z. The dotted lines represent hydrogen
bonds (manually inserted).

is described with the Perdew-Burke-Ernzerhof (PBE) functional [162], and the interaction
between the atomic cores and the electrons is handled via the Projector Augmented Wave
(PAW) method [163]. The size of the simulation is ∆x × ∆y × ∆z =8Å×90Å×12Å. The
surface normal is along the y-coordinate. The boundaries in x and z are periodic. In order
to avoid effects of periodicity in the direction of the surface normal, ∆y was chosen suffi-
ciently large. The Brillouin zone is sampled with a Γ-centered grid with a size of 7×1×7
grid points. The convergence criterion for the energy minimization was set to 10−6 eV. The
final configurations are found with a formation enthalpy for the slab from isolated gaseous
molecules of -0.70 eV for 1,2-PDO and -1.35 eV for 1,3-PDO to be energetically stable.

6.4 Results

6.4.1 Near-field driven ion emission

A spherical droplet interacts in the same way with (infrared) light as a solid sphere. For a
spherical object in a vacuum, its diameter and the refractive index will define the properties
of the near-field [40]. The refractive index for propanediol at a wavelength of 2µm was
obtained by an extrapolation from published refractive index data [164] using Cauchy’s
equation [165]. A value of n(λ = 2µm) = 1.43 was found. We expect the extrapolation to
be accurate with ∆n = ±0.03, which corresponds to a relative uncertainty of ∆n/n ≈ 2%.
The value of ∆n was generously estimated from available data for the refractive index
of ethylene glycol (EG) at λ = 2µm[166], nEG = 1.416 ± 0.001 , which has very similar
physical properties to PDO. The uncertainty in the refractive index is negligible compared
to the uncertainty of the estimate of the droplet diameter of d = (590±50) nm. A detailed
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Figure 6.4: Near-field distributions and ion emission histograms for 1,3-propanediol droplets. a: Near-
field enhancement around a propanediol droplet placed at the origin with a diameter of 590 nm for linearly
polarized (along y) light with a wavelength of 2µm in the plane of x = 0. The data was obtained from
the Mie solution of Maxwell’s equations.[40] b: Measured ion yield with linear laser polarization and an
instantaneous peak intensity of approx. 5×1013 W/cm2 as a function of time-of-flight and y. Counts at
large values of |y| are ions emitted from droplets. Counts close to y = 0 correspond to ions generated from
single propanediol molecules. c,d: The corresponding data for circularly polarized light at an instantaneous
peak intensity of approx. 3×1013 W/cm2. For the coordinate system, cf. Fig. 6.1.

explanation of the size estimate will be given further below.

Using a refractive index of n = 1.43 and a droplet diameter of d = 590 nm, the field
enhancement in the plane parallel to the laser polarization and through the center of the
droplet was calculated from the Mie solution of Maxwell’s equations [40] taking into account
the first 15 orders of the expansion. The results for linear and circular polarization are
shown in Fig. 6.4a and c. Since the refractive index of PDO is very similar to the refractive
index of silica (n(2µm) = 1.438 [167]), the resulting field enhancement distribution and
amplitude for the PDO droplets are almost identical to silica nanoparticles of the same size.
However, the question of whether the similarity in the near-field distributions translates
into similar results for the ion emission is not a priori clear. To investigate this, the
position-resolved time-of-flight histograms for reaction nanoscopy experiments with 1,3-
PDO droplets are shown for the corresponding polarizations in Fig. 6.4. The plane, which
is spanned by the y-direction and the time-of-flight axis, is parallel to the polarization
plane of the laser. Therefore, for every ion species, it is expected that the pattern in the
histogram is closely related to the corresponding field enhancement. This is indeed found
for all ions with large momenta, i.e., for linear polarization, those ions with large values of
|y|, and the ions forming the ring-like patterns for the case of circular polarization.

This near-field driven emission of the ions will be used below for the size determination
of the droplets. Unlike typical data for silica nanoparticles, overall, the time-of-flight
spectra are clean enough such that a relatively large number of fragments can be identified.
As indicated by the labels above Fig. 6.4b, the only ambiguous groups of fragments are
CHnO

+ and C2HnO
+ where the spectra for the different proton numbers overlap. All other
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fragments will be discussed further below.

6.5 Intensity dependence of the ion emission angle

Even though the polarization dependence of observed ion distributions already provides
good evidence for a strong correlation between the near-field distribution and the angular
ion distributions, this conclusion is further consolidated by the intensity dependence of the
observed signal. The dependence is best visualized by the projection of the ion momenta
onto the plane of polarization and propagation. The corresponding proton momentum
histograms for different laser intensities are shown in the middle row of Fig. 6.5, and
the angular distribution is shown in the bottom row. There, the angle α is defined as
the angle between the ion emission direction and the laser propagation direction (α =
arctan2(|py|, px)). At the lowest intensity of 2.2×1013W/cm2, the angular distribution
(panel h) peaks at α = 0, and the majority of the ions are emitted forwards along the
propagation direction.

This seems similar to the dominance of the ion signal from nanoparticle clusters at
low intensity reported in Chapter 4 and Ref. [52]. However, it can easily be shown that
clusters of droplets are not energetically favorable and can thus not be responsible for the
observation. The surface energy [168] of a cluster EC of two droplets is equal to twice the
individual surface energies:

EC = 2 · 4πγR2
1, (6.2)

where γ is the surface tension and R1 the radius of the two droplets. If both droplets
merge, their volumes add up, which leads to a new radius R2 = 3

√
2R1. Therefore, the

surface energy of the single droplet ES with the new radius is given by:

ES = 4πγR2
2 = 2

2
3 · 4πγR2

1 < EC . (6.3)

The inequality ES < EC shows that merging two droplets into a larger one is energetically
favorable over a cluster of two droplets. This result is simply a consequence of the sphere
being the shape with the smallest surface area for a given volume [169] and thus minimizes
surface tension.

With the exclusion of clusters, the only possible reason for the observation of ions
emitted in the forward direction is large droplets where the propagation of the laser light
causes nanofocusing [37]. Some contribution of ions emitted from large droplets is expected
due to the polydispersity of the atomizer (see, for example, Ref. [170]). As shown in
Fig. 6.5a-c, the nanofocusing effect leads to large field enhancement factors (>2.5) for
droplets with a size on the order of the wavelength. Combined with nonlinear scaling of
the ion yield with laser intensity, the low-intensity ion data is dominated by the emission
from large droplets, even if their relative abundance in the droplet stream is low. In
agreement with this hypothesis, the data obtained at the highest intensity of 4×1013W/cm2

(Fig. 6.5g,k) shows hardly any contribution for small values of α, as indicated by the red
ellipse in panel k. This means that the overall contribution to the ion yield of large droplets
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with a propagation parameter ρ = πd/λ ≫ 1 is negligible. More importantly, we observed
that above a threshold intensity of approximately 3×1013W/cm2, the angular distribution
of ions does not significantly change anymore. We interpret this finding such that above
the threshold intensity, all droplet sizes present in the aerosol stream are ionized by the
laser. This stability of the angular distribution of the emitted ions for sufficiently high
intensities will be used in the following for the size characterization of the most abundant
droplets in the aerosol stream.

In short, the observation of intensity-dependent proton distributions is consistent with
a droplet size selectivity from the dependence of the maximum field enhancement factor
on the droplet size. The intensity-dependence of the proton momentum distributions from
PDO droplets further confirms the close relationship between the angular distributions of
the local near-field and the emitted ions.

Figure 6.5: Intensity dependence of the proton emission. The laser propagation direction is from left to
right along the x-coordinate. The polarization is linear along the y-coordinate. The top row shows the field
enhancement in the plane z = 0 for propanediol droplets with diameters of 2000 nm (panel a), 1300 nm
(panel b), and 600 nm (panel c), respectively, calculated from the Mie solution of Maxwell’s equations.
The middle row (panels d-g) shows projections of the three-dimensional proton momentum distribution
onto the plane of propagation (px) and polarization (py) for different intensities. The angular distributions
in the bottom row (panels h-k) are generated from the histograms in the middle row (same data per
column). Here, the angle α is defined as α = arctan2(|py|, px). The red ellipse in panel k highlights the
small contribution of forward emitted protons (α = 0◦) at high intensities.
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6.6 Droplet size characterization

The broad distribution of droplet sizes generated by the atomizer is altered as the aerosol
is transported toward the interaction region: The impactor and the aerodynamic lens me-
chanically remove specific droplet sizes from the stream, and the vacuum of the nanoscope
causes evaporation and shrinking of the injected droplets. Since the initial size distribution
and the exact impact of all these mechanisms are unknown, an in-situ characterization of
the droplet size is desirable. While a complete retrieval of the size distribution is out of
reach with our current method, we can use the size-dependent angle of maximum near-field
enhancement for determining the most frequent droplet diameter in the stream, i.e., the
peak of the size distribution. As shown in the previous section, the angle between the laser
polarization and the point of maximum field enhancement on the droplet surface depends
on the droplet size. This angle shall be denoted by φ, as indicated in Fig. 6.6c. Assuming,
based on the results above, that the angle-resolved ion yield is a monotonous map of the
field enhancement, it follows that the peak of the angular ion distribution coincides with
the angle for the maximum field enhancement: φ ≈ α. The angle-resolved ion momentum
spectra can thus be used to estimate the most probable droplet size. In order to obtain the
mapping between the angle of maximum near-field (or mean ion emission angle) and the
droplet size, we calculated the Mie solution of Maxwell’s equation for a range of droplet
sizes and found the angle of maximum field enhancement φ(d) (≈α(d)) by numerical op-
timization. The inverse function d(α) is shown in Fig. 6.6c. The shaded region along
the α-axis shows the range of average ion emission angles obtained from ions of different
masses. The corresponding range of droplet diameters is centered around a droplet diam-
eter of 590 nm and about ±50 nm wide. It is important to note that the spread of ±50 nm
is not the width of the size distribution but should be regarded as the error of the estimate
of the most probable droplet size:

argmax
d

p(d) = (590± 50) nm, (6.4)

where p(d) denotes the unknown size distribution and d the droplet diameter.

This approach to the characterization of droplet sizes relies on the propagation-induced
tilt of the near-field enhancement along the propagation direction and does, therefore, not
apply to arbitrarily small particles or propagation parameters ρ = πd/λ ≪ 1, respectively.
In this limit, the Rayleigh scattering limit [171], the response of the droplet is dipolar, and
the emission angle is α = 90◦, independent of the size. A similar problem arises in the limit
of large droplets, i.e., ρ ≫ 1. As shown in Fig. 6.5a, for d = λ, nanofocusing is observed,
which leads to an ion emission angle of α = 0 for a large range of diameters, making an
ion-based size estimate impossible. The ideal parameter space for the method presented
here is thus ρ ≈ 1, which corresponds to d ≈ λ/π ≈ 600 nm. This is consistent with the
calculated mapping function in Fig. 6.6c.
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droplet characterisation

Figure 6.6: Determination of the droplet size and charge for a 1,2-propanediol measurement at a peak
intensity of 4.7×1013 W/cm2 and linear laser polarization. a: Sketch of a droplet with a diameter of
600 nm. The field enhancement is indicated by the color map. The angle φ is the angle of maximum
field enhancement in the propagation-polarization plane (x-y plane). b: Projection of the measured ion
momenta for protonated 1,2-propanediol (m =77u) ions onto the plane of propagation (px) and polarization
(py) of the laser. The units are atomic units (au). The angle α is the mean emission angle of the ions in the
px-py plane. c: The relation between the droplet diameter d and the mean ion emission angle (solid line)
using φ ≈ α (see text for justification). The shaded area indicates the variation of the mean emission angle
across ions of different masses. It corresponds to an uncertainty of the mean droplet diameter of ±50 nm.
d: The solid black line shows the relation between ion energy and droplet charge for a homogeneous
charge distribution. The color map shows the measured distribution of proton energies (below the line)
and the corresponding estimate for the droplet charges (above the line). The red dash-dotted line indicates
the Rayleigh charge limit qR for a 1,2-PDO droplet with a diameter of 590 nm.
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6.7 Droplet charge and stability

In order to evaluate the relevance of the previously demonstrated size estimate, it is essen-
tial to understand whether the droplets remain intact after ionization. Droplets carrying
charges close to or even above the Rayleigh limit [158], are likely to disintegrate into smaller
droplets of different sizes, making the size estimate less meaningful. Charged droplets are
stable if the surface tension can counteract the Coulomb repulsion of the charges. For this
to be the case, the surface energy ES has to be larger than half of the Coulomb energy
EC [172, 173]:

ES >
1

2
EC , (6.5)

4πγR2 >
1

2

q2

8πε0R
, (6.6)

where γ is the surface tension, R is the droplet radius, q is the charge of the droplet and
ε0 is the vacuum permittivity. The Coulomb energy corresponds to the amount of work
required for placing a total amount of charge q on the surface of a sphere with radius R.
An intuitive derivation for this expression is shown in Appendix B. Condition (6.6) can be
solved for q to obtain the Rayleigh condition for stable droplets:

q < 8π
√
γε0R3︸ ︷︷ ︸

≡qR

, (6.7)

which can be used to demonstrate that droplet fission stabilizes the system energetically.
For example, consider a droplet holding a charge q = qR, which disintegrates into two
droplets holding equal amounts of charge q2 = qR/2, i.e., half of the original charge. The
newly generated droplets will have half of the volume V of the original droplet, with
V ∝ R3. The right-hand side of Eq. (6.7) scales with the square root of the volume,
resulting in a new value of qR/

√
2 after the fission event. Since qR/2 < qR/

√
2, the newly

formed droplets will satisfy ES > 1
2
EC and therefore be stable.

To evaluate the stability of the ionized droplets inside the reaction nanoscope, knowl-
edge about their charge is necessary. In reaction nanoscopy, the Coulomb repulsion from
the charged surface is the main contribution to the final ion energy [47, 52]. A measurement
of the ion energy can thus be used for estimating the total charge of a droplet. Combined
with the size determination from the section above, this allows a stability evaluation. In
order to simplify the procedure, a homogeneous charge distribution on the droplet surface
is assumed. To reach the same energy with a homogeneous charge distribution, a higher
charge compared to a localized charge distribution is required. This means that the as-
sumption of a homogeneous charge distribution leads to an overestimation of the surface
charge. As long as such an estimate results in a charge below the Rayleigh limit, droplet
stability is assured. Only if a charge close to or above the Rayleigh limit is obtained, the
question of droplet stability cannot be answered definitively, as the actual charge might be
much lower than the estimate.
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With a homogeneous charge distribution, the relationship between the kinetic energy
Ek of a monovalent ion with charge +e and the charge of the droplet q follows from the
electrostatic potential of a homogeneously charged sphere:

q =
4πε0
e

· EkR. (6.8)

Similar to the ion energy scaling with mass we found for silica nanoparticles (see Chapter 5),
we observe a decreasing fragment energy with ion mass. Assuming that this effect is due
to the gradual discharging of the nanosphere with time, as described in the corresponding
section, it is most representative to use the most energetic/lightest ions, the protons,
as a probe for the surface charge. The energy distribution of the protons is shown in
Fig. 6.6d, encoded by the color scale below the linear function (solid black line). The proton
energy distribution is centered around an energy of 30 eV for this measurement taken at
a peak laser intensity of about 5× 1013W/cm2, which corresponds to a droplet charge of
approximately 6 ke (see color scale above the solid black line). Even the highest energy
protons at about 50 eV still indicate emission from stable droplets with a corresponding
droplet charge of 11 ke and a Rayleigh limit of qR ≈ 16 ke, using the estimated diameter of
d = 590 nm. The Rayleigh limit qR is indicated in Fig. 6.6d by the red dashed-dotted line.

It has been reported in the literature [174] that the Rayleigh limit cannot be used as
an exact boundary as to when droplet fission sets in. However, since the retrieved charge
values here are significantly below the Rayleigh limit and since they are overestimating
the surface charge due to the assumed homogeneity, it can be safely concluded that the
droplets studied here did not undergo droplet fission after the ionization by the laser pulse.

6.8 Ion emission: gas-phase vs. droplet

The reaction nanoscopy data presented in this chapter were acquired for both isomers of
PDO. Before carrying out a comparison between 1,2-PDO and 1,3-PDO, however, we will
attempt to isolate all features of the ion spectra that are isomer independent and thus
only related to the fact that the molecules are contained in a droplet. For this purpose,
the ion data were first grouped by the integrated electron signal. All ions detected with
a small or absent electron signal originate from the ionization of single molecules in the
gas phase. As discussed above, the ion data for large electron signals contain both gas-
phase and droplet events. The background signal from gas-phase molecules is caused by
the droplet evaporation inside the vacuum chamber, which increases the probability that a
single gas-phase molecule is ionized in the laser focus at the same time as a droplet. To our
advantage, however, the gas-phase signal is spatially separable from the droplet signal. As
shown in Fig. 6.7, all gas-phase ions arrive close to y = 0mm at the detector. The droplet
ion data was thus selected by defining a pair of polygons in the TOF vs. y histogram for
every ion species that was uniquely identifiable.

The normalized counts of these ionic fragments are shown in Fig. 6.9. The most striking
droplet-specific feature is the high relative yield of protons (for both isomers) compared
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Figure 6.7: Filtering ion signals for gas-phase and droplet data. Two measurements are shown, one for
1,2-propanediol (1,2-PDO, panels a and b) and one for 1,3-propanediol (1,3-PDO, panels c and d). Both
measurements were split into gas-phase data and droplet data based on the strength of the electron signal,
which is recorded in coincidence with the ions. Gas-phase data (first column, panels a and c) are defined
by a small or absent electron signal. Droplet data (second column, panels b and d) are defined as the
complementary set. The ion species listed in the middle were identified after calibrating the time-of-flight.
The polygons indicated by the white dashed lines were used for the yield comparison in Fig. 6.9.

to the proton yield from single gas-phase molecules. This observation is very similar to
previous reaction nanoscopy studies, where protons were the most abundant ion species
as well [47, 127]. The strong proton signal is likely caused by the combination of the high
number of protons on the surface and their low electronegativity compared to the other
constituents of PDO [175]. The low electronegativity suggests that all other atomic species
are favored for the formation of new bonds after the ionization by the laser pulse.

Apart from the protons themselves, we observed several ions whose production is likely
favored/enhanced due to the high abundance of protons shortly after the laser pulse. The
simplest of these ions is the H+

2 molecular ion. An indication that this fragment is a result
of the proton-rich surface but not specific to the PDO molecules, in particular, is that H+

2

has been observed before in reaction nanoscopy experiments with silica nanoparticles [127].

A second example that is compatible with the hypothesis that the presence of protons
influences the ion spectra is the enhanced protonation of water molecules on the droplet.
To be more precise, we observe that the ratios between the H3O

+ channel (m = 19u)
and the H2O-loss channel (m = 58u) are significantly different for gas-phase and droplet
data. For the gas-phase data, the ratio N19/N58 is 0.50 and 0.38 for 1,2-PDO and 1,3-PDO
respectively. For the ion emission from the droplets, these ratios increase to 1.95 and 1.23,
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respectively. This corresponds to an increase by a factor of 3.9 in the case of 1,2-PDO
and a factor of 3.3 for 1,3-PDO. We interpret this increase such that at least part of the
generated neutral water molecules from the dissociation reaction

PDO+ → H2O+ C3H6O
+︸ ︷︷ ︸

m=58

(6.9)

get protonated on the surface of the droplet, which leads to an increased H3O
+ yield relative

to the H2O-loss channel (m = 58u).
In addition, we observe the protonation of the PDO molecule on the droplet surface.

See Fig. 6.9b at the ion mass of m = 77u. Due to the high mass of the protonated PDO
molecule, its time-of-flight spectrum overlaps with the spectra of ions with similar masses,
such as the PDO+ ion (m = 76 u). However, as can be seen in the position-resolved TOF
histograms of Fig. 6.7b,d, there is a clear shift between the background PDO+ ions close
to y = 0 and the protonation signal. The same is true for the histograms of Fig. 6.4,
where the shift is evident for the circularly polarized case. A more rigid proof for the
observation of protonated PDO is provided in Fig. 6.8 where we use the constraint that
the momentum distribution is expected to peak at zero momentum along the time-of-flight
axis. As shown in the figure, this is only the case if a mass of m = 77u, i.e., protonated
PDO, is assumed for the signal at large |y|-values. The protonation of molecules on the
surface has two physical implications. The first one is that the surface ionization by the
laser is not directly responsible for the generation of these ions. The laser is just producing
an excess of positive charge on the surface, and the ionization of the PDO molecules only
happens in a second step, namely protonation. The second implication of protonation
is multi-molecular reactions. These have only been recently demonstrated with reaction
nanoscopy [127] using silica nanoparticles.

In the field of electrospray mass spectroscopy, however, both of these findings are well
established. For electrospray sources operated in positive mode, protonation is the pre-
dominant ion generation mechanism [176] and the study of chemical reactions on charged
droplets is an ongoing and rapidly developing field [177]. These similarities to our results
suggest that reaction nanoscopy might be suitable for studying more complex chemical re-
actions from droplets containing more than one molecular species. Especially the possibility
of pump-probe measurements in reaction nanoscopy has a high potential for new insights
into the time-evolution of chemical reactions on charged droplets, which is impossible with
an electrospray ionization source.

6.9 Isomer comparison

In addition to the analysis of the droplet-specific features of the reaction nanoscopy spectra
in the last section, we can infer information about molecular effects from a comparison of
both PDO isomers, 1,2-PDO and 1,3-PDO. Their fragmentation behavior upon irradiation
by the laser pulse is overall quite similar for both the gas-phase and the droplet-related
data. For one specific fragment, however, we find an enhanced production on the 1,2-PDO
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Figure 6.8: Proving PDO protonation by momentum symmetry. a: Time-of-flight vs. position histogram
for masses of 76 u (gray) and 77 u (red), corresponding to the PDO+ ion and protonated PDO. The
vertical lines indicate the arrival time of ions with zero momentum along the time-of-flight axis (pz = 0).
The polygons indicate the selected data for panels b and c. b: Time-of-flight histograms for selected
data. c: Solid lines: Momentum histograms for the selected data. Dashed line: Momentum histogram for
the m = 77u data under the assumption that the mass is 76 u, which causes an unphysical momentum
distribution offset from pz = 0. This proves that the ion counts within the red polygon indeed correspond
to protonated PDO (m = 77u).

droplet surface. Specifically, the data suggests that more CH+
3 is produced for 1,2-PDO

droplets than for gas-phase 1,2-PDO. To quantify this, we compare the CH+
3 yield for

both isomers. For gas-phase PDO, a ratio of about 2:1 between CH+
3 from 1,2-PDO and

1,3-PDO is found (see Fig. 6.9a, blue rectangle). The larger yield of CH+
3 from 1,2-PDO

is unsurprising since it can be produced directly by dissociative ionization, while bond
rearrangement is required for the case of 1,3-PDO. The surprising part is that the same
ratio increases by a factor of three (to about 6:1) when the molecules are bound in the
droplet (see Fig. 6.9b, blue rectangle).

Our collaborators carried out DFT simulations to evaluate how this enhancement might
relate to the surface structure of the PDO droplets. As described above, a model system of
six layers with rotational symmetry around the center was used to investigate the droplet
surface. The minimum energy configurations were obtained for both isomers and are
displayed in Fig. 6.9c for 1,2-PDO and Fig. 6.9d for 1,3-PDO. For both cases, the hydrogen
bonds between neighboring molecules determine the molecular alignment. This leads to
a linear arrangement of the (linear) 1,3-PDO molecules and results in outward pointing
CH3 groups on the surface of 1,2-PDO. The equilibrium configuration of the 1,2-PDO is
the result of a steric effect between the methyl groups, which increase the energy of the
system, and the hydrogen bonds between the OH groups, which stabilize the system upon
a small configuration change. This change in energy is displayed in Fig. 6.10 for a rotation
around the C2-C3 bond.

Based on the results of the DFT simulation, we assume that the enhancement of the
CH+

3 yield from 1,2-PDO droplets compared to the gas phase is due to the outward-facing
methyl groups on the droplet surface caused by the hydrogen bonds between neighboring
PDO molecules. On the charged surface, these methyl groups are almost radially aligned,
i.e., parallel to the direction of the electric field on the surface, allowing for a more efficient
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Figure 6.9: Isomer comparison of the fragmentation channels for gas-phase propanediol and propanediol
droplets. a: Gas-phase data 1,2-propanediol and 1,3-propanediol for selected fragments. The data was
obtained by filtering the droplet measurements on events with a low electron signal. The yield is normalized
to the total number of counts after filtering. b: The same measurements as in panel a filtered on droplet
events (high electron signal). The data is normalized to the total number of droplet ions, i.e., ions with
a high electron signal. The fragment specific filters for every fragment are shown in Fig. 6.7. The blue
rectangles mark the CH+

3 ion for which we find a significant difference between the gas-phase and droplet
data. We attribute this to the molecular alignment of the propanediol molecules on the droplet surface
(see text for details). Panels c and d present density functional theory results for the molecular alignment
of both isomers. Only the top three layers are shown. The gray dotted lines represent hydrogen bonds.

bond dissociation compared to the randomly aligned PDO molecules in the gas phase.

6.10 Conclusion

In summary, the results of this chapter demonstrate that the application of the reaction
nanoscopy technique to droplets has enormous potential for the study of surface chemistry.
It was shown that the angular distribution of the laser-generated ions can be used for an in-
situ determination of the most prominent droplet size in the aerosol stream. Furthermore,
the energy of the emitted ions was used to estimate a typical value for the total charge
on the droplets. Both of these estimates were then combined to evaluate the stability
of the droplets based on the Rayleigh criterion. It was found that the droplets did not
undergo fission after the ionization, which ensured stable conditions during the process of
ion emission.
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Figure 6.10: Energy of 1,2-propanediol with respect to angle of rotation θ. The rotation axis is along the
C2-C3 bond, and θ = 0◦ corresponds to the equilibrium configuration obtained via energy minimization.
The rotations are depicted by the blue arrows.

In this proof-of-principle study, propanediol was used as the droplet material, enabling
comparative experiments with two isomers, 1,2-propanediol, and 1,3-propanediol. The
coincident detection of the electron signal allowed a comparison of ion fragments from
single, gas-phase molecules with ions originating from the droplet surface. An analysis of
isomer-independent features in these ion spectra revealed that, generally, the ion emission
from droplets is dominated by a high yield of protons and the protonation of fragments.
When generated on the droplet surface, we could even identify protonation as the dominant
ionization mechanism for the propanediol molecule. From the isomer-dependent parts of
the ion spectra, increased production of CH+

3 ions from droplets of 1,2-propanediol could be
concluded. Density functional theory simulations for the droplet surface for both isomers
showed that the alignment of the methyl groups on the surface of 1,2-propanediol droplets
likely causes the increase.

These results demonstrate that reaction nanoscopy applied to droplets provides a sen-
sitivity to the microscopic details of the surface on a molecular level. It furthermore allows
a physical in-situ characterization of the droplets, which is unique to the technique. Conse-
quently, we expect new insights into chemical reactions on the surface of charged droplets
from reaction nanoscopy experiments with more complex droplet materials.
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Appendix A

Expression for elliptical input fields
for the FDTD simulations

A quarter-wave plate used under an angle α between the optical axis of the wave plate and
the polarization direction of a linearly polarized input field will, in general, result in an
elliptical output field with a rotated main axis with respect to the direction of the input
polarization. Here, we will briefly derive an expression for the output field as a function of
the wave plate position. The derivation was used for the electric field components along
the axes of the lab frame in the FDTD simulations.

The electric field vector of the input field is described by E = (0, Ey, 0) assuming
polarization along the y-axis. The field Ey shall be defined as a complex quantity:

Ey =
√

I(t)e−iω0t+iφ(t), (A.1)

where I(t) is the instantaneous intensity in arbitrary units, ω0 is the central frequency and
φ(t) is the temporal phase. This electric field definition is equivalent to the definition in
Chapter 2 after taking the real part and choosing φ(t) adequately. The wave plate acts
on the electric field by inducing a phase shift between the electric field components along
and perpendicular to the wave plate’s optical axis. The components can be obtained by a
projection of the input field onto a unit vector parallel to the optical axis (e∥) and a unit
vector perpendicular to it (e⊥). For an angle α between the optical axis and the input
polarization (i.e. the y-direction), these vectors can be written as:

e∥ =

sin(α)
cos(α)

0

 , (A.2)

e⊥ =

 cos(α)
− sin(α)

0

 . (A.3)

With the field expressed by these vectors, a phase shift δ can be applied to account for
the action of the wave plate:

E = Ey

(
cos(α)eiδe∥ − sin(α)e⊥

)
. (A.4)
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Inserting the expression for Ey of Eq. (A.1), and taking the real part of the result, yields
the parametric form of an ellipse in the plane of e∥ and e⊥:

ℜ(E) =
√

I(t)
(
cos(α) cos(−ω0t+ φ(t) + δ)e∥ + sin(α) cos(−ω0t+ φ(t))e⊥

)
(A.5)

=
√

I(t)
(
cos(α) sin(t′)e∥ + sin(α) cos(t′)e⊥

)
(A.6)

=
√

I(t)
(
a sin(t′)e∥ + b cos(t′)e⊥

)
. (A.7)

Here, a phase shift of δ = −π/2 was inserted to account for the action of the quarter-wave
plate. The quantities a = cos(α) and b = sin(α) are the two main axes of the ellipse
determined by the wave plate angle and the parameter t′ = −ω0t + φ(t) was introduced
as a shorthand. The directions of the main axes are given by e∥ and e⊥ which are rotated
by an angle α w.r.t. the lab frame. From Eq. (A.7) it is obvious that a wave plate setting
of 45◦ corresponds to circular polarization since cos(45◦) = sin(45◦) = a = b = 1/

√
2. In

general, the ratio between b and a is given by b/a = tan(α).
In order to obtain the lab frame expressions for the electric field for the FDTD simu-

lations, Eq. (A.2) and Eq. (A.3) were inserted into (A.7):

E(α) =
√
I(t)

(
a sin(t′) sin(α) + b cos(t′) cos(α)
a sin(t′) cos(α)− b cos(t′) sin(α)

)
(A.8)

=
√

I(t)

(
cos(α) − sin(α)
sin(α) cos(α)

)(
b cos(t′)
a sin(t′)

)
. (A.9)

The final representation of a multiplication between a rotation matrix and and a vector
for a parameterized ellipse summarizes the actions of the quarter-wave plate: rotation and
ellipticity change.



Appendix B

Energy of a charged spherical surface

The problem of calculating the total energy W of a sphere with radius R and a total charge
q on its surface is a standard electrostatic problem and is often solved under the assumption
of infinitesimal charge increments. Here, we derive the formula under the assumption that
q is a multiple of the elementary charge q = Ne where N is an integer. Starting with a
sphere that only holds a single elementary charge, the work W1 required to bring a second
one from r = ∞ to r = R is given by:

W1 =

∫ R

∞
drF (r) =

∫ R

∞
dr

e2

4πε0r2
=

e2

4πε0R
, (B.1)

where F (r) is the Coulomb force and ε0 is the vacuum permittivity. Adding the next
elementary charge e requires twice the amount of work since the sphere already holds a
total charge of 2e:

W2 =

∫ R

∞
dr

2e · e
4πε0r2

= 2 · e2

4πε0R
= 2W1. (B.2)

This generalizes such that the addition of the n-th elementary charge requires a work of
Wn = nW1. The total work is thus given by:

W =
N∑

n=1

Wn = W1

N∑
n=1

n =
e2

4πε0R
· N(N + 1)

2
≈ (Ne)2

8πε0R
=

q2

8πε0R
. (B.3)

Here we used that N ≈ N + 1 if N is large enough.
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[72] W. Stöber, A. Fink, and E. Bohn.
”
Controlled growth of monodisperse silica spheres

in the micron size range.“ J. Colloid Interface Sci. 26.1 (1968), 62–69. doi: 10.1016/
0021-9797(68)90272-5.

[73] Vikash and V. Kumar.
”
Ultrasonic-assisted de-agglomeration and power draw char-

acterization of silica nanoparticles.“ Ultrason. Sonochem. 65 (2020), 105061. doi:
10.1016/j.ultsonch.2020.105061.

[74] S. Pradhan, J. Hedberg, E. Blomberg, S. Wold, and I. O. Wallinder.
”
Effect of sonica-

tion on particle dispersion, administered dose and metal release of non-functionalized,
non-inert metal nanoparticles.“ J. Nanopart. Res. 18.9 (2016). doi: 10 . 1007 /

s11051-016-3597-5.

[75] J. Stetefeld, S. A. McKenna, and T. R. Patel.
”
Dynamic light scattering: a practical

guide and applications in biomedical sciences.“ Biophys. Rev. 8.4 (2016), 409–427.
doi: 10.1007/s12551-016-0218-6.

[76] G. Bradski.
”
The OpenCV Library.“ DDJ 120 (2000), 122–125.

https://doi.org/10.1214/aoms/1177692644
https://doi.org/10.1017/S0962492900002804
https://doi.org/10.1029/91RS02255
https://doi.org/10.1016/j.jcp.2006.10.019
https://doi.org/10.1103/PhysRevE.84.016705
https://doi.org/10.1002/9781119009597.app3
https://doi.org/10.1002/9781119009597.app3
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1016/0021-9797(68)90272-5
https://doi.org/10.1016/0021-9797(68)90272-5
https://doi.org/10.1016/j.ultsonch.2020.105061
https://doi.org/10.1007/s11051-016-3597-5
https://doi.org/10.1007/s11051-016-3597-5
https://doi.org/10.1007/s12551-016-0218-6


BIBLIOGRAPHY 101

[77] B. Y. H. LIU and K. W. LEE.
”
An aerosol generator of high stability.“ Am. Ind.

Hyg. 36.12 (1975), 861–865. doi: 10.1080/0002889758507357.

[78] H. Bresch.
”
Photoionisation von freien Aerosolpartikeln mit Synchrotronstrahlung.“

PhD thesis. Freie Universität Berlin, 2007, pp. 74–76.
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”
Enhancement of the

recoil effect in x-ray photoelectron spectra of molecules driven by a strong ir field.“
Phys. Rev. A 72 (2 2005), 023414. doi: 10.1103/PhysRevA.72.023414.

[90] M. Kircher, J. Rist, F. Trinter, et al.
”
Photon-Momentum-Induced Molecular Dy-

namics in Photoionization of N2 at hν = 40 keV.“ Phys. Rev. Lett. 123 (19 2019),
193001. doi: 10.1103/PhysRevLett.123.193001.

[91] S. Björklund and V. Kocherbitov.
”
Alcohols react with MCM-41 at room temper-

ature and chemically modify mesoporous silica.“ Sci. Rep. 7.1 (2017), 9960. doi:
10.1038/s41598-017-10090-x.

https://doi.org/10.1080/0002889758507357
https://doi.org/10.1103/PhysRevA.93.053422
https://doi.org/10.1364/OPTICA.6.000495
https://doi.org/10.1364/OE.26.016074
https://doi.org/10.1063/1.1148286
https://github.com/ncgeib/pypret
https://doi.org/10.1088/0034-4885/66/9/203
https://doi.org/10.1103/PhysRevA.72.023414
https://doi.org/10.1103/PhysRevLett.123.193001
https://doi.org/10.1038/s41598-017-10090-x


102 BIBLIOGRAPHY

[92] Roentdek Handels GmbH. MCP Delay Line Detector Manual. Version 11.0.2208.1,
http://roentdek.com/manuals/MCP%20Delay%20Line%20manual.pdf, Accessed:
14.12.2022.

[93] Z. Nie, A. Petukhova, and E. Kumacheva.
”
Properties and emerging applications

of self-assembled structures made from inorganic nanoparticles.“ Nat. Nanotechnol.
5.1 (2010), 15–25. doi: 10.1038/nnano.2009.453.

[94] J. K. Stolarczyk, A. Deak, and D. F. Brougham.
”
Nanoparticle Clusters: Assembly

and Control Over Internal Order, Current Capabilities, and Future Potential.“ Adv.
Mater. 28.27 (2016), 5400–5424. doi: 10.1002/adma.201505350.

[95] N. Pazos-Perez, C. S. Wagner, J. M. Romo-Herrera, et al.
”
Organized Plasmonic

Clusters with High Coordination Number and Extraordinary Enhancement in Surface-
Enhanced Raman Scattering (SERS).“ Angew. Chem. Int. Ed. 51.51 (2012), 12688–
12693. doi: 10.1002/anie.201207019.

[96] O. Chen, L. Riedemann, F. Etoc, et al.
”
Magneto-fluorescent core-shell super-

nanoparticles.“ Nat. Commun. 5.1 (2014), 5093. doi: 10.1038/ncomms6093.

[97] Z.-X. Li, L.-L. Li, Q. Yuan, et al.
”
Sustainable and Facile Route to Nearly Monodis-

perse Spherical Aggregates of CeO2 Nanocrystals with Ionic Liquids and Their Cat-
alytic Activities for CO Oxidation.“ J. Phys. Chem. C 112.47 (2008), 18405–18411.
doi: 10.1021/jp807348n.

[98] I. V. Chernyshova, S. Ponnurangam, and P. Somasundaran.
”
Tailoring (Bio)chemical

Activity of Semiconducting Nanoparticles: Critical Role of Deposition and Aggre-
gation.“ J. Am. Chem. Soc. 133.24 (2011), 9536–9544. doi: 10.1021/ja202266g.

[99] Q. Zhang, J.-B. Joo, Z. Lu, et al.
”
Self-assembly and photocatalysis of mesoporous

TiO2 nanocrystal clusters.“ Nano Res. 4.1 (2011), 103–114. doi: 10.1007/s12274-
010-0058-9.

[100] Z. Bian, T. Tachikawa, and T. Majima.
”
Superstructure of TiO2 Crystalline Nanopar-

ticles Yields Effective Conduction Pathways for Photogenerated Charges.“ J. Phys.
Chem. Lett. 3.11 (2012), 1422–1427. doi: 10.1021/jz3005128.

[101] L. He, Y. Xiong, M. Zhao, et al.
”
Bioinspired Synthesis of ZnS Supraparticles toward

Photoinduced Dechlorination of 2,2’,4,4’,5,5’-Hexachlorobiphenyl.“ Chem. Asian J.
8.8 (2013), 1765–1767. doi: 10.1002/asia.201300277.

[102] F. Fan, Y. Feng, P. Tang, and D. Li.
”
Facile synthesis and photocatalytic perfor-

mance of ZnO nanoparticles self-assembled spherical aggregates.“ Mater. Lett. 158
(2015), 290–294. doi: 10.1016/j.matlet.2015.05.109.

[103] W. Yang, X. Liu, D. Li, L. Fan, and Y. Li.
”
Aggregation-induced preparation of

ultrastable zinc sulfide colloidal nanospheres and their photocatalytic degradation
of multiple organic dyes.“ Phys. Chem. Chem. Phys. 17 (22 2015), 14532–14541.
doi: 10.1039/C5CP01831E.

http://roentdek.com/manuals/MCP%20Delay%20Line%20manual.pdf
https://doi.org/10.1038/nnano.2009.453
https://doi.org/10.1002/adma.201505350
https://doi.org/10.1002/anie.201207019
https://doi.org/10.1038/ncomms6093
https://doi.org/10.1021/jp807348n
https://doi.org/10.1021/ja202266g
https://doi.org/10.1007/s12274-010-0058-9
https://doi.org/10.1007/s12274-010-0058-9
https://doi.org/10.1021/jz3005128
https://doi.org/10.1002/asia.201300277
https://doi.org/10.1016/j.matlet.2015.05.109
https://doi.org/10.1039/C5CP01831E


BIBLIOGRAPHY 103

[104] Z. Lu, J. Duan, L. He, Y. Hu, and Y. Yin.
”
Mesoporous TiO2 nanocrystal clusters for

selective enrichment of phosphopeptides.“ Anal. Chem. 82.17 (2010), 7249—7258.
doi: 10.1021/ac1011206.

[105] J. Wei, Y. Ren, W. Luo, et al.
”
Ordered Mesoporous Alumina with Ultra-Large

Pores as an Efficient Absorbent for Selective Bioenrichment.“ Chem. Mater. 29.5
(2017), 2211–2217. doi: 10.1021/acs.chemmater.6b05032.

[106] Q. L. Vuong, P. Gillis, and Y. Gossuin.
”
Monte Carlo simulation and theory of

proton NMR transverse relaxation induced by aggregation of magnetic particles
used as MRI contrast agents.“ J. Magn. Reson. 212.1 (2011), 139–148. doi: 10.
1016/j.jmr.2011.06.024.
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