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Chapter 1

Introduction

Nanoparticles have attracted much attention in recent years due to their often
unique chemical and physical properties. They are of interest to fundamen-
tal and applied research and they find an increasing number of application in
technology and industry, such as in catalysis [1] and as additives to cosmetics,
drugs delivery, printer toners, varnishes, cement, and food [2-4]. Dust par-
ticles in interstellar space and in the atmospheric environment often have a
nanoscale size [5,6]. For instance, formation of Hy, the most abundant molec-
ular species in interstellar space, is believed to take place on the surface of
interstellar dust [7]. Furthermore, nanoscopic particles play an important role
in the atmosphere, such as in cloud nucleation [8-10], where the size of the
particles is an important parameter [11]. Due to the increased release of man
made nanoparticles into the environment, interactions between nanoparticles
and living organisms have been a topic of recent studies with respect to pos-
sible adverse health effects [12-19].

The properties of nanoparticles are the subject of this thesis, where SiO, is
used as a model system for studies on single nanoparticles which are prepared

in a continuous particle beam in high vacuum. This approach allows studying
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the intrinsic properties of the nanoparticles which are free from interactions
with a surrounding medium or a substrate, which is the case when study-
ing deposited particles or dispersions. With the nanoparticle beam approach,
changes to the sample over time due to radiation damage or charging by ion-
izing radiation can be neglected since fresh sample is continuously fed to the
interaction area [20,21].

This thesis deals with three novel aspects of the interaction of free nanoparti-
cles with electromagnetic radiation:

In the first part, photoemission from free SiO, is studied after excitation by soft
X-rays. Earlier work on photoemission from free SiOy nanoparticles focused
on limited parts of the electron emission spectrum [22,23]. In this thesis, a
considerably wider electron emission spectrum for emission of one or two elec-
trons after absorption of one photon is studied.

In the second part, the geometric structure (size distribution, shape) and op-
tical properties of free SiO, nanoparticles is studied by small angle soft X-ray
scattering. This work builds on earlier work, where elastic scattering of visible
light has been successfully used to the study free micron sized particles [24-27].
For nanoparticles, previous work has focused on wide angle scattering [28,29].
It is highlighted in the present work, that the small angle scattering is a promis-
ing way to study nanoparticles, since characteristic patterns in the angle re-
solved X-ray scattering patterns can be resolved, even if finite particle size
distributions are studied, providing distinct information on the size distribu-
tions and optical constants of free nanoparticles. It is examined in this work, if
these optical constants differ from those of the macroscopic condensed phase.
In the third part, electron emission from free SiO, nanoparticles after exci-
tation by few-cycle laser pulses of well-defined, variable waveform is studied

(pulse length: ~ 5 fs, central wavelength: 720 nm). This pulse length corre-
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sponds to about two oscillations of the electric field. For pulses of this length,
the amplitude of the pulse envelope changes almost as fast as the electric field
oscillates, which allows systematic control of the electron emission from the

nanoparticles [30, 31].
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Chapter 2

Theoretical Background

Bulk material has properties which are different from isolated atoms of its
constituent elements. Between the limiting cases of a bulk materials, which
contain an infinite or semi-infinite number of constituents, and isolated atoms
or molecules lies particulate matter with finite dimensions, such as clusters and
nanoparticles [32]. The distinction between these states of matter is not always
clear, since a large clusters can often be considered as a a small nanoparticle
and vice versa. A definition that has been offered earlier is that clusters are
objects where the exact number of atoms is of importance, as seen for instance
in magic numbers of atoms for clusters of rare gas atoms [33], molecules [34] or
metals [35] where the stability of the clusters depends critically on the exact
number of atoms. According to this definition, a nanoparticle is an object
where the size of the entire object, rather than the exact number of atoms, is
defining its properties [36].

Fig. 2.1 schematically shows the dependence of some property of interest on
the size of an object going from a single atom on the left hand side to infinite
bulk matter on the right hand side. In between these extremes, there is first

a region where the property increases and decreases in discrete steps if just a

9
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Figure 2.1: Some property of interest as a function of object size when going
from a single atom to a bulk sample of the material. The current thesis is
concerned with the continuous region where the size of the entire object is more
important than the exact number of atoms. The Figure is taken from [45].

single atom is added or removed. This is followed by a region of continuous
changes where the exact number of atoms is less important than the size of
the entire object. This region of continuous changes is the focus of this thesis.
The exact property can be any of numerous ones that depend on the size
of the object [37,38], such as the melting point [39], the secondary electron
yield [40], electron binding energies [41,42], optical constants [43], or chemical
reactivity [44]. A characteristic property of clusters and nanoparticles is their
high surface-to-bulk ratio. The higher the surface-to-bulk ratio is, the greater
is the influence of the surface on the overall electronic and optical properties
of the variable size object.

A nanoscopic object is usually defined as an object that is smaller than a
particular length in at least one dimension. This length is often taken to be
100 nm [46,47]. However, a definition of 100 nm is arbitrary since it has no
deeper physical meaning. In this thesis, nanoparticles will therefore be defined

as particles smaller than a few hundred nanometers.
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2.1 SiO, Nanoparticles

Nanoscopic SiOj exists in a variety of natural and manmade forms [2]. Silica
is a common trivial name for SiO,. It can differ in size, shape, crystallinity,
and porosity. Crystalline SiOs exists in numerous polymorphs [48]. Most in-
volve tetrahedral SiO4 units connected by shared vertices. Si-O-Si angles and
Si-O bond lengths vary between the polymorphs. As an example, the most
common naturally occurring form of crystalline SiO,, a-quartz, has an Si-O-Si
bond angle of 144° [49] and an Si-O bond length of 0.161 nm [50]. Porous SiOs
nanoparticles can be classified according to their porosity as microporous (pore
size under 2 nm), mesoporous (pore size 2-50 nm) and macroporous (pore size
over 50 nm) species [51].

Various methods exist in the literature to synthesize nanoscopic SiO, for in-
dustrial applications and research. These can be roughly categorized into
top-down and bottom-up methods depending on whether the nanoscopic par-
ticles are made out of larger objects (such as for instance through milling and
grinding processes) or from smaller objects, such as by chemical syntheses.
SiO, nanoparticles of with well-defined sizes and shape are often prepared by
the Stober synthesis [52]. It is an example of a bottom up method. In the
Stober synthesis, amorphous SiO, nanoparticles are made wvia condensation
and nucleation of tetraethoxy silane in the presence of ammonia. Different
nanoparticle sizes may be recieved by varying the reaction conditions (such
as the concentration of ammonia, temperature, and choice of solvent) [53]. In
order to study size dependent properties of nanoparticles, it is of importance
to have samples with a narrow size distribution. The width of the size distri-
bution is given by the polydispersity which is the relative standard deviation of
the diameters in an ensemble of particles. Nanoparticles of low polydispersity

are obtained from the seeded growth method [54-57]. In it, small nanoparti-
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cles (a few nm diameter) of low polydispersity are made by the Stober method
and subsequently, layers of SiOy are grown onto the nanoparticles. The num-
ber of growth steps is chosen depending on the desired final nanoparticle size.
Fig. 2.2 shows electron micrographs of SiO, nanoparticles of different sizes.
The three samples are examples of SiO, nanoparticles that are obtained from
the seeded growth method, using different numbers of steps, which leads in all
three cases to almost perfectly spherical nanoparticles with a narrow size distri-
bution and a diameter of (a) 63 nm + 6%, 90 nm + 5% (b), and 142 nm + 4%

(¢), respectively.

300 nm 300 nm 300 nm

» - -
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Figure 2.2: Electron micrographs of SiO; nanoparticles of three different
sizes. The scale is the same in all micrographs. The central diameter and
polydispersity of the nanoparticles is, (a) 63 nm + 6%, (b) 90 nm + 5%, and
(c) 142 nm =+ 4%
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Nanoparticles in dispersions are unstable and aggregate to form larger parti-
cles unless they are stabilized [44]. There are two main schemes for stabilizing
nanoparticle dispersions, namely electrostatic and steric stabilization. In elec-
trostatic stabilization the nanoparticles carry electrical charge which attracts
the counterions to the surface of the nanoparticles. This prevents their aggre-
gation with other charged particles due to the repulsion between nanoparticles
of identical charge. In steric stabilization, spacious ligands, such as hydrocar-
bons, are attached to the surface of the nanoparticles which prevent them from

aggregating with other particles [58].

2.2 Photoelectric Effect

[Mluminating a sample by electromagnetic radiation of sufficiently high pho-
ton energy will cause electrons to be emitted from the sample. The emitted
electrons are usually called photoelectrons. Hertz and Hallwachs observed this
effect and Einstein gave a theoretical treatment of the process [59]. If the en-
ergy of the photon hv is higher than the binding energy, which is required to
remove an electron, the excess energy can be transferred into kinetic energy of

the photoelectron according to the following equation:

hv = Einding + Exin (2.1)

where E;, is the kinetic energy of the emitted electron and the binding energy
Eginding 1s given by, if changes in internal energy of the cation induced by the

photoionization is neglected:

EBinding = Erinal — Emitial (22)
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Here Ering and Ep,iia is the energy of the initial and final states, respec-
tively. If the photon energy is known, measuring the electron kinetic energy
thus reveals information on the binding energy. This is the foundation of
photoelectron spectroscopy. Often a distinction is made between ultraviolet
photoelectron spectoscopy (UPS) and X-ray photoelectron spectroscopy (XPS)
depending on the photon energy of the exciting radiation. In ultraviolet photo-
electron spectroscopy generally valence electrons are excited whereas in X-ray
spectroscopy more tightly bound inner shell electrons are excited [45].
Studying photoabsorption by excitation of inner shell electrons has some no-
table advantages over valence electrons for molecules and solids. The inner
shell electrons, in contrast to the valence electrons, largely have an atomic
character which makes the method site- and element-specific, since absorption
thresholds of inner shells of different elements are most often well separated
from each other in energy. Due to its element- and site-specificity, core level
spectroscopy is extensively used to study a variety of materials in different
states of aggregation [45,59-62].

Fig. 2.3 shows different cases of photoexcitation of a schematic atom consist-
ing of an occupied inner shell, an occupied valence shell, and an unoccupied
higher lying shell. Fig. 2.3 (b) corresponds to absorption by an electron in
the inner shell which is emitted from the atom. Similarly, in Fig. 2.3 (a) the
photon is absorbed by a valence electron which is emitted. In both cases, the
arrows extend beyond the dashed line that represents the vacuum level, the
excess energy is thus transferred into kinetic energy of the electron.
Measuring the absorption of soft X-rays close to inner shell absorption edges
provides information on the local chemical environment of the probed atoms by
resonantly exciting inner shell electron into unoccupied states near to vacuum

level. In Near Edge X-ray Absorption Fine Structure spectroscopy (NEXAFS)
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Figure 2.3: Different cases of photoexcitation and core hole decay are shown:
(a) is the case of XPS, involving photoionization of an inner shell electron, (b) is
the photoionization of a valence electron. (c¢) and (d) shows decay mechanisms
of an inner shell hole, namely Auger decay and X-ray fluorescence, respectively.

the region of -10 eV to +40 eV around an inner shell absorption edge is typ-
ically studied. In Fig. 2.3 this corresponds to exciting an electron into the

unoccupied level.

2.2.1 Core Hole Decay

An atom with an inner shell vacancy is highly unstable and the vacancies are
filled by another electron [63]. A core hole decay can happen wvia fluorescence,
in which the core hole is filled by an electron and the excess energy is emitted
by fluorescence or wia a non-radiative process where the hole is filled by an
outer shell electron and another one is emitted, which is known as the Auger
effect. The kinetic energy of Auger electrons depends on the energies of the
involved levels and not on the photon energy of the absorbed photons. The
ratio of radiative to non-radiative core hole decay depends on the element

under study and the shell of the excited electron [63]. For heavy elements the
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radiative decay channel is the dominant one, whereas the non-radiative decay
dominates for light elements. Fig. 2.3 (¢) and (d) show these two deexcitation
routes. In Fig. 2.3 (c¢) shows an inner shell vacancy being filled by an electron
from the valence shell and transfer of the excess energy to another electron of
this electronic shell, which leaves the sample. In contrast to this, Fig. 2.3 (d)
shows the deexcitation via fluorescence, where the excess energy is emitted in

the form of a photon that is indicated by a curly arrow.

2.2.2 Electron Transport in Solids

The difference between the penetration depth of X-rays into materials and
the escape depth of the photoelectrons makes photoelectron spectroscopy a
surface sensitive method. X-rays can penetrate into solids and so that the
absorption of an X-ray photon can take place at or near the surface of the
solid or deep within the bulk, depending on the wavelength of the X-rays and
the absorption cross section of the sample. If the absorption takes place inside
the bulk of the solid, the resulting photoelectron must leave the solid before
it can be detected. In nanoparticles, the fraction of atoms which are situated
at or near the surface is higher than in bulk solids. Therefore, photoelectron
spectroscopy is a specifically suitable method to study nanoparticles. The
depth from which electrons can escape is called the escape depth and depends
on the kinetic energy of the electrons [64-67].

Fig. 2.4 shows a Monte-Carlo simulation of the trajectory of an electron of 100
eV kinetic energy when impinging on a SiO, surface as well as the trajectories
of secondary (SE in Fig. 2.4) and tertiary electrons created (TE in Fig. 2.4)
[68,69]. The Figure shows that the primary electron moves a short distance
before losing energy and creating secondary electrons which have a significantly

longer inelastic mean free path due to their low kinetic energy. In the example
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Figure 2.4: Simulation of the trajectory of an electron with 100 eV kinetic
energy when impinging on a SiOs surface. Through inelastic scattering, the
primary electron causes secondary electrons that may or may not leave the
surface. The Figure is taken from [70].

that is shown, the primary electron causes the emission of three electrons from

the SiO, surface.

2.3 Strong Field Ionization

The interaction of matter with intense electric fields, such as from ultrashort
laser pulses varies with the strength of the laser field [71-73]. Different ion-
ization mechanisms in strong field ionization are illustrated in Fig. 2.5, where
the intensity of the electric field increases from left to right. In Fig. 2.5 (a),
the photon energy is lower than the ionization energy so that single photon
ionization cannot take place. However, if more than one photon of this photon
energy is absorbed, ionization can take place if the sum of the photon energies

exceeds the ionization threshold. In Fig. 2.5 (a), the ionization is reached by
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Figure 2.5: Different ionization mechanisms in strong laser fields. (a) is
multi-photon ionization, (b) is tunnel ionization and (c) is over-the-barrier
ionization. the Figure is taken from [72].

absorption of three photons. In Fig. 2.5 (b) the Coulomb well is distorted
due to the strong laser field which leads to a barrier that the electron can
tunnel through into the vacuum. Fig. 2.5 (c¢) shows over-the-barrier ionization
where the barrier is suppressed below the ground state, leaving the electron
unbound [72, 74].

Which one of these ionization mechanism dominates depends on the strength
of the field and the ionization energy of the atom. The Keldysh parameter ~

is used to identify which process will dominate.

IP

f— —_— 2.3
v 20, (2.3)

where I P is the ionization potential of the atom and U, is the ponderomotive

e

T E? which is the mean quiver energy of the free

potential given by U, =
electron in the oscillating laser field. In the case v >> 1, multiphoton ion-
ization dominates, whereas tunnel ionization dominates for v << 1. As the
intensity is increased, the change from the multiphoton ionization regime to
the tunnel ionization regime is not abrupt, and in the range of v = 1 both

processes can take place [72].

The intensity dependence of the ionization yield is different for multiphoton
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ionization and tunnel ionization. The electron yield from multi-photon ioniza-
tion involving n photons is proportional to the intensity of the laser pulse to

the power of the number of photons needed for the ionization [75].
Yield o< I" (2.4)

In contrast to this, the tunnel ionization rate is given by the Ammosov-Delone-

Krainov rate that is also a highly nonlinear function of the laser electric field

[76].
47V2E”’) (2.5)

C31E@) |

4,/2E3,

Vet o
| E(t) |

2nk—|m|—1
)

Where E(t) is the instantaneous electric field, Erp is the ionization energy
of the atom. n* and m are the effective principle quantum number and the
projection of the angular momentum on the laser polarization direction, and A

is a constant. The maximum of the ionization rate coincides with the maximum

of E(t).

2.3.1 Electron Rescattering

After being emitted into the continuum, the electron will continue to be influ-
enced by the laser field and can be accelerated away from the ion. Depending
on the birth time of the electron, which is the time within the laser pulse when
the tunneling takes place, it may be driven back to the ion once the linearly
polarized field changes its direction and returns back to the ion. In the classi-
cal model introduced by Corkum and Kulander the ionization, propagation of
the electron in the vacuum, and the interaction of the returning electron with
the ionic residue are treated in three separate steps [76]. Consequently, this

model is called the three step model.
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The interaction of the returning electron with the remaining ion gives rise
to numerous phenomena of strong field physics. If the returning electron re-
combines with the ion to form a neutral, it can emit its energy (the energy
acquired during the propagation in the vacuum in addition to the ionization
potential) as a photon. This is the process responsible for high harmonics
generation [77-79]. A second process through which the returning electron
can interact with the remaining ionic core is scattering, either inelastically or
elastically. In the inelastic scattering case the incoming electron leads to the
emission of a second electron or higher ionization events via collitional ioniza-
tion. This is known as non-sequential double or multiple ionization depending
on the charge state of the final ion [80].

The elastic case can lead to further acceleration of the electron and gives rise
to high order above-threshold ionization [81,82]. This process is of special
interest in the present work. Fig. 2.6 shows these different cases schemat-
ically. In Fig. 2.6 (a) direct electron emission is shown where the electron
never returns to the ionic core, and (b) an electron returning to the ionic core,
where it (i) recombines with the ionic core under emission of a photon, (ii) is
elastically scattering from the ionic core, and (iii) inelastically scattering from
the ionic core causing collisional ionization, which leaves the ion doubly or
multiply charged.

In the three step model, the equation of motion of the electron in the oscillating

field Eysin(wt) after tunnel ionization is given by [83]
i = — Eysin(wt) (2.6)
&= _Epsin(w :

where m and e are the electron’s mass and charge respectively. The electron

starts its propagation at the time ¢y at the origin x = 0 with no kinetic energy.
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Figure 2.6: Schematic representation of processes following tunnel ionization
in the three step model: (a) direct emission, where the electron never returns
to the origin and (b) processes that can occur when the electron returns to
the origin. The blue sphere represents an atom and the green arrows represent

the electron propagation in the vacuum after tunnel ionization. See text for
details.

The birth time puts restrictions on whether the electron can return to the ionic
core and the kinetic energy that is acquired. The electron returning to the ion
at the time ¢, thus corresponds to z(t;) = 0. To find out at what times the
electron will return to the origin, Eq. 2.6 is integrated to give the following

expression for the first return time, t;, [83]
sin(wty) — sin(wty) = w(ty — to)cos(wty) (2.7)

depending on the birth time, the electron can return to the origin once, many
times, or never.
The electron’s velocity components at the time ¢ after it is elastically scattered

by an angle 6y with respect to the direction of motion before the scattering
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event is given by

mi(t) = —ewE(cos(wt) — cos(wty) + cos(0y)(cos(wty) — cos(wty)))  (2.8)
my(t) = —ewEsm(@O)(cos(wtl) — cos(wtp)) (2.9)

This leads to the kinetic energy of the electron, if measured by a detector

outside the field, to be the time-averaged kinetic energy in the field [83]:
E = 2Up((cos*(wtg) + 2((1 — cos(fp))cos(wt;)(cos(wt;) — cos(wtg)))) (2.10)

Equation 2.10 thus reveals that the highest electron kinetic energies of electrons
that scatter elastically from the ionic core occur for cos(fy) = —1, correspond-
ing to an angle 6, = 180°, which implies that they are backscattered.

If the electron returns when the amplitude of the field changes sign and is
backscattered (6 = 180°) it can be further accelerated by the field for another
half-cycle to gain additional energy. The maximum kinetic energy that the
electron can acquire is F;,=10.007 Up in the classical model [84].

The birth time of the electron influences the number of times it can return to
the origin and its kinetic energy. Fig. 2.7 shows (a) a linearly polarized laser
field and (b) trajectories of electrons with different birth times for tunnel ion-
ization. Trajectory (1) corresponds to an electron born at 0° that never returns
to the origin. Trajectory (2) is for an electron born at 90° which corresponds
to the maximum amplitude of the field and therefore to the highest electron
yield (cf. Eq. 2.5). This results in the electron returning to the origin but
gaining no drift energy. Trajectory (3) for an electron born at 107° leads to a
return of the electron when the sign of the field changes, and if the electron

is elastically backscattered it can be further accelerated leading to the highest
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Figure 2.7: Electron trajectories after ionization in the field shown in (a).
In (b), trajectory (1) is for of an electron with a birth time of 0° where the
electron never return to the origin, whereas (2) and (3) are both at 90° and
107° leading to them returning to the origin. The electron with birth time at
107° (3) returns when the field changes sign and can through elastic scattering
at the ion be further accelerated up to 10 Up. The Figure is taken from [80]

kinetic energies of 10 Up which is indicated by the dashed arrow in Fig. 2.7.
As seen from (2) and (3), the birth times leading to the maximum electron

yield and those leading to the highest kinetic energies do not coincide [85].

2.4 Elastic Light Scattering from Spheres

Light propagates through a homogeneous medium, such as vacuum, in a straight
line. If it encounters some inhomogeneity or obstacle, it may change its direc-
tion of propagation. This is referred to as light scattering and may be elastic
or inelastic depending on whether the photon energy of the light changes or
not [86]. In this thesis, only elastic light scattering is considered for the case
that the incoming radiation is in the soft X-ray regime, the homogeneous

medium through which it propagates is vacuum and the inhomogeneity it en-
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counters is a free spherical nanoparticle in vacuum.

For the special case of a sphere embedded in a homogeneous medium, Mie gave
an analytical solution to Maxwell’s equation for the interaction of the sphere
with light [87]. Although Mie’s original motivation was to study the different
colors of colloidal gold, his solution is more general and applies to other sizes of
a sphere, other materials than gold, and to electromagnetic radiation in other
spectral regimes than that of visible light [88,89].

The Mie solution applies if the objects are homogeneous spheres in a homo-
geneous environment. The conditions for the light is that it is a plane wave.
If these conditions are fulfilled, then the scattering problem can be solved for
any ratio between the sphere’s radius and the wavelength of the light and for
any refractive index of the material.

For the scattered far-field component, the following applies for the angular dis-
tribution for polarizations parallel and perpendicular to the plane defined by

the polarization of the incoming radiation and its direction of propagation [90]:

ethr X on+ 1

>

—ikr ‘= n(n+1)

EScat,Parallel(@) = (anTn + bnﬂ'n) (211)

and

&
EScat,Perpendicular(@) = —ikr Z:l n(n T 1)

(anmy + bpTn) (2.12)

where 7, and 7, describe the angular scattering pattern that are weighted by
the complex valued factors a,, and b,. 7, and 7, are given by the following

recurrence relations:

2n — 1 n

cos(0) - 1 — -2 (2.13)

Con-—1
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and

Tp = ncos(@)m, — (n — 1)m,_q (2.14)

these can be solved by starting with 7o = 0 and 7 = 1. Fig. 2.8 shows polar
graphs of the first five 7, and 7,. The radial scales in Fig. 2.8 are not to scale
between the different function.

The Mie coefficients a,, and b,, are given as [91]:

o — g (ma) (27, (x)]" — pajn () [mag,(ma)]’ (2.15)

pm2i, (ma) [xh$(2)]) — i h$D(2) [majn (mz)]’

and
p1Jn(ma)[gn(2)]" — pjn () [mzjs(mz))

— 2.16
g (ma) [eht? (2)) — phid () [mag, (ma))’ (210)

n

Here, the functions j, and h! are spherical Bessel functions of the first and
third kind of order n with the argument x or ma. The primes denote derivates
with the respect to the corresponding argument. x is the Mie size parameter
given by =z = QL)\’", where r is the radius of the sphere and A is the wavelength
of the radiation. m is the ratio of the complex refractive indices of the sphere
and that of its surroundings. Thus, if the surroundings are vacuum, then m is
the material’s refractive index.

The sums in Egs. 2.11 and 2.12 for the angular distribution go to infinity,

which is not feasible for practical applications. The following limit is used to

consider the number of relevant terms to be considered [89]:
Nimae = T + 42/% 4+ 2 (2.17)

where x is the Mie size parameter. For the Mie simulations presented in this
work, 7,4, is thus of the order of 100. As the Mie size parameter increases,

calculating the scattering pattern gets increasingly cumbersome due to the
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Figure 2.8: The first five angle functions in a polar representation. The
different functions are not shown to scale.

increasing number of terms in the sums in Eqs. 2.11 and 2.12.

Fig. 2.9 shows simulations of the angular distributions of the scattered light
for different sizes of gold spheres in an aqueous surrounding and is taken from
Mie’s publication [87]. The wavelength is 500 nm for the incoming radiation.
Fig. 2.9 (a) shows the perpendicular (outer curve) and parallel (inner curve)
polarization scattering for the limit of an infinitely small sphere, (b) shows the
angle resolved scattering pattern for a d=160 nm gold sphere (outer curve is
perpendicular and inner curve is parallel polarization), and finally (c) shows
the angle resolved scattering pattern using a d=180 nm gold sphere (again,
the outer curve is perpendicular and the inner curve is parallel polarization).
As the size of the gold spheres increases, the scattering becomes increasingly
forward oriented. Furthermore, in Fig. 2.9 (b) and (c¢) a minimum is formed
and its position changes as the size of the sphere is increased (it is located at
~ 110° in Fig. 2.9 (b) and ~ 120° in Fig. 2.9 (c)). In Fig. 2.9, 180° is the

direction of propagation of the incoming light. As the Mie size parameter x
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(a)

Figure 2.9: Scattering of A\ = 550 nm from gold spheres of different size. (a)
is the limit of an infinitely small gold sphere, (b) is a d=160 nm gold sphere
and (c) is a d=180 nm gold sphere. The Figure is taken from [87].

increases, the scattering becomes increasly forward oriented and a structure of
minima and maxima is observed. By measuring the position of these minima
and maxima, information may be derived on the size distribution and optical

constants of the spherical particle.
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Chapter 3

Experimental Setup

The aim of this work is to study nanoparticles in a nanoparticle beam in high
vacuum. This approach has the advantage that the nanoparticles can be stud-
ied without any interaction with a surrounding medium, which will inevitably
be the case if they are deposited on a surface or contained in a dispersion. The
second advantage of this approach is that changes to the sample over time,
for instance charging when studying photoionization of nanoparticles, can be
ruled out, since the interaction time of the nanoparticles with the radiation
field is short [92]. After this short time period the nanoparticles leave the
interaction region which is continuously fed by pristine sample.

This Chapter will describe how an aerosol of nanoparticles is made out of a dis-
persion and how the aerosol is subsequently brought into high vacuum. After
being transferred into a nanoparticle beam in vacuum, the nanoparticles are
studied by soft X-rays as well as ultrashort laser pulses in the visible spectral
regime. The radiation sources used in this work will be described as well as
the instruments used to analyze electrons emitted and photons scattered from

the nanoparticles in the nanoparticle beam.

29
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3.1 Nanoparticle Spraying

The transfer of nanoparticle into an aerosol is achieved by spraying a dispersion
containing the nanoparticles at ambient pressure using an atomizer. Fig. 3.1
shows the principle of the atomizer. Compressed air (or another gas or gas
mixture) is expanded through an orifice to form a high-velocity gas jet. A
dispersion containing nanoparticles is sucked up from a reservoir to be turned
into a spray of droplets by the gas jet. The output of the atomizer contains
droplets which contain nanoparticles. The gas stream containing the droplets
is are passed around a 90° turn. Large droplets are unable to follow the gas
stream and are efficiently removed from the gas flow and flow back down into
the reservoir. Smaller droplet can be carried away by the gas and leave the
atomizer [93]. The atomizer used in this work is the model 3076 from TSI [94].
Subsequent evaporation of the liquid yields a dry aerosol of nanoparticles. SiO,
nanoparticles in an ethanolic dispersion have a tendency to aggregate when
they are stored over longer time periods [95]. For this reason, care is taken to
treat the dispersions in an ultrasonic bath prior to use to break up possible
aggregates. When spraying a dispersion in this manner into the atmosphere,
aggregates may also form if more than one nanoparticle is contained in one
droplet. This is prevented by diluting the concentration of the dispersions
to a point where, on average, one in 100 droplet (assuming no interactions
between the nanoparticles) contains a nanoparticle. For SiOs nanoparticles
with a diameter of 100 nm this corresponds to a mass concentration of 0.8
g/L. Typically the output of the atomizer for SiOy nanoparticles is in the
order of 5 - 10° particles/cm?.

Although the SiO5 are charge stabilized in the dispersion, it would not be
expected that the nanoparticles in the nanoparticle beam carry any excess

charge, since the counter ions will be contained in the droplet. However, some
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Figure 3.1: Schematic illustration of the atomizer to create an aerosol from a
nanoparticle dispersion. Nanoparticles in a dispersion are placed in a reservoir
(a), from where they are sucked up to a gas jet (b) where the dispersion is
forming droplets (c¢). Larger droplets collide with a wall (d) and flow back into
the reservoir while smaller droplet can leave the atomizer via an aperture (e).

excess charge is delivered to the droplets via the spraying process. For instance,
it has been reported that free NaCl nanoparticles (250-600 nm) prepared by
the methods described here carry on average two to three charges [96]. The
charge on the particles is not believed to influence their properties greatly,
since the charge density is low.

Drying of the droplets sprayed from aqueous dispersions is accomplished by
transferring them through polyethylene tubing into a diffusion dryer, which
consists of two concentric cylinders. An outer cylinder is filled with hydroscopic
silica gel and an inner wire screen cylinder allows transport of the aerosol
stream through the dryer without direct contact with the silica gel to prevent

particles loss. Water can diffuse through the wire screen inner cylinder into
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the silica gel which is periodically dried by heating it overnight at 120°C [97].

3.2 Aerodynamic Focusing

A confinded beam of nanoparticles is created by focusing the stream of parti-
cles in a carrier gas by an aerodynamic lens [98-101]. An aerodynamic lens is a
cylinder containing a set of apertures through which the aerosol is transported
to form a fine beam of nanoparticles during its transport into high vacuum.
When an aerosol is sent through the apertures, the gas will contract and ex-
pand as it travels through the apertures. Since the solid particles contained
in the gas flow have a higher moments of inertia than the carrier gas, they are
not able to follow the streamlines of the gas and, if the size of the apertures
have been chosen properly, will follow the gas during the contraction in the
aperture but they will not follow the subsequent expansion. Instead, they are
put on a trajectory that is parallel to the axis of the aerodynamic lens system.
Fig. 3.2 shows the principle of aerodynamic focusing when a particle which is
embedded in a carrier gas that is initially at a distance R, from the center
of the lens. The gas can expand after traveling through the aperture, but the
particle is transferred to a new distance R,0 which is closer to the middle of
the lens.

There are numerous parameters that can be adjusted to achieve an optimal
aerodynamic focusing for nanoparticles of a particular size and density [101].
In this work, the aerodynamic focusing is optimized by varying the diame-
ter of the critical aperture at the entrance of the aerodynamic lens system,
which limits the gas flow through the aerodynamic lens and the initial pres-
sure. The diameter of the critical aperture is chosen to be 180 pm for 100

nm SiOy nanoparticles. The aerodynamic lens used in the present work is de-
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Figure 3.2: Operation principle of an aerodynamic lens. A particle is con-
tained in a gas flow at an initial radial distance R,; and enters an aperture. The
gas and the particle move towards the middle when encountering the obstacle.
While the gas can expand again as shown by the dotted line, the particle has
moved to a radial distance R, which is closer to the center of the aerodynamic
lens. The Figure is taken from [102].

signed based on the work of Zhang et al [102,103]. It has been described and
characterized in detail elsewhere [104]. The lens has a length of 30 cm and
consists of a critical aperture, 5 subsequent apertures of decreasing diameter

and an accelerating nozzle. The diameters of the orifices is listed in Table 3.1.

Fig. 3.3 shows results from a measurement of the width of the nanoparticle
beam formed by the aerodynamic lens in the interaction region. The nanoparti-
cles are ionized by synchrotron radiation and the total electron yield is recorded

while changing the height of the experimental chamber in a range of 3 mm.
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Figure 3.3: Width of the nanoparticle beam in the interaction region with
the ionizing radiation. SiOy nanoparticles (90 nm + 6%) are used as a sample.
They are ionized with synchrotron radiation (hv=137.9 eV) while recording
the total electron yield. The blue line is a fit using a Lorentz function which
gives a value of 0.47 mm for the full width at half maximum.

Table 3.1: Diameters of the orifices in the aerodynamic lens setup

Orifice Diameter(mm)

Critical aperture Variable
First aperture 5.3
Second aperture 5.0
Third aperture 4.7
Fourth aperture 4.44
Fifth aperture 4.24
Accelerating nozzle 3.94

The SiO, nanoparticles in Fig. 3.3 have a diameter of 90 & 5% nm, the criti-
cal aperture has a diameter of 180 ym and a photon of 137.9 eV is used. The
shape of the nanoparticle beam could best be described by a Lorentzian func-

tion which is in agreement with previous results reported by Bresch for NaCl
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nanoparticles [104]. The fitted function has a width 0.47 mm (FWHM).
Testing of aerodynamic lenses to help finding optimal aperture sizes, carrier
gas, and pumping conditions for a particular application can be done by using

the aerodynamic lens calculator developed by Wang and McMurry [105, 106].

3.3 Vacuum Apparatus

After leaving the accelerating nozzle of the aerodynamic lens, the fine particle
beam travels downstream through a differential pumping stage that connects
the outlet of the aerodynamic lens with the high vacuum (= 10~7 mbar) of
the interaction region. The differential pumping stage consists of three sections
with decreasing pressure as shown in Fig. 3.4. The pressure in the first section
of the stage is carefully monitored as it is found that the critical aperture of
the aerodynamic lens has a tendency to get clogged by particles. A drop in
pressure is a sign of lower gas flux through the critical aperture indicating
that it needs to be cleaned. After the nanoparticle beam leaves the differential
pumping stage it enters a spherical vacuum chamber. Different setups for
detecting electrons or photons can be attached to the this chamber allowing

to study of free nanoparticles using a variety of different experiments.

3.4 Faraday Cup Electrometer

Opposite to the aerodynamic lens a Faraday Cup electrometer is installed to
monitor the flux of nanoparticles through the interaction area. Its operational
principle is to collect the nanoparticles on its surface and, since some of them
carry excess charges, measuring an electrical current [107]. If the particles are

given a well defined, known, charge distribution, for instance through neutral-
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Figure 3.4: Schematic diagram of the experimental setup used in this work to
study free nanoparticles. An aerosol of nanoparticles enters from the right into
an aerodynamic lens which focuses the particle beam to a diameter of ~ 500
pm diameter (FWHM). After traveling through a differential pumping stage,
the nanoparticle beam is crossed either by a beam of soft X-rays or a beam of
few-cycle laser pulses in high vacuum. The vacuum chamber is modular and
allows to connect different detection schemes for studied on electrons, ions or
photons.

ization by a radionuclide [108,109] or a corona discharge [110], an electrometer
may in principle be used to determine the absolute number of nanoparticles
reaching the Faraday cup [101]. The electrometer has two purposes: Firstly,
it can be used as a monitor for the nanoparticle flux. Any changes in particle
flux is monitores, so that e.g. clogging of the critical aperture is noticed. Sec-
ondly, it proves to be a useful tool to establish the spatial overlap between the
nanoparticle beam and the soft X-rays. At the beginning of an experiment,
the overlap between the nanoparticle beam and the soft X-rays has to be es-

tablished. This sometimes proves to be cumbersome work. By monitoring the
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signal on the electrometer due to the nanoparticles and the spot of zero order
light from synchrotron radiation on a window at the back of the chamber, a
retractable needle is used to iteratively establish an overlap between the soft

X-rays and the nanoparticle beam.

3.5 Radiation Sources

Electromagnetic radiation is used in all parts of this work to study properties
of free nanoparticles. Use is made of two kinds of radiation sources whose
output differs substantially with respect to their time structure and photon
energy. These two radiation sources are synchrotron radiation and ultrashort

pulse lasers.

3.5.1 Synchrotron Radiation

Synchrotron radiation is emitted when charged particles are accelerated. In a
synchrotron radiation facility most often electrons are accelerated to relativis-
tic velocities and injected into an electron storage ring through which they are
made to circulate by magnets. At designated positions in the storage ring radi-
ation is generated either at the bending magnets or at injection devices, where
the radiation is guided through beamlines from the storage ring to experimen-
tal stations. In the beamlines the radiation is directed by optical elements,
monochromatized and focused onto the experimental region within an exper-
imental station. Letting the electrons circulate in a ring makes it possible
to connect several beamlines to a single electron storage ring so that experi-
ments at many stations can be performed simultaneously. Various modes of
operation of synchrotron radiation facilities have been described extensively

elsewhere [111-113].
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Synchrotron radiation has found a wide-spread use in many branches of science
because of its high brilliance and wide tunability for monochromatic radiation.
For instance, the synchrotron radiation BESSY II, where most of the work de-
scribed in this thesis is carried out, offers users radiation ranging from the
far-infrared to hard X-rays.

The electrons in an storage ring are not uniformly distributed in the stor-
age ring. They are rather contained in discrete buckets, known as electron
bunches. The synchrotron radiation facility BESSY II in Berlin has different
modes of operation that differ in the number of electron bunches stored in the
ring and in the length of the electron bunches. The two modes of operation
that are of interest in this work are the multi bunch and single bunch modes
of operation. In the single bunch mode one electron bunch circulates in the
storage ring. The round-trip time of the electron bunch in the ring is 800.5 ns
(repetition rate: 1.25 MHz) which defines the time between two consecutive
flashes of radiation. For the measurements presented in Chapter 4 this clear
time structure of the radiation is used to perform time-of-flight measurements
of emitted electrons using the arrival time of a radiation flash as the zero-point
of the time scale. The length of such a flash of soft X-rays is approximately
30 ps.

In the multi bunch mode numerous electron bunches are stored in the ring si-
multaneously (up to 340) which increases the photon flux that is available for
experiments. The measurements in Chapter 5 are performed during multi
bunch mode since a high photon flux is important for those experiments,
wheread time resolution is of no importance.

The measurements discussed in Chapter 4 are carried out at the beamline
UES6/2-PGM-1 at BESSY II in Berlin, Germany [114] with the exception of

the near edge X-ray absorption fine structure spectra that are carried out at
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the PLETADES beamline at the SOLEIL synchrotron radiation facility in Gif-
sur-Yvette, France. The measurements discussed in chapter 5 are carried out

at the UE52-SGM beamline at BESSY II in Berlin, Germany [115].

3.5.2 Short Pulse Lasers

The measurements using ultrashort laser pulses are discussed in Chapter 6.
They are performed at the AS5 beamline at the Max-Planck Institute for Quan-
tum Optics in Garching, Germany. The laser setup is shown schematically in
Fig. 3.5 and a detailed description can be found in Ref. [116]. Transform-
limited laser pulses of ~ 25 fs pulse length [117, 118] that are the output
of an amplified Ti:sapphire laser system (Femtopower Compact Pro, Femto-
lasers) are spectrally broadened through self-phase modulation in a 1 m long
hollow-core fiber filled with neon [119,120]. The spectrally broadened pulses
are compressed to a pulse duration of ~ 5 fs by a chirped mirror compressor.
The length of the compressed pulses can be tuned by varying the pressure in
the hollow-core fiber. A feedback loop is used to stabilize the phase of the
laser pulses [121,122]. Changing the phase of the laser pulses is achieved by
inserting a pair of fused silica wedges into the beam path. Transform-limited
Gaussian laser pulses with a length of 5 fs have a spectral width of ~ 150 nm

(FWHM) [123].

3.6 Recording Elastically Scattered Soft X-Rays

The setup to measure elastic scattering of soft X-rays from free nanoparticles
is shown schematically in Fig. 3.6. An X-ray sensitive CCD camera (Andor
DX440-BN [124]) is positioned in vacuum 134 mm away from the scattering

center. A movable mechanical beam dump is positioned in front of the CCD
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Figure 3.5: Schematic diagram of setup to generate few-cycle laser pulses
with a well defined and controllable waveform. See text for details.

chip to prevent damage by the primary beam of soft X-rays. The beam dump
is then retracted to allow scattered soft X-rays to be detected. The chip of
the camera is internally cooled to -70°C to reduce noise and a liquid nitrogen
cooled copper plate is positioned next to the chip, acting as a cold trap to
protect the sensitive chip from any condensable substances. Conversion of the
pixel scale of the camera into an angle scale is achieved by minimizing the
flux of soft X-rays and retracting the beam dump completely. The resulting
image that can be recorded is assumed to correspond to the position of the
primary beam. Using this position as the starting point of the angle scale,
the distance between the nanoparticle beam and the chip and the size of one
pixel (13.5 x 13.5 ym?) is used to calculate the angle scale. Figure 3.7 shows
a typical scattering pattern in the small angle regime, as recorded by the X-
ray sensitive CCD camera. The red curve is recorded while nanoparticles are
introduced into the interaction area and the blue one without nanoparticles.
The beam shutter blocks the angle range below 1.2°. Since the soft X-ray
scattering is mainly forward oriented (cf. Chapter 5), this implies that the

most intense part of the scattered X-rays is also blocked. After accounting
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Figure 3.6: Setup for measuring elastic scattering of soft X-rays from free
nanoparticles. Soft X-rays that are elastically scattered from the nanoparticles
in the nanoparticle beam are recorded by an X-ray sensitive CCD camera. A
movable beam dump blocks the primary beam of soft X-rays to prevent damage
to the camera.

for different photon fluxes, the difference between these two measurements is
used for further analysis. In the course of the experiment, a compromise has
to be found between keeping the beam shutter as much open as possible to
be able to record measure as small scattering angles as possible and keeping
the number of recorded counts per unit time low. This is required to keep the
duty cycle of the data acquisition high, where data acquisition time should be
long relative to the readout time of the CCD-chip. Furthermore, a smearing
out of scattering features is observed if the acquisition time is not much longer
than the readout time. For each of the measurements discussed in Chapter 5,
one measurement with nanoparticles and one without nanoparticles is made.
This also required to normalize the scattering patterns to the incident photon

flux. The difference between these measurements is used for further analysis.
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Figure 3.7: Typical image taken by the CCD camera with and without SiOq
nanoparticles (hv=550 eV, d=183 nm). The difference between the two curves
is due to elastic scattering from the nanoparticles. The angle regime below 1.2°
is blocked by a mechanical beam shutter to prevent damage to the CCD chip
from direct exposure to the primary soft X-ray beam.

The angular resolution of the system is determined by a number of factors:

e The size of the pixels of the CCD camera (13.5 pm x 13.5 pum) leads

to a resolution of 0.006° when the camera is located 134 mm from the

scattering region.

The bandwidth of the synchrotron radiation may in principle cause smear-
ing out of the scattering patterns [125]. In this experiment, the smearing

out due to the bandwidth is negligible (Ep,/AE}, > 1000).

The width of the nanoparticle beam in the scattering region is about
500 pm in full width at half maximum. If the measured signal is a
sum of X-rays scattered from nanoparticles in different regions of the
nanoparticle beam, this will lead to smeared out scattering patterns.
This contribution is estimated to be 0.004-0.034 ° in the angle region
1.2-9.3°.
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e The width of the focus of synchrotron radiation. If the full width at half
maximum of the focus is assumed to be 40 pum, this leads to an estimated

resolution of 0.017°.

If these contributions are all assumed to be uncorrelated, the root-sum-square

of these quantities gives the overall angular system resolution:

dangie = 1/(0.006°)2 + (0.004°)2 + (0.017°)2 = 0.018° (3.1)

This value refers to an angle of 1.2 °. For larger angles, the resolution will be
lower. For example, at the highest scattering angle of 9.3 © that can be detected
by the CCD camera, which is due to the size of the CCD chip, the angular
resolution is reduced to 0.038°. It will be shown that the size distribution of
the nanoparticles has a significantly larger influence on smearing out of the
scattering signal than the above mentioned factors. Since all measurements
are done on a large number of particles, contributions from different sizes will
add up and smear out the minima and maxima of the scattering patterns.
Most significantly, narrow size distributions, i.e. a low polydispersity of the

samples, will lead to more pronounced scattering features.

3.7 Time-of-Flight Electron Spectrometer

In the experiments discussed in Chapter 4, the beam of free SiO, nanopar-
ticles is crossed by a beam of monochromatic tunable soft X-rays and ex-
treme ultraviolet radiation, respectively. In Fig. 3.8, the experimental setup is
schematically shown. The emitted electrons are collected using a home-built
magnetic bottle type electron spectrometer, which is based on the design of

Cheshnovsky et al. [126]. In the single bunch mode, the round-trip time for the
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electron bunch in the storage ring is 800.5 ns, which defines the time between
two subsequent pulses of soft X-rays. This is used to measure the flight times
of electrons in order to analyze their kinetic energies. The used flight tube has
a length of 600 mm. Therefore, the time interval between two photon pulses is
too short for the slowest electrons to reach the detector before the next pho-
ton pulse arrives. In order to be able to collect these slow electrons, a small
(-1.2 V) voltage is applied to the magnet mounted in the ionization region, so
that slow electrons are accelerated. Alternatively, a positive voltage can also
be applied to the magnet to slow down the electrons in order to increase the
resolution of the spectrometer. The calibration of the photon energy scale is
done using the Ar 2p — 4s resonance at 244.390 eV and the Kr 3d — 5p at
91.200 eV [127].

If no measures are taken to guide the electrons towards the detector, only those
electrons that are emitted into the direction of the detector can be detected.
The magnetic bottle type spectrometer is designed to provide high detection
efficiency for electrons. The principle of operation of a magnetic bottle type
spectrometer is an arrangement with a permanent magnet that is mounted
close to the ionization region and a solenoid wrapped around a flight tube that
leads to the detector which consists of a stack of microchannel plates. This
setup ensures an efficient collection of electrons towards the detector [128].
The inhomogeneous magnetic field of the permanent magnet and the solenoid
act a magnetic mirror [111]. The principle of operation is shown in Fig. 3.9
where photoelectrons released from the sample near the magnet, so that they
are brought on a helical trajectory when moving from a strong field B; to a
weaker uniform field By. Typically, a current of 2 A is passed through the
solenoid.

The time-of-flight to kinetic-energy conversion is done by ionizing the 2p levels
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Figure 3.8: A schematic diagram of the experimental setup for time-of-flight
measurements of electrons emitted from nanoparticles after excitation by soft
X-rays. Unlike Fig. 3.6, the soft X-rays enter the vacuum chamber perpendic-
ular to the plane of the diagram.

of argon and comparing the flight times to the kinetic energies deduced from
the known binding energies of 250.6 eV and 248.4 eV for the 2p;/, and 2ps/s
levels, respectively [129]. Typical count rates in the experiment are 10000-
20000 counts per second. The repetition rate of the synchrotron radiation is
1.25 MHz, which means that events are detected for every 1 or 2 pulses out
of a hundred. The conversion of electron flight times into kinetic energies is

performed by using the following formula:

Me, d

(

E in — o
Kin =90\t — 1,

)2+ Uy (3.2)

where m, is the mass of the electron, ¢ the elementary charge, d the distance
between the interaction region and the detector, ¢y is a time offset and Uj is
an accelerator potential.

It can be seen from equation 3.2 that the energy resolution depends on the
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Figure 3.9: Electrons released in the ionization region are brought to helical
trajectories when moving from the strong field B; to the weaker uniform field
By. The Figure is taken from ref. [128]

kinetic energy of the electrons, since some particular temporal width of the
electron signal At will lead to different widths in kinetic energy AFEy;,. For
short flight times (higher kinetic energies), the resolution is lower than for long
flight times (lower kinetic energies). By retarding the electrons, which shifts
them to longer flight times (the Uy in equation 3.2), the resolution of the spec-
trometer may be enhanced. This, however, prevents electrons emitted with
kinetic energy lower than Uy from reaching the detector at all.

The time-to-kinetic-energy conversion is done in a way that the relative ar-
eas under different features in the photoelectron spectrum remains constant
[130,131]. In Fig. 3.10 (a) the time-of-flight spectrum of electrons emitted
from d=50 nm SiO, nanoparticles after excitation by soft X-rays (hy=137.9
eV) is shown. The flight time spectrum in Fig. 3.10 (a) corresponds to Fig.
4.2 in Chapter 4 before the electron flight times are converted into kinetic en-
ergies. As a result of the nonlinear relation between flight times and kinetic
energies, the electrons with kinetic energies 90-100 eV arrive within ~ 5 ns

whereas those with kinetic energies between 0-10 eV arrive within ~ 400 ns.
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Dividing the flight-time spectrum by the first derivative of the flight-time-to-
kinetic-energy curve (3.10 (b)) yields the correct signal intensities in the kinetic

energy spectrum [132].
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Figure 3.10: (a) is an electron spectrum recorded at 137.9 eV on a flight-time
scale. The nanoparticle size is 50 nm. The spectrum corresponds to Fig. 4.2 in
Chapter 4 before convertion of the electron flight time to kinetic energies. (b)
shows the relation between flight times and the kinetic energy of the electrons.
The blue curve is a fit to the data point using equation 3.2.The Ar 2p3/2
photoelectron line is used for the conversion between electron kinetic energies
and flight time. The soft X-ray pulse arrives at time=0 and negative values
for flight times imply that the radiation pulse has not yet arrived.

Electrons arriving at the end of the flight tube impact on an electron multi-
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plier that consists are a pair of microchannel plates that amplify the electron
signal. Electrons impacting on the microchannel plates release secondary elec-
trons that can travel through the microchannels while undergoing numerous
collision with the channel walls and releasing more secondary electrons. The
microchannels have a diameter of 10 pm and are tilted by 8° relative to the
surface normal. Typically, a potential of 4400 V is applied to the frontside of
the microchannel plate stack and +1900 V to the backside to accelerate the
electron cloud.

The arrival time of the electrons relative to the arrival time of the flash of soft
X-rays is recorded with a time to digital analyzer that can detect up to 14
events in a single cycle with a typical double pulse resolution of 30 ns. The
ability to measure more than one event per cycle opens up the possibility to
study multi electron coincidences when more than one electron is emitted after

the absorption of one photon.

3.8 Velocity Map Imaging

In Chapter 6 the analysis of the electron emission is done not by recording
times-of-flight but by recording the impact positions of electrons on a position
sensitive detector using the velocity map imaging technique [133]. As with the
magnetic bottle type electron spectrometer, velocity map imaging is a high
detection efficiency method which allows collecting electrons emitted in a solid
angle of 47. In Fig. 3.11 the experimental setup used in Chapter 6 is shown
schematically. The exciting laser beam enters perpendicular to the plane of
the paper. The ionization region is situated between two plates termed the
extractor plate and repeller plate. A potential is applied to the plates that

accelerates the emitted electrons in the direction of the detector. Typically,
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+15 kV is applied to the repeller plate and 12 +kV to the extractor plate. After
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Figure 3.11: Schematic diagram of the experimental setup for velocity map
imaging. Few-cycle laser pulses enter the vacuum chamber perpendicular to
the page in this diagram. Electrons emitted in the ionization region are ac-
celerated by the repeller/extractor plates towards a microchannel plate stack.
The amplified electron signal lands on a phosphor screen where the lumines-
cence is recorded by a CCD camera that is read out by a computer. The yellow
curved arrows show two electrons of equal kinetic energy that are emitted in
opposite directions.

Extractor Plate —

ionization of a target at time ¢y the emitted electrons move out on expanding

spheres with a radius r(¢) that depends on the kinetic energy of the electrons:

m

r(t) = ; (3.3)

where m is the electron mass. In an imaging spectrometer the expanding
spheres are projected onto a two-dimensional position sensitive detector (CCD

camera). The impact position of the electrons on the detector is then deter-
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mined by their kinetic energy and the emission angle.

If the symmetry axis exits in the detector plane, such as the polarization axis
of the laser radiation in this work, one can reconstruct the original three-
dimensional distribution from the two-dimensional projection onto the detec-
tor. Even if the source of the fragments is not a point source, for example if
they are created along a portion of the laser focus, fragments with identical
velocity will be projected onto the same point on the detector irrespective of
where they are created assuming that a proper voltage ratio is applied to the
electrodes of the electrostatic lens. In the experiments described in Chapter
6 the length of the source volume of the emitted electrons corresponds to the
width of the nanoparticle beam (cf. Fig. 3.3). This is illustrated in Fig. 3.12
for simulations of trajectories of ions created along a 3 mm line. All charged
particles, i.e. ions or electrons, with the same initial velocity will be imaged
onto the same point of the detector.

The electron signal is amplified by a stack of two micro-channel plates and the
resulting luminescence is projected on a phosphour screen, where the visible
radiation is recorded by a CCD camera (PCO, Sensicam) that is situated out-
side of the vacuum chamber and is read out by a computer.

The two-dimensional projections of the electron cloud onto the detector thus
recorded with the camera are transformed into a three-dimensional velocity
distribution by using an iterative method. There are different methods for the
reconstruction of the original three-dimensional distribution that differ in level
of computational cost and how they deal with noise [134-136]. In this work,
the method of Vrakking is used [136].



Experimental Setup 51

1000V 750V OV

\_

I

\ N
\ S o !
\ ~ !
N\
N 3
N § -z
5 T
|| =
T ——
_ -7 [

yt focal plane

Figure 3.12: Simulated ion trajectories for Vi /Vg = 0.75 where Vi and Vi
are the potentials applied to the extractor and repeller plates, respectively. The
ions are generated along a 3 mm long line. In panel (c), ions are generated at
three different points with 1 eV kinetic energy with 45°angle distance. In panel
(d), the trajectories of ions with the same emission angle but different starting
positions converge in a focussing plane. This Figure is taken from [133]
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Chapter 4

Photoemission from Free SiO»

Nanoparticles

In this chapter the electron emission from free SiO, nanoparticles after exci-
tation by extreme ultraviolet radiation and soft X-rays will be used to char-
acterize their electronic structure. Furthermore, electron-electron coincidence
spectroscopy reveals emission channels that involve the emission of more than
one electron after the absorption of one photon. Photoemission has been used
successfully as a site, size and electronic state sensitive method to study clus-
ters and solids [45,67]. In this Chapter, this method will be extended to study

free nanoparticles in a nanoparticle beam.

4.1 The Absorption Spectrum of SiO,

The total electron yield from SiO2 nanoparticles is recorded near the Si 2p
and O 1s absorption edges. This approach is used as an approximate measure
for the absorption by the nanoparticles [137]. Near-edge X-ray absorption fine

structure spectroscopy is a sensitive way to probe the unoccupied orbitals in

93
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matter [36,138,139].

In Figure 4.1(a) the near-edge X-ray absorption fine structure spectrum of SiOq
nanoparticles near the Si 2p absorption edge is shown. The ionization threshold
relative to the vacuum level as determined by photoelectron spectroscopy is
indicated by a flag (cf. Fig. 4.4). The spectrum shows peaks at 105.75 eV
and 106.35 eV that Sutherland et al. [140] assign to 2ps/; — af and 2py/, —
aj transitions, respectively. The peak at 108.4 eV is assigned to the 2p — ¢}
transition. The error bars in Fig. 4.1 correspond to the statistical error.

The nanoparticles studied in Fig. 4.1 have a diameter of d=90 nm. The
measurements are repeated for nanoparticle samples of different size, and the
position of the near-edge features at 105.75 eV, 106.35 and 108.4 eV is found
to be not influenced by the size of the nanoparticles. This experiment is
performed with a spectral bandwidth of 9 meV. The energy positions of the
first two near-edge peaks are in excellent agreement with previous findings by
Bresch [104] for free SiO, nanoparticles, whereas the peak at 108.4 eV is at
0.25 eV higher photon energy than found by Bresch.
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Figure 4.1: Near edge X-ray absorption fine structure spectrum of SiOq
nanoparticles near the Si 2p (a) and O 1s (b) absorption edges. The ion-
ization thresholds of the Si 2p and O 1s core level electrons as determined
with photoelectron spectroscopy are indicated with flags.
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Figure 4.1 (b) shows the absorption spectrum near the O 1s absorption edge.
Similar to Fig. 4.1 (a), the ionization threshold is determined by electron
spectroscopy and is also indicated by a flag. The O 1s near-edge spectrum
is less structured than the Si 2p near edge absorption spectrum. The main
feature is a broad maximum near 538-541 eV. The assignment of different
transitions within this broad feature can be found in ref. [141], but no new
information on this aspect comes from the present study. The electron yields
represent useful reference data to the results that will be presented in Chapter
5, where the refractive index of SiO, nanoparticles in the soft X-ray regime is

discussed.

4.2 Emission Spectrum of SiO,

Unlike total electron yield spectra, that resemble the absorption cross section
(cf. Figure. 4.1) and provide information on the unoccupied electronic states of
SiO, nanoparticles, photoemission provides information on the occupied states.
Fig. 4.2 shows the electron emission from SiOs nanoparticles (d=50 nm) after
excitation by soft X-rays (hv=137.9 eV). This is shown on a logarithmic (a)
and a linear (b) intensity scale. The main part of the electron emission is lo-
cated in a broad feature at low kinetic energies that is attributed to secondary
electron emission, which is a result of inelastic scattering of photoelectrons in
the bulk of the nanoparticles. Other features are observed corresponding to
the emission of Si 2p inner shell electrons, valence electrons and Si LVV Auger
electrons. The experiments are performed in two steps: (i) a gas beam contain-
ing nanoparticles and (ii) a gas beam without nanoparticles, where only the
carrier gas is introduced into the ionization region. After normalization to the

photon flux, the difference of both measurements is assumed to be exclusively
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due to photoemission from nanoparticles.

Four features have been colored for clarity. The secondary electrons are marked
in red color, direct photoemission from Si 2p is in green, Si LVV Auger elec-
trons are marked in blue, and finally valence photoemission is marked in yel-
low color. The kinetic energy of the direct Si 2p photoelectron is given by
the difference between the binding energy relative to the vacuum level and
the photon energy. For a photon energy of 137.9 eV, the kinetic energy of
the Si 2p electrons is found to be 29.9 eV, and so the Si 2p binding energy
is determined to be 108.04+0.2 eV. No spin-orbit splitting can be observed. It
has been found in other studies on both free SiO5 nanoparticles and bulk SiOq
that the spin-orbit splitting of Si 2p in SiO, is not observable [22,23,142] and
this can be attributed to the disorder of the material [143,144]. The disorder
of the material means that the measured signal is a superposition of signal
from Si atoms in slightly different environments that smears out the spin-orbit
doublet. The core hole left by the excitation of the Si 2p electron will most
likely decay via an Auger decay, since the radiative decay, the competing pro-
cess, has a low probability of the order of 107* [63]. The emission of the Si 2p
electron followed by the emission of an Auger electron corresponds to double
ionization after the absorption of one photon. Furthermore, valence electron
emission of SiO, appears in the kinetic energy range of roughly 110-130 eV,
marked in yellow color in Fig. 4.2. The fourth color coded feature in Fig. 4.2
is the emission of secondary electrons. They are arbitrarily colored for kinetic
energies lower than 20 eV.

For the electrons with the lowest kinetic energy in Fig. 4.2, the overall resolu-
tion is 0.2 eV. At Ex;, =~ 130 eV, the kinetic energy of electrons emitted from
the top of the valence band, the overall resolution is 6 eV, which is mainly

limited by the spectrometer resolution.
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Figure 4.2: Photoelectron spectrum of SiO5 nanoparticles after excitation by
137.9 eV soft X-rays. For clarity, four regions have been colored. See text for
further details.

In order to describe the electron emission from solids, a three step model is
proposed by Berglund and Spicer [145,146]. It considers the photoemission in
three steps:

e The absorption process which can take place at different locations within
the bulk interior of the particles. The flux of radiation deeper down in
the solid is lower than in locations closer corresponding to Beer’s law.
A measure for the distance the radiation can travel into the solid is the
attenuation length, which is the distance after which the photon flux has

decreased to 1/e.

e The second step is the transport of the electrons through the material
to reach the surface. In this step the electrons can lose energy due to
inelastic scattering events at other atoms. Inelastic scattering can be
quantified by the inelastic mean free path, which is the average distance
an electron with a given energy travels between successive inelastic colli-
sions [64]. In addition to inelastic scattering, elastic scattering will take

place as well [147], but the large collection angle of the spectrometer
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leads to any angular information being lost.

e Escape of the electrons from the solids into the surroundings where they

can be detected.

The photoemission from solids in the extreme ultraviolet and soft X-ray regimes
is to a large degree characterized by the fact that the penetration depth of the
radiation is vastly greater than the inelastic mean free path of the electrons.
Fig. 4.3 shows values of the attenuation length for soft X-rays and the inelastic
mean free path for SiO,, as reported in refs. [148,149]. For instance, at the pho-
ton energy at which Fig. 4.2 is recorded, which corresponds to ~ 30 eV kinetic
energy of the Si 2p photoelectron, the attenuation length of the soft X-rays is
about 100 times longer than the inelastic mean free path of Si 2p electrons. For
an electron set free in the bulk, the probability that this electron will undergo
inelastic scattering on its way to the surface is thus very high. This also means
that the case where a photon is absorbed but no photoemission takes place is
of non-negligible probability. This is the case where absorption takes place in
the bulk of the nanoparticle and the electrons that are set free do not manage
to reach the surface before thermalizing in the bulk [150]. The large difference
in the penetration depth of the soft X-rays and the inelastic mean free path of
the electrons makes photoelectron spectroscopy a surface sensitive approach,
as only electrons originating from locations close to the surface will be able to
leave the sample.

Figure 4.4 shows the emission in the Si 2p and O 1s regions at a photon energy
of 137.9 eV and 567.2 eV, respectively. In Fig. 4.4 (a) the Si 2p binding energy
is determined to be 108.0+0.2 eV, which is in accordance with work on thin
SiOq films [151] as well as 8.2 nm [23] and 300 nm SiO, nanoparticles [22]
in the gas phase. The blue line is a fit assuming a Gaussian line shape su-

perimposed on a background of inelastically scattered electrons. The binding
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Figure 4.3: Comparison of the attenuation length of soft X-rays in SiOq
(a) [148] with the inelastic mean free path of electron in SiOy (b) [149]. The
electron spectrum in Fig. 4.2 is recorded at 137.9 eV. At that photon energy
the attenuation length is around 100 nm whereas the inelastic mean free path
of the Si 2p electron is about 1 nm.

energy is taken to be the maximum of the curve. Figure 4.4 (b) shows the
electron emission in the O 1s regime. The blue line is a fit assuming a Gaus-
sian line shape that is superimposed on a linear background, which is due to
inelastically scattered electrons. The binding energy of O 1s is taken to be the
maximum of this Gaussian curve and is found to be 537.1 £+ 0.2 eV. Mysak et
al. [22] have reported the O 1s ionization threshold of SiO, nanoparticles in a
particle beam to be 535.7 eV, which is 1.4 eV lower than the value found here.
In the study of Mysak et al., two emission peaks are observed corresponding
to binding energies of 537.6 ¢V and 535.7 eV of which the first is assigned to
gaseous water and the second to emission from the nanoparticles. There is,
however, reason to call this assignment into question, since the O 1s binding
energy of gaseous water has been found by other workers to be 539.67-539.88
eV relative to the vacuum level [152-154]. Instead, the ionization threshold
found here can be compared to values found for bulk amorphous SiO, where
the O 1s binding energy has been reported to be 429.2 eV higher than the Si 2p

binding energy. This corresponds to a binding energy relative to the vacuum
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Figure 4.4: (a) the Si 2p regime recorded at a photon energy of 137.9 eV.
The Si 2p binding energy is found to be 108.0 + 0.2 eV; (b) the O 1s regime
recorded at a photon energy of 567.2 eV. The O 1s binding energy is found to
be 537.1 £+ 0.2 eV.

level of 537.2 eV [155]. Since the nanoparticles are sprayed from an ethanolic
solution, a signal from the photoelectrons resulting from ionization of the O
1s level of ethanol would also be detectable in this kinetic energy range. The
ionization threshold of gaseous ethanol has been reported to be 538.6 eV [156]
and no clear sign of ethanol is found in the photoemission spectrum.

Figure 4.5 shows the valence photoemission at a photon energy of 73.1 eV. The
resolution due to the spectrometer and the light source for the lowest binding
energy electrons (the highest kinetic energies) is estimated to be 1.5 + 0.1 eV.
The estimate is done by measuring the linewidth of Ar 2p,/, and comparing it
with known natural line widths [157]. Ramaker et al. [158] assign the feature
centered at 11.5 eV binding energy which is marked by an A’ in Fig. 4.5 to
orbitals of predominantly nonbonding O 2p character, the feature centered at

16 €V binding energy which is marked by a "B’ to bonding orbitals with O 2p
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Figure 4.5: Valence photoemission spectrum of SiOy nanoparticles (d=50
nm) recorded at 73.1 eV.

added to Si 3s and Si 3p and the feature marked by a 'C’ to predominantly
O 2s bonding with admixtures of Si 3s and Si 3p. The positions of the tops
of the different bands correspond well to the values found by Di Stefano and
Eastman [159] with the exception that the two features marked with a 'C’
corresponding to O 2s electrons bonding with Si 3p and Si 3s (the 4a; and
3ty orbitals in the T, notation in ref. [158]) are 5 eV apart in binding energy,
whereas they are not resolved in ref. [159]. In Fig. 4.5 it is found for SiO,
nanoparticles that electrons with the lowest binding energies are located in a
tail that extends to 7 eV binding energy. Extrapolating the edge of feature A’
to zero intensity gives an ionization threshold of 8.5 4+ 0.2 eV. The ionization
threshold of the top of the valence band of bulk amorphous SiO, relative to
the vacuum level has been given as 10.2 eV [160] - 10.6 eV [161]. However, a
tail of lower binding energy has also been reported [138] which is attributed
to defects involving dangling sp® bonds on Si and non-bridging oxygen atoms.
This could also be the case for the SiO5 nanoparticles studied here. It is known

that the Si-O-Si network is not perfect in SiOy nanoparticles produced by the
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Stéber method [56,162]. In the SiO9 nanoparticles, the Si-O-Si network termi-
nates at either ethoxy or hydroxy groups which results in non-bridging oxygen

atoms. This will be discussed in greater detail in chapter 5.

4.3 Secondary Electron Emission

In Figure 4.6 the secondary electron peak from Fig. 4.2 is shown in the kinetic
energy range 0-20 eV. The secondary electron emission shows a maximum at
Exin = 0.6 eV and a rapid drop in intensity towards higher kinetic energies.
At 8.9 eV, the intensity of the secondary electrons has dropped to one tenth
of the intensity at the maximum at 0.6 eV. Henke et al. have proposed fitting
the kinetic energy distribution 3(Ej;,) of secondary electrons from insulators
emitted after excitation by soft X-rays to a function with the following shape
[65]:

(4.1)

Where k is a constant and F, is the electron affinity of the material defined
as the energy difference between the bottom of the conduction band and the
vacuum level [163]. In Figure 4.6, the measured secondary electron peak is
indicated by a red line and the model of Henke et al. as the dashed blue
line. Fitting Eq. 4.1 to the experimental data, yields an electron affinity of
1.1 + 0.1 eV. This value is in reasonable agreement with values found by other
workers for bulk SiO5 (0.9 eV [164] - 1.3 eV [163]). Of the photoemission from
SiO, in Fig. 4.2, 92% of the total intensity is contained in the kinetic energy
range 0-20 eV which is attributed to secondary electron emission. This shows
an important advantage of the nanoparticle beam technique. If the secondary
electron emission of deposited nanoparticles is measured, the charge build-up

on the nanoparticle surface would prevent the slow secondary electrons from
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Figure 4.6: The low kinetic energy part of the electron emission spectrum
from SiO, nanoparticles (d=50 nm) at a photon energy of 137.9 eV. The peak
of low energy electrons is attributed to secondary electrons. The blue dashed
line is a fit to equation (4.1).

leaving the nanoparticle [150]. With the nanoparticle beam technique, this is

prevented by continuously supplying fresh sample to the ionization region.

4.4 Particle Size Dependence

For SiO, nanoparticles that have a size that is of the order of magnitude of the
escape depth of the nanoparticles, one might expect that if one, for example,
excites the Si 2p electrons that the ratio of unscattered photoelectrons to sec-
ondary electrons would vary with the particle size. Indeed, a comparison of the
photoelectron spectrum of the 8.2 nm SiO, nanoparticles shown in Figure 3 in
ref. [23] with that of 50 nm nanoparticles (cf. Figure 4.2) reveals that the Si
2p signal relative to the secondary electron emission is stronger for the smaller

nanoparticles. In the present work, the photoemission from nanoparticles of
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different size are compared (50 nm, 60 nm, 90 nm, 150 nm, and 210 nm) and
no size dependence is found. This is understandable, because the nanoparticles
are in all cases much larger than the photoelectron escape depth.

Another method to probe size dependence in the interaction between nanopar-
ticles and soft X-rays would be to measure the angular distribution of electron
emission relative to the propagation direction of the X-rays. Wilson et al. [165]
have reported size-dependent angular asymmetry in the emission of photoelec-
trons from NaCl nanoparticles after excitation with vacuum-ultraviolet radia-
tion at a photon energy of 9.4-12 eV. Extending this idea to soft X-rays would
make it possible to not only probe the electron emission behavior as a function
of nanoparticle size but also by varying the penetration depth of the X-rays
(by varying the photon energy) and the escape depth of the photoelectrons
(see figure 4.3). It is anticipated that higher photon energies would in this
case lead to a more symmetric photoemission since the penetration depth of
the radiation increases. Likewise, higher kinetic energies of the photoelectrons
increase their inelastic mean free path which is also anticipated to lead to a

more symmetric photoemission (cf. Fig. 4.3).

4.5 Electron-Electron Coincidence Spectroscopy

Electron-electron coincidence spectroscopy, where two electrons originating
from the same photoabsorption process are detected, has been used success-
fully to study atomic gases [166, 167], molecules [131, 168, 169], small clus-
ters [170-172], and solids [173-176]. Here, the method will be extended to the
study of photoionization of free nanoparticles.

In order to study multi-electron emission from nanoparticles, cases where one

or more electrons are detected after exactly one electron bunch passing the
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beamline leading to exactly one light flash are sorted, according to the number
of electrons detected. In Figure 4.7 (a) the electrons detected over approxi-
mately one hour have been sorted according to the number of electrons detected
after one flash of soft X-rays interacting with the nanoparticle beam. Up to 5
electrons can be detected after the interaction of one flash of soft X-rays with
the nanoparticle beam. Detection of exactly one electron is the most probable
event and detection of more than one electron gets increasingly less probable
with the increasing number of electrons detected. In Fig. 4.7 (b)-(f) the kinetic
energies of the electrons for each case in Fig. 4.7 (a) is shown, corresponding
to the kinetic energies of electrons detected when exactly one (b) (74% of the
detected electrons), exactly two (c) (22%), exactly three (d) (3.8%), exactly
four (e) (0.4%), and exactly five (f) (0.03%) electrons are detected. In all these
cases, the contribution from slow secondary electrons is dominant.

When two unrelated events are detected during the same acquisition time win-
dow one speaks of false coincidences. The true coincidences are events where
absorption of one photon leads to the emission of two or more electrons. False
coincidences, on the other hand, are two unrelated events that by chance hap-
pen during the same acquisition time period, and where each event originates
from the emission of a single electron. Examples of such events may be found
from the ionization of one carrier gas molecule and of a nanoparticle, ionization
of two different nanoparticles by the same X-ray pulse and the case where one
nanoparticle absorbs X-rays photons at two different sites of the nanoparticle.
The probability of two unrelated events taking place has a quadratic depen-
dence on the magnitude of the primary event, whereas a single process has a
linear relationship. In this way, one distinguishes false coincidences from true
ones. This can be accomplished by doubling the photon flux, which will result

in the quadrupling of false coincidences whereas the true coincidences are only
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Figure 4.7: All detection events sorted according to the number of electrons
detected. Note that due to the dead time after detection of one pulse, not all
electrons that get emitted will actually get detected.

doubled. Since the current in the storage ring decreases between injections,
the photon flux dependence of the ratio of single emission events to double
emission events can easily be monitored during the experiments.

False coincidences are not per se a problem in coincidence spectroscopy. In Fig.
4.7(c)-(f) representing two, three, four, and five electron detection events, there
is a signal at ~ 100-115 eV of photoelectrons from the carrier gas. By chance
these are emitted during the same X-ray flash as one, two, or three electrons
emitted from nanoparticles. Coincidences that are known to be false, such as
those where the sum energy of the electrons is above the double ionization
threshold, are acceptable since they are simply discarded for the analysis of
the results.

Bresch [104] (p. 94) estimated the amount of photons that would hit a d=150
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nm nanoparticle in a nanoparticle beam to be six if the photon flux is 5 - 10'3
photons per 100 mA of ring current. Assuming a typical ring current in single
bunch mode of 10 mA, this yields 5 - 10'2 photons per second. In the ex-
periments discussed here, the exit slit of the beamline is used to reduce the
photon flux so this value will be somewhat of an overestimate relative to the
maximum photon flux of the beamline. If, for simplicity, it is assumed that
the nanoparticles are cubes of side length 50 nm, the transmission through the
nanoparticle will be 60% assuming a penetration depth of 100 nm (Figure 4.3).
Thus, one tenth of the flux as compared to the estimate of Bresch, one tenth
of the area, and an absorption of 40% leads to the estimate that one particle
will on average absorb 6 - 0.1 -0.1-0.4 = 0.024 photons. This estimate is
reasonable, since it is in accordance with the estimate that, on average, about
one nanoparticle is in the ionization region at any given time while the count
rate is typically 10000-20000 at a repetition rate of 1.25 MHz, which means
that 1-2 out of a hundred pulses will ionize a nanoparticle.

Figure 4.8 shows the case where exactly two electrons are detected for d=50
nm SiOy at a photon energy of 122.9 eV. The kinetic energies of the two elec-
trons involved in each event are deduced from their flight times and plotted
against each other. Fig. 4.8 thus corresponds to spectrum (c) in Fig. 4.7
but with kinetic energy of each of the electrons in a pair plotted against each
other. Each point represents a unique combination of kinetic energies of the
two electrons. Such a plot is called a coincidence map. From the coincidence
map, different channels that contribute to two-electron-emission can be distin-
guished. However, not all two electron emission events can be detected by such
experiments. Due to the dead time of the detector, two electrons that have
similar flight times will not be detected as a pair but merely as one electron.

The dead time of the detector in the experiments discussed here is 50-100 ns.
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Without the dead time, detection of pairs of equal kinetic energies would be

possible. They would show up as a diagonal line in a coincidence map.
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Figure 4.8: Coincidence map recorded at hv = 122.9 eV showing the energy
distribution of electron pairs for those cases where exactly two electrons are
detected. The dashed boxes correspond to different electron emission channels
that can be distinguished. See text for assignment of the different channels.
The signal is shown on a logarithmic scale for clarity.

The following two electron emission channels, which are marked by dashed

boxes in figure 4.8 are identified.

e (i) At a photon energy of 122.9 eV the Si 2p electrons will have a ki-

netic energy of about 15 eV if they are emitted without losing energy
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on their way to the surface. Likewise, the Si LVV lines lie in the kinetic
energy range 55-80 eV [158]. Channel (i) is thus the result of the Si
2p photoelectron and the Auger electron associated with the subsequent
decay both leaving the nanoparticle without energy loss. In this case,
the photoelectron is the slower one at this photon energy and the Auger
electron is the faster one. If the kinetic energy of the faster electron is

below 55 eV, it is assigned to a scattered Auger electron.

(ii) This channel, where the slower electron has a kinetic energy of 15 eV
and the faster electrons have a kinetic energy lower than the unscattered
Si LVV in (i) is assigned to the emission channel when Si 2p are emitted
without losing energy on their way to the surface of the nanoparticle
whereas the Auger electron does undergo inelastic scattering. In Fig 4.9

channels (i) and (ii) can be seen more clearly.

(iii) The emission of one electron with Ey;, = 15eV and one slow electron
(Egin < 10eV'). This is attributed to the emission of Si 2p in addition
to exactly one secondary electron which must have been created by the
Auger electron as it traveled through the nanoparticle. The channel
where the Auger electron causes two secondary electrons will not turn
up in this coincidence map since it leads to the emission of three electron

in total.

(iv) The emission of two secondary electrons. This two-electron-emission
channel can have many reasons. It can be caused by absorption by an
electron in the valence band which will have ~ 90-110 eV kinetic energy
and can therefore cause the emission of two secondary electrons. It can
be the result of an Auger electron causing two secondary electrons, or

it can be caused by an Si 2p and the subsequent Auger electron each
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causing one secondary electron. It is not possible to distinguish these

mechanisms.

e (v) A continuum that can have many causes [177]. It could come from
absorption by electrons in the valence bands [178] that lose energy dur-
ing the transport through the nanoparticles and causes one or several
secondary electrons on the way. Alternatively, it can be caused by Si 2p
absorption where the Si LVV electrons have slowed down and yield one
secondary electron while the Si 2p electrons are thermalized in the bulk.
A third possibility is Si 2p absorption where both the Si LVV and Si 2p
electrons are slowed down. These different possible mechanisms cannot

be distinguished.

e (vi) The diagonal line is due to double ionization of the carrier gas (Ns)

and not due to the nanoparticles.

Electron-electron coincidence spectroscopy where an inner-shell photoelectron
is measured in coincidence with an Auger electron has been used to separate
spectral features that in a normal Auger spectrum are not distinguishable. An
example of this is a study in which Auger lines from Cu from different processes
could be clearly distinguished from each other when measuring the Auger lines
in coincidence with the Ly or L photoelectrons, respectively [179]. In Figure
4.9 a coincidence map is shown where a potential of +30 eV is applied to the
magnet. The photon energy is 137.9 eV. At this photon energy, the kinetic
energy of unscattered Si 2p electrons is 29.9 eV and thus they are better
distinguishable from the strong secondary electron peak. Applying a positive
voltage to the magnet prevents the slowest electrons from entering the flight
tube and increases the resolution for faster electrons. Moreover, at constant

dead time of the detector, it changes the range of kinetic energies that can be
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reached. In Fig. 4.9, for instance, pairs of electrons with kinetic energies of
35 eV and 30 eV are detected, whereas in Figure 4.8 pairs of electrons with
those kinetic energies are not in the range that can be detected. The notable
feature observed in Figure 4.9 is the coincidences between the unscattered Si
2p with unscattered and scattered Si LVV Auger electrons. Fig. 4.9 (b) shows
a cut through 4.9 (a) where the energy of the slower electron corresponds to
the energy of the unscattered Si 2p electrons (shown as the dashed box in Fig.
4.9(a)). The kinetic energy distribution of the faster electron can be compared
to Auger electron spectra from bulk SiO, reported by Ramaker et al. [158]
The features at 60-80 eV are the Si LVV bands of SiO,. It consists of two
broad features centered at 62 eV and 75 eV, respectively. The position of
the two bands from the SiO5 nanoparticles is not significantly different from
what was observed in bulk SiO,. The case where the Si 2p and the Si LVV
electrons leave the nanoparticles unscattered is a very selective probe for the
nanoparticle surface [67,180,181]. This is because two electrons must leave
the particle without inelastic scattering. An effective mean free path, Agys
for both electrons reaching the surface of the nanoparticles without scattering
and leaving it can be calculated if one assumes that the propagation of the

photoelectron and the Auger electron are independent of each other [182,183]:

S (4.2)
)\Eff )\Auger )\Photoelectron .

Where A gyger and A ppotoctectron 18 the inelastic mean free path of the Auger elec-
tron and photoelectron, respectively. Assuming the inelastic mean free paths
in Fig. 4.3, Muger = APhotoctectron = 0.8 nm, the effective mean free path for
both electrons to leave the nanoparticle is 0.4 nm. This length is shorter than

3 Si-O bonds [184]. This means that the surface sensitivity of the experiment
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can be extended even further by detecting the Si 2p and the subsequent Auger

electron in coincidence.
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Figure 4.9: (a): Coincidence map recorded at hv = 137.9eV showing the
energy distribution of electron pairs for those cases where exactly two electrons
are detected. (b): Cut through the map (indicated with the dashed box) for the
case that the slower electron has ~ 30 eV kinetic energy which corresponds
to the unscattered Si 2p electrons. This is compared to the Si LVV Auger
spectrum of SiOy reported by Ramaker et al. [158]. For the spectrum in Ref.
[158], the inelastic portion of the signal has been substracted.

In Fig. 4.10, photoemission from SiO5 nanoparticles with a diameter of 50 nm
is shown after excitation at a photon energy of 73.1 eV. The photon energy is
chosen to be below the Si 2p absorption edge, resulting in absorption only by
the electrons in the valence band of SiO,. In Figure 4.10, a false color coinci-
dence map of those events where exactly two electrons are detected is shown.
As in Figures 4.8 and 4.9, the most intense two-electron emission channel is

the emission of two slow electrons (Eg;, < 10 eV) which is attributed to the



Photoemission from Free SiOs Nanoparticles 73

emission of secondary electrons. A smaller contribution of faster pairs of elec-
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Figure 4.10: An electron coincidence map for the case that exactly two
electrons are detected after the excitation of SiO, nanoparticles with 73.1 eV
synchrotron radiation. This photon energy is below the Si 2p absorption edge
and only valence electrons can be excited. The diagonal dashed line shows
electron pairs emitted with a sum kinetic energy corresponding to a binding
energy of 23 eV which is twice the binding energy of the maximum of the
valence band (cf. Fig. 4.5).

trons stretches up to a diagonal line of constant sum energy of the emitted
electron pair. Above this line there is an abrupt decrease to the signal. The
electron pairs on this line are two electrons being emitted from the top of the
valence band of SiOy. The sum energy of the emission from the top of the va-
lence band is close to being twice the ionization threshold for single ionization

of an electron at the top of the valence band. No two-electron emission pairs
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can be detected above this line because of conservation of energy. This double
ionization threshold of two times the single ionization threshold is typical for
solids whereas it is higher for atoms and molecules. The reason for this is
the electron correlation energy [168]. The sum energy corresponding to two
times the binding energy of the maximum emission from the nonbonding Oy,
character (Egy, 11.5 eV + 11.5 eV = 23 eV/) has been indicated with a dashed
line in Fig. 4.10.

In principle, two mechanisms are conceivable for two-electron emission from
the valence band. The first one is the case where a single electron absorbs the
photon and then collides with other atoms which it ionizes, creating an electron
pair. The second mechanism is direct double photoionization [175,176, 185].
These two mechanisms cannot be distinguished by the electron-electron coinci-
dence experiments. However, it is noted that the dynamics of emission for the
two different processes will be different. The electron scattering mechanism
will involve a time-lag due to the time needed by the electron to travel to the
atom where the second ionization takes place. This time-lag is of the order of
10 fs [185]. That is well below the time resolution of the present experiment
(60 ps). However, recent advances in attosecond physics [186-188] have shown
that this time resolution can be reached.

The total count rate for two-electron emission is around 7000 counts per sec-
ond. Of these, electrons in two electrons events with a sum energy of 37-52
eV, i.e. those attributed to direct double ionization from the valence band,
are detected at a rate of 45 counts per second. The ratio of two-electron event
detected to one-electron events is 1:5. This ratio can be compared to typical
one-electron:two-electron rates in helium. In the photon energy range corre-
sponding to 30-400 eV above the double ionization threshold of helium, the

cross section is roughly two orders of magnitude lower than the cross section
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for single ionization [59]. This much higher ratio in the nanoparticle is mainly
caused by the high probability of the emission of two secondary electrons, since

they contribute to the majority of two-electron emission events.

4.6 Conclusions and Outlook

The photoemission from SiO, nanoparticles after excitation with extreme ul-
traviolet radiation and soft X-rays has been reported and discussed. The
photoelectron spectra show emission of valence electrons, Si 2p and O 1s in-
ner shell electrons, and Auger electrons, as well as slow secondary electrons.
By recording electron-electron coincidence event, channels involving the emis-
sion of exactly two electrons after absorption of exactly one photon are ob-
served. The strongest two-electron-emission channel is the emission of two
secondary electrons. Other two-electron-emission channels that could be un-
ambiguously distinguished are: (i) an inner shell electron (Si 2p) and an Auger
electron, (ii) an Si 2p electron and an Auger electron that has undergone in-
elastic scattering, (iii) an Si 2p and a secondary electron, (iv) the emission of
two secondary electrons, and (iv) the emission of two valence electrons. The
electron-electron coincidence method offers a site selective method of study-
ing the electronic structure of nanoparticles, since unscattered photoelectrons
originate from sites close to the surface while electrons that have undergone
inelastic scattering will come preferentially from the bulk.

If the dead time of the detector could be reduced, a quantitative picture of the
secondary electron yield could be obtained [166]. For instance if multi electron
emission event are measured in coincidence with a core shell electron, the sec-
ondary electron emission would give a quantitative picture of the secondary

electrons caused by the Auger electron.
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Applying the method discussed here to nanoparticles of different materials
would be straightforward. For example, it has been reported that the charg-
ing behavior of gold coated SiO, nanoparticles is significantly different from
that of non-coated SiOs nanoparticles when exposed to soft X-rays [189]. The
kinetic energy resolution in the experiment discussed here could yield more

insight into the nature of these differences in charging behavior.



Chapter 5

Elastic X-ray Scattering from

Free Si0O> Nanoparticles

Elastic scattering of electromagnetic radiation from particulate matter depends
on both the properties of the radiation (wavelength and polarization) and those
of the object from which they are scattered (shape, size, chemical composition).
For the special case of a plane wave scattered from a spherical object an ana-
lytical solution to Maxwell’s equations exists that was introduced by Mie [87]
who was motivated by the different colors of colloidal gold solutions. In this
Chapter, elastic scattering of soft X-rays from spherical SiO, nanoparticles is
used as a probe of their size distribution and optical properties.

Considering that the size is of crucial importance for the optical proper-
ties of nanoparticles, the determination of the size distribution is a problem
of fundamental importance. Various methods are used for this purpose on
nanoparticles in different environments. Examples include dynamic light scat-
tering [190] for suspensions, transmission electron microscopy for deposited
particles [191,192], as well as differential mobility analysis for aerosols [193].

In this Chapter, elastic scattering of soft X-rays will be used to determine the

7
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size distribution of free SiO, nanoparticles in a nanoparticle beam. Elastic
X-ray scattering has been used extensively to study the size and growth of
nanoparticles in suspensions [194-199]. In the gas phase, different regions of
the electromagnetic spectrum have been used, including hard X-rays [200—204]
as well as ultraviolet [205] and vacuum-ultraviolet radiation [29,206-210]. Of
special interest in the present work is a study on elastic scattering of soft X-
rays from free SiO, nanoparticles [28]. In that study, the scattered X-rays were
detected in a wide range of scattering angles (4-100°) with an angular resolu-
tion of 1.15°. In the present work, however, the focus is put on the small angle
scattering range, because in that range the fine structure of minima and max-
ima are resolvable for soft X-ray scattering from nanoparticles with a narrow
size distribution. Notably, in the soft X-ray region, materials may be studied
in an element specific manner allowing chemical differentiation [211,212].

A key parameter in the elastic scattering from particulate matter is the ratio
of the wavelength of the radiation and the size of the object. This is described

by the Mie size parameter x:

r=— (5.1)

Here, X is the wavelength of the radiation and r is the radius of the spherical
object. In the present work the wavelength of the radiation is much smaller
than the size of the object to be studied. Therefore, the angular distribution
of the scattering is strongly influenced forward scattering, as is typical for high
Mie size parameters.

In Fig. 5.1 this is illustrated for the case of scattering from d=5, d=50, and
d=500 nm SiO, nanoparticles at 78.9 eV. The simulations are performed with
the Mieplot program [213]. This corresponds to Mie size parameters of 1,

10, and 100, respectively. The refractive index used for the simulations is
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Figure 5.1: Polar diagram of simulations of the angle resolved light scattering
from spheres for three Mie size parameters © = (27r)/A. This corresponds
to d=5 nm, d=50, and d=500 nm particles at 78.9 eV. The strongly forward
oriented and structured Mie scattering appears when the diameter of the sphere
is larger than the wavelength of the radiation. In this polar plot, the direction
of propagation of the light is 0° and the radial axis is logarithmic. See text for
details of the simulation.
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n = 0.9675+ 0.01616¢ which corresponds to SiOs nanoparticles with a density
of 2.2 g/em? at 78.9 eV. As the Mie size parameter increases, forward scattering
becomes dominant and shows a distinct structure of maxima and minima. In
the work presented here the Mie parameter is in the range 30-270. It is noted
that this range is similar to the Mie size parameter regime when studying

particles that are some tens of micrometers in size using visible light [24, 25].

5.1 Angle Resolved Soft X-Ray Scattering from
Free Nanoparticles

Figure 5.2 shows experimental angle resolved small angle elastic X-ray scatter-
ing spectra of free nanoparticles of different sizes on a logarithmic scale. The

scattering patterns are recorded at a photon energy of 450 eV. This photon
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Figure 5.2: Angle resolved scattering spectrum recorded at a photon energy
of 450 eV for SiOs nanoparticles of three different sizes. The intense forward
scattering as well as the characteristic minima and maxima are clearly visible.
The intensity of scattered X-rays is shown on a logarithmic scale.

energy corresponds to a wavelength of 2.76 nm. The sizes of the three nanopar-
ticle samples are (a) 110 nm £ 5%, (b) 141 nm + 5% and (c) 183 nm + 6%,
respectively. Thus, the Mie size parameter ranges between 125 and 208 and is
in all cases >> 1. In all three scattering spectra, the intensity of the scattered
X-rays decreases by two to three orders of magnitude over the range 1.5-5° as is
typical for Mie scattering. A strong forward orientation of soft X-ray scattered
from free SiOy nanoparticles has been reported before in the angle region 4-
100° [28] and of vacuum ultraviolet radiation scattered from SiO, in the angle
region 18-120° [29]. However, in those earlier studies, the characteristic minima
and maxima are not well resolved. This is due to the fine structure smearing
out in the wide angle range when scattering from nanoparticles of a finite size

distribution is studied. In the present work, the maxima and minima can be
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resolved in the small angle scattering range. Since the photon energy is kept
constant in 5.2 (a)-(c), the shifting of the position of the minima are likely due
to the different sizes of the SiOy nanoparticles. The plateau in the scattering
intensity from d=183 nm + 6% nanoparticles below 1.6° is due to saturation
of the CCD camera (see Fig. 5.3 (c)). The characteristic minima and maxima
will be used to determine the size distribution of SiO, nanoparticles and their
refractive index in the Si 2p and O 1s regimes. Compared to earlier work, the
use of an X-ray sensitive CCD camera in the present work has the advantage
of a higher dynamic range and a higher angular resolution. Fig. 5.3 shows
an overview over the angle resolved small angle soft X-ray scattering from
d=183 nm + 6% SiO, nanoparticles. The photon energy is varied between
100-600 eV in 5 eV steps and the scattered soft X-rays are recorded for each
photon energy. Over this wide photon energy range, minima and maxima in
the angle resolved scattering can be seen. These shift towards smaller angles
as the photon energy is increased. This is due to the change in Mie size param-
eter and wavelength dependent changes in the refractive index. The location
of the Si 2p and O 1s inner shell absorption edges have been marked by arrows.
An arrow at &~ 285 eV marks a sudden drop in the scattering intensity that is
due to reduced photon flux. This is caused by a drop in the photon flux as a
results of carbon contaminations on the reflection optics in the beam line.

The positions of the characteristic minima and maxima in the angle resolved
elastic scattering is determined by (i) the Mie size parameter and (ii) the mate-
rial’s refractive index. If the Mie size parameter is known, the refractive index
can be derived and vice versa. In the following, the size distribution of the
SiO, nanoparticles will first be determined. Then, this size distribution will
be used to derive the refractive index in the Si 2p and O 1s near edge regimes.

Henke et al. calculated atomic scattering factors for a range of elements in a
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Figure 5.3: False color map of angle resolved elastic X-ray scattering from
SiOy nanoparticles with a diameter of 183 nm + 6%. The shift of the minima
towards smaller angles as the photon energy is increased is a consequence of
the increasing Mie size parameter and of the change in the refractive index of
the material. The Si 2p, O 1s, and C 1s inner shell absorption edges have been
marked by arrows. See text for details.

wide photon energy range from absorption measurements using the Kramers-
Kronig relations [148]. The refractive index of materials in the soft X-ray
regime may be accurately calculated in regions where there are no inner-shell
absorption edges by using the data from Henke et al. [214]. The refractive
index may deviate from the values reported by Henke et al. in the near edge

regimes [148]. This is because the refractive index near inner shell absorption
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edges is dependent on the chemical environment of the excited atom and can-
not be treated as a weighted average of the constituent elements. The method
to calculate the refractive index from the atomic scattering factors, as reported
by Henke et al., depends critically on the density of the material. Henke et al.

give for the complex refractive index [148]:
nzl—é—iﬁzl—g—oAQanfq(O) (5.2)
m
q

where 7 is the classical electron radius, A is the wavelength of the X-rays, f,
are the complex atomic scattering factor for atom ¢ and n, is the number of
atoms of type ¢ per unit volume. From Eq. 5.2 one sees that the refractive
index is proportional to the density of the material. The density of the SiOq
nanoparticle samples has to be known in order to convert the tabulated atomic
scattering factors into the refractive index. Various workers have reported the
density of SiO, nanoparticles prepared by the Stober synthesis [57,162,215—
218]. Their density is lower than that of a-quartz which has been reported to
be 2.65 g/cm? [219,220] and amorphous bulk SiO, which is 2.2 g/cm? [218].
The density of SiO5 nanoparticles prepared by the Stober approach has been
reported to be 1.98-2.03 g/cm? [162]. The lower density of SiO, nanoparticles
prepared by the Stober method as compared to amorphous bulk SiO, is due to
the porosity of the nanoparticles [162]. The porosity of the SiOs nanoparticles
results from the synthesis, which makes use of the hydrolysis and condensation

of tetraethoxysilane in the presence of ammonia:
Si(OCH,CHj;) + 4H,0 — Si(OH), + 4C,H;OH (5.3)

SiOH, — Si0, | +2H,0 (5.4)
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In the synthesis, however, not all ethoxy groups leave the tetraethoxysilane
which causes termination of the Si-O-Si chains. In Fig. 5.4 the relative abun-
dance of Si atoms with two, three, or four O-Si bonds is shown, as measured
by van Blaaderen and Kentgens [162]. About 66% of the Si atoms have four

siloxane bonds, 30% have three and about 4% have only two. This incom-

R=CHyCHsorH
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Figure 5.4: Si atoms that are not bound to four O-Si groups cause the Si-O-Si
network to terminate. This explains the porosity of SiO, nanoparticles. The
fraction of Si atoms with four, three, and two O-Si groups is also indicated
[162)].

pleteness in the Si-O-Si network causes the porosity of the SiO5 nanoparticles,
which reduces their density significantly as compared to SiO, with a complete
Si-O-Si network. Another consequence of the incompleteness of the Si-O-Si
network is the presence of carbon in the nanoparticles. Van Blaaderen and
Kentgens determined the carbon content of SiOy nanoparticles prepared by
the Stober synthesis to be of the order of a few percent by weight [162]. How-
ever, the low photon flux at photon energies near the C 1s absorption edge
due to carbon containing impurities on the beamline optics made attempts to

study the elastic scattering in this photon energy regime unsuccessful.
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5.1.1 Size Distribution

The experimental angular resolved scattering patterns are used to derive the
size distribution and complex refractive index of the SiO, nanoparticles by

fitting to them the following function:

fSimulated = AfMZé(x; n) + B (55)

Here fure(x,n) is the scattering pattern as calculated by the Mie formalism
using Bohren and Huffman’s code [89] that depends on the Mie size parameter
x and the material’s complex refractive index n, B is a term that accounts for
the background level in the experiment, and A is a prefactor that influences
the overall intensity and is needed to bring the relative units of the simula-
tion in agreement with the units of the experiment (scattered light intensity
detected by the CCD camera) and A is thus influenced by the quantum yield
of the detector, the photon energy dependent number of electrons generated
in the detector per photon, and the photon flux. In general, photon energy
dependent changes in the refractive index not only influence the position of
the minima, but also the total intensity of the scattering. Cases will be shown
where changes in the refractive index and changes in the prefactor A can have
a similar influence on the shape of the scattering patterns. The term B that
corresponds to a background of photons reaching the detector includes fluores-
cence photons, but their contribution is insignificant since the fluorescence is
expected to be isotropic. Unlike the fluorescence, the scattered soft X-rays are
preferentially oriented in the forward direction. Furthermore, the fluorescence
yield is small (of the order of 107* [157]). Additionally, the background term
B includes scattered soft X-rays that have been reflected from other parts of

the experimental setup.
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Fig. 5.5 shows simulated scattering patterns for 141 nm monodisperse nanopar-
ticles at a photon energy of 375 eV for three different values of the density of the
SiO5 nanoparticles. The refractive indices corresponding to the three densities
are calculated using Eq. 5.2 and are listed in Table 5.1. For better compari-
son, the simulations are run without considering the particle size distribution,
i.e. the nanoparticles are assumed to be monodisperse for these simulations.
Fig. 5.5 shows that the different refractive indices at this photon energy do
not change the position of the minima significantly. The three values that
are used in the simulations are 2.0 g/cm3, which is the density reported for
SiO, nanoparticles [162], 2.2 g/em3, which is the density of bulk amorphous
SiOy given in Ref. [218], and 1.8 g/cm?® which is added for a better compar-
ison. With increasing density, the real part of the refractive index decreases
whereas the imaginary part increases. The simulations indicate that SiOy of
higher density give rise to a stronger scattering of the soft X-rays but that the
position of the minima is not significantly shifted.

Although the values of the density used for the simulations in Fig. 5.5 are
about 10% apart from each other, it can be seen in Table 5.1 that the change
in density results in changes of the refractive index that are relatively small,
i. e. 0.00033 for the real part and 0.00003 in the imaginary part. The simu-
lations indicate that this change is too small to have a significant influence on
the position of the minima.

These simulations therefore indicate that it is favorable to determine the size
distribution of free SiO, nanoparticles at photon energies where variations of
the refractive index does not greatly influence the position of the minima. As
can be seen in Fig. 5.5, this condition is fulfilled at 375 eV, since variations in
the refractive index caused by different density of the material will not change

the result of the size determination by small angle X-ray scattering.



Elastic X-ray Scattering from Free SiOy Nanoparticles 87

u—
o
]
(RN

S
R

S
Lol

10°

Scattering Intensity (a.u.)

2 3 4 5 6 7 8 9
Scattering Angle (°)

Figure 5.5: Simulations of scattering patterns from monodisperse d=141 nm
SiO, nanoparticles at 375 eV when assuming different density. The different
densities result in slightly different refractive indices that change the intensity
of the scattering patterns. Notably, the different refractive index does not
significantly change the position of the minima at this photon energy. The
refractive indices used are listed in Table 5.1.

Fig. 5.6 shows elastic soft X-ray scattering curves from d=141 nm + 5% SiO,
nanoparticles at a photon energy of 375 eV along with simulations using the
Mie formalism. The refractive index is calculated from the atomic scattering
factors using the density of SiOy nanoparticles of 2.0 g/cm? [162]. For the
simulation, some refractive index must be assumed. Since the refractive index
scales with the density, assuming a refractive index requires the assumption of
the particle density. The result of this approach of particle size determination
is not influenced by this, since realistic values of the refractive index do not
influence the position of the minima (Fig. 5.5). Fig. 5.6 illustrates the influ-
ence of (i) the diameter of the nanoparticles and (ii) their size distribution,

corresponding to their polydispersity, on the elastic soft X-ray scattering pat-
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Table 5.1: Complex refractive indices of SiO, nanoparticles used for the
simulations in Fig. 5.5 that result from assuming different densities of the
nanoparticles.

Density | Re(n) Im(n)

1.8 g/em? | 0.99851 | 0.0002763
2.0 g/cm? | 0.99835 | 0.0003070
2.2 g/em3 | 0.99818 | 0.0003376

terns. The polydispersity is defined as the relative standard deviation of the
diameter. Fig. 5.6 (a) shows the influence of the ensemble polydispersity on
the simulated scattering curves for monodisperse nanoparticles, 2%, 5%, and
8% polydispersity, respectively. The depth of the minima critically depends
on the polydispersity of the nanoparticles since the experimental curves are a
superposition of signal from nanoparticles of different sizes. Experiments on
single particles, where averaging over an ensemble of particles is avoided, could
overcome this limitation [208-210], but goes beyond the scope of this work.
When the polydispersity is 8%, the depths of the minima are smaller than the
depths in the experimental curve, whereas the depths of the minima is too
large when the polydispersity is assumed to be 2%. Assuming a polydispersity
of (5 £ 1)% gives the best agreement with the experimental results. Using
transmission electron microscopy, a polydispersity of 4.3(4)% is obtained. The
analysis is inconclusive regarding the shape of the size distribution. Possible
size distributions could be normal or log-normal distributions. Fig. 5.6 (b)
shows simulations where the polydispersity is kept constant at 5% and the
particle diameter is varied. When assuming different diameters, the position
of the minima shifts. For a diameter of 136 nm the minima occur at larger
angles than in the experimental results. Assuming a size of 146 nm leads to

minima occuring at smaller angles than in the experimental curve. Finally, a
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Figure 5.6: Angle resolved scattering curves from SiOy nanoparticles (diam-
eter: 141 nm + 6%) at hv = 375 eV. (a) Simulated curves when assuming a
polydispersity of 2 %, 5 %, and 8 % are shown. The experimental curve is an
average of scattering curves from nanoparticles of sizes that correspond to the
size distribution of the sample. (b) Same experimental data as in (a) but with
simulations using different particle central diameters of 136 nm, 141 nm, and
146 nm, respectively.

diameter of 141 + 2 nm is found to give the best agreement with the experi-
mental results.

It has been pointed out before that the fine structure of minima and maxima
in the angular distribution of soft X-rays scattered from nanoparticles is more

sensitive to changes in nanoparticle size or refractive index at larger scattering
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angles [206]. While this is certainly true for monodisperse particles, the anal-
ysis of angle resolved scattering curves from nanoparticles with a finite size
distribution has severe limitations. This is due to the measured signal being
a superposition of signal from nanoparticles of different sizes. In fact, since
the scattering pattern is more sensitive to the particle size at larger scattering
angles, the pattern will also be more smeared out at large angles than at small
angles. Fig. 5.7 (a) shows simulations of the soft X-ray scattering pattern
from monodisperse 141 nm and 146 nm SiO, nanoparticles, respectively. The
refractive index is derived from Eq. 5.2 using a density of 2.0 g/cm?. The scat-
tering pattern is simulated for the angle region 0-35° which is a larger regime
than is covered in the experimental work. The distance between the minima
in the scattering pattern from nanoparticles of different sizes are indeed larger
in the 15-35° regime as compared to the 0-10° regime. For instance, the tenth
minimum is found at 14.16° and 13.67° for d=141 nm and d=146 nm parti-
cles, respectively. This corresponds to a shift of 0.49°. However, the position
of the first minimum is found at 1.92° and 1.85° for the d=141 nm and d=146
nm, respectively. This corresponds to a shift of 0.07°. Thus, the simulations
indicate that for a monodisperse sample, the shift of the tenth minimum is
seven times larger than the shift of the first minimum. Fig. 5.7 (b) shows
the effect of polydispersity on the simulated scattering curves. When using a
realistic polydispersity of 5% the minima in the 10-35° region get washed out
due to the superposition of scattering signal from different sizes, whereas in the
regime below 10°, the minima can still be observed. For the example discussed
above where the shift of the tenth minimum and the first minimum were com-
pared, the simulations indicate that the tenth minimum will be very poorly
resolved for a sample with 5% polydispersity. This illustrates the advantage

of measuring the scattering patterns in the small angle region when working
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Figure 5.7: (a) Simulated scattering curves for soft X-rays scattered from (i)
monodisperse d=141 and (ii) monodisperse d=146 nm SiO, nanoparticles. (b)
The same simulations when assuming a polydispersity of 5%.

with polydisperse samples. As a result, this makes small angle scattering an
interesting approach for determining particle sizes and size distributions.

The analysis of the scattering data is done with a fitting method that is based
on the Bohren-Huffman algorithm [89]. For testing the fitting algorithm, the
results are compared to simulations done by the Mieplot program [213]. The
comparison shows that the implementation of the Bohren-Huffman code used
in this work yields identical simulations in all tested cases. Figure 5.8 shows
size distributions obtained from three different SiO, nanoparticle samples of
different sizes. In Fig. 5.8 (a), the angle resolved scattering patterns recorded
at 375 eV are shown along with a fitting done using the Mie formalism to de-
termine the central diameter and polydispersity. The simulations are a result
of letting the fitting procedure find the best agreement for central diameter
and polydispersity while keeping the refractive index fixed (at the values ob-
tained from Eq. 5.2) using a density of 2.0 g/cm?. Using another value for the
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Figure 5.8: Determination of the size distribution of three SiO, samples
(labeled (i), (ii), and (iii)) of different sizes. (a): Angle resolved scattering
patterns from different sizes recorded at 375 eV. From these curves the size
distributions (red curves in (c)) can be obtained using the Mie formalism.
(b): Transmission electron micrographs of the three SiO, samples. (c) A
comparison of the size distributions obtained from the two methods: Black
bars are size distributions obtained from electron microscopy and the reds line
ones obtained with angle resolved soft X-ray scattering. The results for the
central diameters and polydispersity are summarized in Table 5.2.
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density will not change the results, since the position of the minima is not sig-
nificantly influenced by changes in the density at this photon energy (cf. Fig.
5.5). The size distributions determined in this way are shown in Fig. 5.8 (¢) as
red curves for each of the three samples. For a comparison, the three samples
Not all
The distribution

are also studied by transmission electron microscopy (Fig. 5.8 (b)).
particles that are analyzed are shown in the Fig. 5.8 (b).
of the diameters derived from transmission electron microscopy are shown as
black bars in Fig. 5.8 (c¢). The size distribution of the nanoparticles derived
from transmission electron microscopy follow a normal distribution around the
central diameter. A normal distribution is therefore also assumed for the fit-
ting procedure, but the outcome is not affected if a log-normal distribution
is used. It has been reported that nanoparticles often have a log-normal size
distributions [221,222]. The central diameters and polydispersity derived from
both methods are summarized in Table 5.2. For sample (i) in Fig. 5.8 the

Table 5.2: Central diameters (d) and polydispersity (PD) of different sizes
of SiOy nanoparticles as determined from transmission electron microscopy
(TEM) and small angle X-ray scattering (SAXS).

Sample | d(SAXS) | d(TEM) | PD(SAXS) | PD(TEM)
5 110(2) 110 5(1)% 5.8(6)%
i 141(2) 142 5(1)% 13(0)%
i 183(2) 178 6(1)% 3.4(3)%

central diameter is identical for both methods. For sample (ii), the diameter
obtained from elastic soft X-ray scattering is by 1 nm smaller, and for sample
(iii) the diameter obtained from elastic soft X-ray scattering is approximately
5 nm larger. This 5 nm difference corresponds to a relative deviation of ~ 3%.
Numerous studies have compared size distributions of SiO, nanoparticles that

are determined by X-ray elastic scattering in suspensions to size distributions
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determined by transmission electron microscopy [191,223,224]. Generally, di-
ameters determined by transmission electron spectroscopy tend to be smaller
than those determined by elastic X-ray scattering in suspensions. The smaller
values for sizes obtained from transmission electron microscopy compared to
those from elastic X-ray scattering are due to a slight shrinking of the parti-
cles in the high vacuum used for electron microscopy. The present results on
free nanoparticles prepared in a nanoparticle beam which is injected into high
vacuum indicate that the particles are already largely dried when they reach
the scattering region. The nanoparticles in the largest sample studied is by
~ 3% larger in the scattering region than in the electron microscope. For the
two smaller samples this is not the case. Therefore, it can be concluded that
larger nanoparticles have not been completely dried.

After spraying the nanoparticle dispersion into ambient pressure, the droplets
are dried by a diffusion drier (see Chapter 3). After drying, the nanoparti-
cles enter the aerodynamic lens within a few seconds. In the experimental
chamber used in this work, the background pressure during the experiments is
typically 1077 mbar and the nanoparticles are subjected to this pressure for a
short time, namely the flight time between the differential pumping stage and
the interaction region with the X-rays. If a velocity of 200 m/s is assumed
for the nanoparticle beam, they will spend about 0.5 ms in the high vacuum
before interacting with the soft X-rays. It has been argued that heating of
the nanoparticles by the electron beam of the electron microscope is crucial
in causing the shrinking [162]. The present results indicate that the sizes of
the 110 nm + 5% and 141 nm =+ 5% SiO, nanoparticles obtained from small
angle soft X-ray scattering in high vacuum and with transmission electron
microscopy are quite similar to each other. However, the size distribution ob-

tained from soft X-ray scattering for 183 nm + 6% nanoparticles is about 3%
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larger than determined with transmission electron microscopy. This indicates
that heating by the electron beam is not crucial for shrinking the particles and
may indicate that the shrinking already takes place if the nanoparticles are
kept at room temperature.

Note that all diameters reported in this work are geometric diameters. When
comparing size distributions determined by different sizing techniques, care
must be taken to not confuse the geometric diameter with other size mea-
sures such as the hydrodynamic diameter obtained from dynamic light scat-
tering [193,225]. The hydrodynamic diameter contains the particle as well as
the solvation shell around the particle, and is therefore expected to be larger
than the geometric diameter of the nanoparticles.

In this setup multiple scattering, where X-rays scattered from one nanoparti-
cles continue on to scatter from another one [226] can be neglected due to the
low density of nanoparticles in the interaction region. Jones reported that mul-
tiple scattering from nanoparticles with a radius of 100 nm has to be considered
when the particle density exceeds 10 particles per m? [227]. In this experi-
ment, the density is estimated to be well below that limit, i.e. &~ 105 /em? or
~ 101 /m3.

The size distribution of SiOs nanoparticles has now been determined in situ,
which is of importance if the size distribution in the scattering region dif-
fers from the size distribution that can be derived with transmission electron
microscopy. Due to shrinking of porous nanoparticles as they are dried in vac-
uum, the size distribution in the scattering region is not necessarily the same
as the one derived by transmission electron microscopy. Since the soft X-ray
scattering patterns depend on both the size distribution and the refractive in-
dex, it is of importance to have accurate information on the size distribution

in the scattering region to be able to accurately determine deviations in the
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refractive index near inner shell absorption edges as will be shown in Sections

5.3.1 and 5.3.2.

5.2 Analysis of the Scattering Patterns

Sorensen and Fischbach [228] have proposed to plot angle resolved scattering
data from spheres against the product of the radius of the sphere R and the
scattering vector g = 4w sin(f)/\ where 20 is the scattering angle and \ is the
wavelength of the radiation. When plotted in this way, distinct power laws
can be observed that depend on the phase shift parameter p = @ |n—11,
where \ is the wavelength, R is the radius of the particle, and n is the refractive
index. This parameter is the phase shift of a wave that travels through the
center of the particle, as compared to a wave traveling the same distance in
vacuum [229]. Fig. 5.9 shows such a plot for d=183 nm + 6% SiO, nanopar-
ticles recorded at a photon energy of 245 eV on a log-log scale. Shown is
also a dashed line with slope (qR™). The (qR™) line is in good agreement
with the maxima of the experimental curve. This is indicative of scatter-
ing from the bulk and is known as Porod’s law [230,231]. In a sense, ¢ is a
yardstick of the measurement. This means that the inverse of the scattering

! corresponds to the length scale of the experiment. The scattering

vector g~
is sensitive to structures larger than ¢~! but it is not sensitive to structures
smaller than ¢~' [230,232,233]. In the present case, as Fig. 5.9 shows, the ¢
regime corresponds to probing the global properties of the nanoparticles (size
and shape) but applying this method to larger g-values probes local features,
such as surface roughness. Indeed, in the study of Bresch et al. in the wide

angle scattering region deviations from Mie scattering were observed for g¢-

values above ~ 0.5 nm~! which were assigned to scattering due to a rough and
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Figure 5.9: Angle resolved soft X-ray scattering from free d=183 nm + 6%
SiO9 nanoparticles plotted against the dimensionless parameter (qR), where ¢
is the scattering vector and R is the radius of the nanoparticles.

graded surface [28]. The inverse of this value of the scattering vector is 2 nm.
Indeed, this is the size order of the surface roughness of SiO5 nanoparticles.
For the d=183 nm + 6% SiO, nanoparticles shown in Fig. 5.9, a g-value of
0.5 nm~! would correspond to (qR)=46 which is not contained in the experi-
mental regime. This shows that for this particle size and photon energy, the
soft X-ray scattering patterns in the small angle range correspond to prob-
ing the global properties of the particles; size, shape, and refractive index.
For larger scattering angles (and thereby larger qR), smaller features can be

probed, such as surface roughness.
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5.3 Determination of the Refractive Index

There are many gaps in the refractive index of materials around the regions
of characteristic absorption edges of inner-shell electrons in the soft X-ray
regime [214]. Near the absorption edges the refractive index will be strongly
influenced by the local environment of the excited atom and cannot be treated
as a weighted average of the atomic scattering factors of the constituent ele-
ments of the material under study. For the case of SiO5 the most comprehensive
study of the refractive index in the soft X-ray region was done by Filatova et
al. [214]. They applied Kramers-Kronig analysis to reflection spectra of amor-
phous SiOs in the photon energy range 60-3000 eV. Specifically, the Si 2p,
O 1s, and Si 1s absorption edges are contained in this region.

Other studies on more limited photon energy ranges include the study of
Woronick et al. [234] near the O 1s absorption edge. For the Si 2p absorption
edge, the works of Klinkenberg and Illinsky [235], Tripathi et al. [236] and Blau
et al. [237] are worth mentioning but they are all limited to a few chosen pho-
ton energies and they do not yield comprehensive information on the refractive
index changes near inner shell absorption edges. In the following, the angle
resolved elastic soft X-ray scattering from the SiOy nanoparticles recorded for
a large number of photon energies near the absorption edges is used to deter-
mined the refractive index at these photon energies at high energy resolution.
The Si 2p (IE=108.0 V) and O 1s (IE=537.1 eV) absorption edges could be
reached by the soft X-ray beamline. The Si 1s absorption edge of SiOs is found
at 1848.6 eV [138] and is outside the range of photon energies that the beamline
can deliver (UE52-SGM at BESSY II, see Chapter 3). For the determination
of the refractive index, angle resolved scattering curves from d=183 nm + 6%
SiOy are analyzed. The photon energy is varied in the range 106-115 eV in
steps of 0.1 eV for the Si 2p near edge regime and 530-550 ¢V in steps of 0.2
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eV for the O 1s near edge regime. For each photon energy a scattering curve
is recorded and the modified Bohren-Huffman fit routine is applied to find the
real and imaginary parts of the refractive index while keeping the central di-

ameter and polydispersity constant. The size distribution found at 375 eV is

used (cf. Fig. 5.8).

5.3.1 Refractive Index Near the Si 2p Absorption Edge

There are two parameters that determine the experimental scattering pattern
of soft X-rays scattered from free nanoparticles, namely the complex refractive
index and the size distribution of the nanoparticles. At the photon energy
that was used to determine the size distribution (375 eV) the position of the
minima in the scattering pattern is not significantly influenced by changes in
the refractive index (cf. Fig. 5.5). This allows a unambiguous determina-
tion of the refractive index without any assumptions about the density of the
nanoparticles.

Near the Si 2p absorption edge, this is not the case since the size distribu-
tion and the refractive index are both strongly influencing the scattering pat-
tern. Fig. 5.10 (a) shows a comparison of an experimental scattering pattern
recorded at 109.3 eV using 183 nm + 6% SiO, nanoparticles compared to fits
using different size distributions for the nanoparticles. The simulations corre-
spond to using a size distribution of 178 nm 4 6%, 181 nm + 6%, 183 nm =+ 6%,
and 185 nm =+ 6%, respectively. The Bohren-Huffman code is then used to
determine the refractive index that gives the closest fit to the experimental
data. The values for the refractive index obtained in this way when assuming
different size distributions are listed in Table 5.3. The numbers in the brackets
are standard deviations. The simulated scattering patterns have been multi-

plied by 1.5, 2.5, 4, and 7, respectively to shift them on the log-scale in order
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to make a comparison easier. For the different size distributions, a suitable
fit to the experimental data is found in all cases, but the obtained refractive
indices are different. This shows that it is not possible to unambiguously de-
termine the refractive index of SiOy nanoparticles in this range without prior
knowledge of the size distribution.

Fig. 5.10 (b) shows the same experimental scattering pattern as in Fig. 5.10
(a) but includes simulations using the size distribution obtained at 375 eV
(183 nm + 6%) and the refractive index obtained from Fig. 5.10 (a) by as-
suming 178 nm + 6% and 185 nm + 6%, respectively (Table 5.3). This shows
that both the size distribution and the refractive index have a significant effect
on the scattering patterns at this photon energy, which means that the size
distribution and the refractive index cannot be independently determined at
109.3 eV. For the determination of the refractive index in the Si 2p regime,
the angle range 3.4-5.1° is used. The reason is that for this experiment, an
electron detector is positioned near the scattering center that blocks the scat-
tering pattern at higher and lower angles. This is, however, not a significant
disadvantage for the analysis since the first minimum is clearly observed in
the angle range 3.4-5.1 °. If no minima are observed, it is neither possible to

unambiguously determine the refractive index nor the size distribution. Fig.

Table 5.3: Complex refractive indices found in Fig. 5.10 (a).

Size Distribution | Re(n) Im(n)
178 nm = 6% | 0.9786(4) | 0.0196(3)
181 nm + 6% | 0.9807(3) | 0.0142(3)
183 nm £ 6% | 0.9819(3) | 0.0111(3)

(2) [ 0.00833(3)

185 nm + 6% 0.9831(2

5.11 shows the results of determining the refractive index of SiO, nanoparticles

in the Si 2p regime. Since the size distribution and refractive index cannot be
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Figure 5.10: (a) Simulated scattering patterns from SiO, nanoparticles at a
photon energy of 109.3 eV when assuming different size distributions. Scat-
tering curves from SiO, nanoparticles can have similar shapes when varying
both the size distribution and the refractive index. This exemplifies the need
to separately determine the size distribution. The values for the refractive
index are liste din Table 5.3 The simulated curves have been multiplied as is
shown in the Figure for easier comparison. (b) shows simulations using a size
distribution of 183 nm + 6% and the refractive indices indicated in the figure.

determined independently in this photon energy range, results are shows when
using different size distributions. The photon energy is varied in the range
106-115 eV in 0.1 eV steps and for each photon energy an analysis similar
to the one in Fig. 5.10 (a) is performed. When using different size distribu-
tions, the values obtained from the analysis for the refractive index change.

When using 181 nm =+ 6%, 183 nm =+ 6%, and 185 nm =+ 6%, the real part of
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Figure 5.11: Real (a) and imaginary (b) parts of the refractive index in
the Si 2p regime obtained from the scattering curves when using different size
distributions. The size distributions that are used are the same as in Fig. 5.10.

the refractive index has a maximum in the range 107-108 eV and a minimum
around 109 eV. When using 178 nm + 6%, no realistic value for the real part
of the refractive index could be derived in the photon energy range 107-108
eV. This is an indication that this value is too far away from the true size dis-

tribution. This is a significant finding, since the central diameter of 178 nm is
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the size distribution obtained from transmission electron microscopy whereas
the central diameter obtained with elastic soft X-ray scattering at 375 eV is
183 nm. This shows that the size distribution of the nanoparticles needs to
be determined un situ in order to be able to reliably determine the refractive
index in the Si 2p regime. Likewise, the simulations reveal distinct changes of
the imaginary part of the refractive index (Fig. 5.11 (b)) when using different
size distributions. For the size distributions used, the imaginary part of the
refractive index is the highest by assuming 178 nm =+ 6% and the lowest by
assuming 185 nm =+ 6%. However, the general shape of the curve is similar for
all size distributions, showing a maximum at 108.3 eV, except when assuming
178 nm =+ 6%, in which case this feature is narrower than for the other size
distributions.

In Figure 5.12 the results of the determination of the real and imaginary parts
of the refractive index of SiOy nanoparticles near the Si 2p absorption edge is
shown when using d=183 nm + 6% and is compared to the values reported by
Filatova et al. for bulk amorphous SiO, [214]. The error bars are the statistical
error. The real part of the refractive index is in general somewhat higher than
the values published by Filatova et al., which is to be expected for the less
dense nanomaterial. For instance, at 112.5 eV, the refractive index reported
by Filatova et al. is 0.98452+0.01071i, whereas it is 0.9861(2)40.0082(3)i in
this work. A minimum is observed at 109.2 eV as well as a maximum at
107.7 eV. These features are both similar in the work of Filatova et al., but
the amplitude is significantly different. The Si 2p binding energy relative to
the vacuum level is 108.0 eV and is indicated by a flag in the Figure 5.12 (b)
(Chapter. 4, [22,23,151]). The imaginary part of the refractive index shows a
maximum at 108.3 eV. The position of the maximum of this feature is similar

to that reported by Filatova et al. for bulk amorphous SiO,. The positions
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Figure 5.12: Refractive index of d=183 nm + 6% SiO nanoparticles near
the Si 2p absorption edge (IE=108 eV) as determined by applying the Mie
formalism to angle resolved X-ray scattering curves: (a) corresponds to the
real part of the refractive index and (b) corresponds to the imaginary part.
For a comparison, the results derived by Filatova et al. for bulk amorphous
SiO, are indicated by blue circles [214].

of this maximum corresponds to the maximum seen in the total electron yield
spectrum of SiOy nanoparticles in Figure 4.1 (a). This is expected, since the

absorption is proportional to the imaginary part of the refractive index. The
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imaginary part of the refractive index derived in this work is significantly lower
than that reported in Ref. [214] in the photon energy range 106.0-107.5 eV.
This is likely due to the lower density of the SiO, nanoparticles.

5.3.2 Refractive Index Near the O 1s Absorption Edge

The real and imaginary parts of the refractive index of SiO5 nanoparticles near
the O 1s inner shell absorption edge are shown in Figure 5.13. The real part
has a maximum at about 536 eV. At the maximum of the real part the deter-
mination of the refractive index becomes less reliable due to lower scattering
signal than at photon energies below the maximum. The lower signal can be
attributed to the higher value of the real part of the refractive index (cf. Fig.
5.5). This is reflected by large error bars. This can be compared to the exam-
ple in Fig. 5.5 where the intensity of scattering from SiOs nanoparticles with
a higher real part of the refractive index is lower than for SiO, nanoparticles
with a lower real part of the refractive index. The imaginary part of the re-
fractive index can again be compared to the total electron yield data (Fig. 4.1
(b)). The imaginary part of the refractive index should show an overall struc-
ture similar to the total electron yield measurements. The determination of
the imaginary part can only be said to qualitatively reveal an absorption edge.
The values of the imaginary part of the refractive index can be seen to scatter
around a higher value in the above-threshold regime 540-543 eV than in the
regime 530-535 eV which is below the O 1s threshold.

Note the different scales in Figs. 5.12 and 5.13: The change of the refractive
index in the Si 2p region is greater in absolute terms than in the O 1s regime.
In the Si 2p regime, the real part varies in the range 0.9819(3)-0.9900(4) and
the imaginary part in the range 0.0072(3)-0.0185(4). In contrast to this, the
real part in the O 1s regime varies between 0.99872(5)-0.9995(1) (when disre-
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Figure 5.13: Refractive index of SiO, nanoparticles near the O 1s absorption
edge (IE=537.1 eV), as determined by applying the Mie formalism to angle
resolved soft X-ray scattering curves: (a) corresponds to the real part of the
refractive index and (b) corresponds to the imaginary part. For a comparison,
the results derived by Filatova et al. for bulk amorphous SiO, are indicated
by blue circles [214].

garding obvious outliers around 537 eV) and the imaginary part in the range
0.0001(1)-0.0011952(5). This is in accordance with the observation in the X-

ray regime that the real part of materials approaches unity and the imaginary



Elastic X-ray Scattering from Free SiOy Nanoparticles 107

part approaches zero with increasing photon energy. These results show that
analysis of small angle soft X-ray scattering patterns with the Mie formal-
ism is a sensitive way to probe small changes in the refractive index of free
nanoparticles near inner shell absorption edges. The scattering patterns clearly
depend on both the size distribution and the refractive index. To determine
the refractive index in a spectral region where it changes rapidly as a function
of the photon energy, it is necessary to independently determine the size dis-
tribution of the nanoparticles. Otherwise, the effects of the size distribution
and the refractive index on the scattering patterns cannot be unambiguously

disentangled.

5.4 Conclusions and Outlook

Elastic scattering of soft X-rays from free SiO, nanoparticles is successfully
recorded. The scattering patterns show the expected strong forward compo-
nent and clear structures of minima and maxima, as is typical for Mie scatter-
ing. By analyzing these curves using the Mie formalism, three different sizes
of nanoparticles are studied and compared to size distributions derived with
transmission electron microscopy. The size distributions determined are in
full agreement with size distributions determined with transmission electron
microscopy for two out of the three samples. For the largest sample stud-
ied, however, the nanoparticles in the nanoparticle beam are 3% larger than
determined by electron microscopy. It has been reported that SiOy nanopar-
ticles prepared by the Stober approach tend to shrink when put into high
vacuum of an electron microscope due to evaporation of solvent in the pores
of the nanoparticles. The present findings indicate that nanoparticles in the

nanoparticle beam are already mostly dried when interacting with the soft X-
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rays with the exception of the largest particle sample which is evidently not
completely dried.

The refractive index of the nanoparticles in the regime of the Si 2p and O 1s
absorption edges is determined from the angle resolved scattering patterns.
The refractive indices are compared to results derived earlier by reflectometry
on bulk amorphous SiOg [214]. Clear changes in both parts of the complex
refractive index could be observed. The comparison showed that elastic scat-
tering of X-rays is a sensitive tool to probe the optical constants of spherical
nanoparticles in the core level regime. This method has the significant advan-
tage over the Kramers-Kronig method that there is no need to scan over a
wide photon energy regime to gain information about the complex refractive
index of the material under study. With the nanoparticle beam technique, it
will be possible to determine size distributions and refractive indices for free
nanoparticles of different materials without any interaction with a surrounding
medium.

Extending this setup to simultaneously measuring the small angle and wide
angle scattering ranges would allow for probing of both global (size, shape,
refractive index) properties of free nanoparticles, and local properties of the

surface region without any influence from a surrounding medium.



Chapter 6

Excitation of Free SiO»
Nanoparticles by Few-Cycle

Laser Pulses

In this chapter results from experiment will be presented in which the electron
emission from free SiOy nanoparticles is studied after excitation by ultra-short
laser pulses of well defined, but variable waveform. In contrast to the experi-
ments presented in Chapters 4 and 5, the photon energy of the exciting radi-
ation is in the infrared regime, i.e. well below the ionization threshold of the
nanoparticles and the interaction is characterized by the strong electric field.
By controlled variation of the waveform - more precisely the carrier-envelope
phase - the direction of electron emission can be controlled. Moreover, the
kinetic energies of the emitted electrons are found to be higher than what is
known for rare gas systems and this will be attributed to rescattering of the
electrons at the surface of the nanoparticles in an effective electric field which
is more intense than the laser field due to contributions from the polarization

of the dielectric spherical nanoparticle and to a Coulomb field from free charges

109
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on or near the nanoparticle surface.

Strong laser pulses of well-defined waveform have been used to study and
control ionization and dissociation processes for a variety of systems, includ-
ing atoms [30], molecules [31,117] and solids [238]. The interaction of strong
few-cycle laser pulses with nanostructured materials has also been studied pre-
viously for a variety of systems [85,239-244], but in this Chapter the first study

using free nanoparticles in a nanoparticle beam will be discussed.

6.1 Electron Emission

Figure 6.1 shows typical momentum maps recorded after exciting (a) xenon
atoms and (b) SiO, nanoparticles by ultra-short laser pulses at an intensity of
1.9 - 10'3 W/em?. They correspond to a cut through the reconstructed three
dimensional distribution in the plane defined by the propagation direction of
the laser pulses and the electric field polarization axis [136] (cf. Chapter 3).
The polarization axis is shown with a double headed arrow. The momentum
scale in Fig. 6.1 is retrieved from velocity map images by determining the
location of above-threshold ionization peaks in xenon along the polarization
axis of the laser pulse and using the fact that the distance between them is
given by the photon energy of 1.72 eV which corresponds to a central wave-
length of 720 nm. The electron emission from xenon in Fig. 6.1 (a) shows
both direct photoemission and electrons rescattered from the ionic core [245],
which is characteristic of short pulse (strong field) ionization of xenon similar
to what has been reported before [246]. Electrons emitted directly (without
rescattering at the ionic core) have kinetic energies up to 2 U, where Up is the
ponderomotive potential of an electron in the laser field. The 2 Up limit is

indicated in Fig. 6.1 (a) by a dashed circle.
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Figure 6.1: Momentum maps of electron emission from (a) xenon and (b)
SiO9 nanoparticles after excitation with ~ 5 fs laser pulses with a peak in-
tensity of 1.9 10'3 W/em?. The emission from the SiO; nanoparticles can be
seen to have a more continuous angular distribution and to extend to higher
momentum. The size distribution of the nanoparticles is 109 nm =+ 6%.

For higher electron kinetic energies, the electrons are mainly emitted along
the polarization axis of the laser beam. The fastest electrons are the ones that
propagate into the vacuum, are brought to a standstill and turn around towards
the ionic core where they are scattered by an angle of 180° back away from the
ionic core. This rescattering is the cause for strong-field physics phenomena
such as high-harmonic generation [79], nonsequential multiple ionization [80],
and above-threshold ionization [247]. These phenomena are dependent on the
interaction of the returning electron with the ionic core. Chapter 2 deals with
the rescattering process in more detail. For lower kinetic energies, numerous
different trajectories contribute to the electron signal [85,248].

In Fig. 6.1 (b), SiO5 nanoparticles are excited using the same laser parameters
as in Fig. 6.1 (a). A comparison of the electron emission from the nanopar-
ticles and xenon shows a more continuous distribution for the emission from

the nanoparticles both with respect to the angle of emission and kinetic ener-
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gies. For xenon the emission is stronger along the polarization axis of the laser
pulses, whereas it is more isotropic for the SiO, nanoparticles. Likewise, the
kinetic energy distribution is more continuous and does not show the above-
threshold ionization features as from the xenon atoms as is visible in Fig. 6.1
(a). In addition, the electrons emitted from SiOy nanoparticles extend up to
higher kinetic energies than those from xenon. The nature of these differences

is discussed in this chapter [249].

6.2 Carrier-Envelope Phase Dependent Elec-

tron Emission

For laser pulses that last only for a few oscillations of the electric field in
length, the amplitude of the pulse envelope changes almost as fast as the
electric field oscillates. In this experiment, the pulse duration is ~ 5 fs, which
corresponds to /= 2 oscillations of the electric field at a wavelength of 720 nm.
The relation between the maximum of the pulse envelope and the maximum
of the electric field is described by the carrier-envelope phase (or absolute
phase) [250]. Fig. 6.2 shows the electric field of a few-cycle pulse, which
is given by E(t) = Ey(t)cos(wt + ¢cpp), where ¢ogp is the carrier-envelope
phase, w is the carrier angular frequency and FEj is the peak amplitude. In
Fig. 6.2 (a) the maximum of the envelope coincides with the maximum of the
electric field corresponding to ¢cgpp = 0, whereas in Fig. 6.2 (b) the maximum
of the envelope is at a zero-crossing of the electric field which corresponds to
¢cpp = /2. In Fig. 6.2 (c) the carrier-envelope phase takes a value of 7
and therefore the field maximum coincides again with the envelope maximum,
where the electric field in (c) is pointing into the opposite direction relative

to Fig. 6.2 (a). By varying the carrier-envelope phase, the electron emission
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Figure 6.2: Electric field of few-cycle laser pulses with a 5 fs pulse length
(FWHM). The phase difference between the maximum of the envelope (blue
line) and maximum of the electric field (red line) is called the carrier-envelope
phase. A pulse is shown for three different values of the carrier-envelope phase.
In both (a) (pcep = 0) and (c) (pcpp = ), the maximum of the field
oscillations and the envelope coincide, but with the field pointing in opposite
directions.

direction can be controlled. To quantify the carrier-envelope phase dependence
of the electron emission, an asymmetry parameter A(W, ¢cpp) is introduced,
where W is the electron kinetic energy and ¢ogp is the carrier-envelope phase.
It describes the ratio, for electrons of a given kinetic energy, between the
difference of the integrated emission in a cone in the up-direction and down-
directions on the momentum images divided by the sum of the emission into

both directions:

Pup(m ¢CEP> - Pdawn(VVa ¢CEP)
Pup(I/Vu (bC’EP) + Pdown<W7 ¢CEP)

AW, 6) = (6.1)

Here, P,, and Py, are cones of 50° opening angle along the polarization axis

of the laser pulses [30]:

360° 25°
Pup= [ P(W.bcpe)dd+ [~ POW.ocne)dd (6.2)

35°
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and
205°

Paown = - P(W, ¢crp)dd (6.3)
Here 0° is the polarization direction of the laser pulses. In Fig. 6.3 (a) and
(b) typical values of the asymmetry parameter of the electron emission from
109 nm + 6% SiO, nanoparticles and xenon, respectively, are shown by a false
color map as a function of the carrier-envelope phase and the electron kinetic
energy. The laser intensity is 1.9 - 101 W/em? in both cases and is determined
by the experimental cutoff energy of the electron emission from xenon with the
cutoff energy expected from the rescattering model. The carrier-envelope phase
is changed systematically over 3.7 m and for each value of the carrier-envelope
phase an image, similar to those shown in Fig. 6.1 is recorded and the asym-
metry parameter is determined for different electron kinetic energies. Positive
numbers (reddish colors in Fig. 6.3) indicate preferential emission in the up-
direction and negative numbers (bluish colors) indicate preferential emission
in the down-direction. Both systems show a clear dependence of the direction
of the electron emission on the carrier-envelope phase by oscillations between
preferential emission in the up and down-directions as the carrier-envelope
phase is varied. When the carrier-envelope phase is changed from 0 to m, the
emission of fast electrons from the SiOy nanoparticles goes from being pref-
erentially into the up-direction to being preferentially into the down-direction
after going through a region of non-preferential emission with regard to the
up and down-directions, where the asymmetry parameter is about zero. The
absolute value of the carrier envelope phase is determined by the asymmetry of
the electron emission in the cutoff region, where the electrons with the highest
kinetic energy will be due to 180° backscattering relative to the polarization
axis. This implies that they are especially sensitive to the absolute phase [85].

Changing the limits for the definitions of the up and down emission in egs.
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6.2 and 6.3 changes the absolute value of the asymmetry parameter but does
not change the periodic structure of the electron emission when varying the

carrier-envelope phase.
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Figure 6.3: Asymmetry of electron emission in the up and down-direction
from (a) free SiOy nanoparticles and (b) xenon as the carrier-envelope phase
is systematically varied over 3.7 w. The clear carrier-envelope phase depen-
dence can be observed for both systems that oscillates in phase for higher
kinetic energies since the electrons with the highest kinetic energies corre-
sponds to backscattered electrons. The diameter of the SiO, nanoparticles is
109 nm =+ 6%.

It is noted that by exciting the free nanoparticles by few-cycle laser pulses
one can treat the laser induced electron emission and acceleration separately
from possible processes that take place on a longer time scale such as resonant
heating and subsequent expansion [251,252].

If the cutoff energy for the two systems is compared, one finds that the cutoff is
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15.7£0.5 eV for the xenon atoms and 49.643.0 eV for the SiO5 nanoparticles.
The classical cutoff energy for the Xe atoms corresponds to 10 U,, whereas
the cutoft energy for the SiO, nanoparticles corresponds to 54.1+4.4 U,. The
cutoff energies are indicated by dashed lines in Fig. 6.3. They are assumed
to be at the electron kinetic energy at which the carrier-envelope phase de-
pendence terminates. This experiment is repeated for different sizes of the
nanoparticles (central diameters of 52 nm, 82 nm, 105 nm, 109 nm and 147
nm and a polydispersity of =~ 4-6% as determined by transmission electron
microscopy) and using different laser peak intensities (1.0 - 4.5 10'3 W/cm?).
The resulting cutoff energies as a function of the intensity are presented in Fig.
6.4 for different nanoparticle sizes.

Each experiment on the SiO, nanoparticles (corresponding to one point in
Fig. 6.4) is repeated with xenon by using the same laser parameters in order
to determine the peak intensity using the xenon cutoff. The cutoff for xenon is
assumed to be 10.007U, + 0.5831,, where Ip is the ionization energy of xenon,
as suggested by Busuladzic et al. [253]. The results from Ref. [253] go be-
yond the classical picture of rescattering, where a value somewhat higher than
the purely classical value of 10.007U, [83] is found. Busuladzic et al.’s higher
estimate of the cutoff energy is more in line with what has been observed exper-

imentally [254,255]. Having found the ponderomotive potential, the intensity

UP
9.33~14[eV](Aluml])?

of the radiation is calculated using the formula I[W/cm?] =
where, if U, is entered in units of eV and A in units of pm yields peak inten-
sities in units of W/em?.

For all nanoparticle sizes the cutoff energy is found to be significantly higher
for the SiOy nanoparticles than the 10 U, classical limit, as is known for rare
gases, which is indicated by a dashed line in Fig. 6.4. Furthermore, when

increasing the laser peak intensity, the cutoff energy of the emitted electrons
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Figure 6.4: The cutoff energies for electron emission from free SiO5 nanopar-
ticles with different particle sizes in the laser peak intensity range 1.0 —
4.5 10" W/em?. A linear fit gives 53.0 & 0.6 U,

increase. However, a dependence on the size of the nanoparticles could not be
observed. A linear fit through the data points in Fig. 6.4 yields a dependence
of the cutoff energy on the laser intensity which in units of the ponderomotive

potential is found to be 53.0+0.6 U,,.

6.3 Modeling the Enhanced Electron Acceler-

ation

To understand the higher cutoff energies found in the electron emission from
the SiO, nanoparticles compared to that from Xe, one has to consider the
different environments in which the ionization and subsequent driving of the

electrons by the laser field takes place and what influence that environment
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has on the backscattering mechanism. The two different cases can be summed

up as follows:

e (a) For the rare gas, the electron is set free and will be driven only by
the applied laser field and can return to the ionic core that is otherwise
surrounded by the vacuum. This corresponds to the case of the classical

model.

e (b) For the nanoparticles, electrons is set free from a dielectric of a size
which is much larger than the distance traveled by the electrons in the
vacuum and will be polarized by the applied field. Due to the high
local density of atoms in the nanoparticle as compared to rare gases, the
electron will interact with the charged particles from other ionization

events elsewhere on or near the nanoparticle surface.

A model is developed by Th. Fennel (University of Rosctock) in which the
ionization and propagation of the electrons in an effective electric field is con-
sidered [249]. The effective electric field consists of: (i) The enhanced laser
field due to the polarization of the nanoparticle and (ii) a Coulomb field due
to free charges. This effective field is thus distinctly different from the field
an electron set free from an isolated atomic gas will experience. The observa-
tion of enhanced cutoff energies in higher harmonics generation using 140 fs,
A = 825 nm from rare gas clusters has been attributed to higher electron recom-
bination energies due to the locally enhanced field at the cluster surface [256].
In the present study, the interaction with the laser pulses is significantly dif-
ferent since no resonant heating takes place due to the short pulse length.

On the basis of this model, Monte Carlo simulations [257] are conducted. The
ionization step is assumed to proceed via tunnel ionization at a surface atom.

The rate of ionization is assumed to be given by the Ammosov-Delone-Krainov-
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rate [258] using the field strength at the surface of the nanoparticle and the
ionization potential of elemental silicon (7.16 €V) [259]. The tunnel ioniza-
tion step is a purely quantum mechanical process, but the subsequent electron
propagation is treated classically by the model. Rate equations are used for
the propagation and scattering of electrons similar to what is used for charge

transport in bulk materials [257]. The propagation of the electrons is given by
e

= —Vorl/ 6.4

= Vs () (64)

where e and m are electron charge and mass and ®°//(r) is an effective po-
tential, which not only includes the laser field but also contributions from the
polarization of the nanoparticle and from free charges. Energy loss of the
electrons due to inelastic scattering and collisional ionization is not taken into

account.

6.3.1 Polarization of the Nanoparticle

Placing a dielectric sphere into an electric field, such as the SiOs nanoparticles
in the laser field Fr.s, leads to a joint electric field that is given by the

following expressions inside and outside the sphere:

3

Elnside — F aser 6.5
v Laser 4 o (6.5)
and outside the sphere
EOutside - F (1 . e—1 R3 ) (6 6)
y — LYLaser e+ 9 ‘y|3 .

Here € is the dielectric constant of the sphere. In Fig. 6.5 the field enhancement

inside and around the sphere is shown in units of the unperturbed laser field.
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Figure 6.5: Field enhancement inside and outside a dielectric sphere with the
radius R that is placed in an electrical field. The enhancement is at maximum
at the poles of the sphere.

The center of the sphere is at distance 0. The radius is R, which corresponds
to the surface of nanoparticle being located at -R and +R, respectively. The
strongest enhancement is at the poles of the sphere (x=R) by a factor of 1.54
relative to the laser field without the presence of the dielectric sphere. Inside
the sphere, the field is reduced relative to the unperturbed laser field and takes
the value 0.73. For these values, a purely real dielectric constant for SiOs is as-
sumed with the value € = 2.12 [260]. If a backscattering mechanism, similar to
that considered for the atomic case, is assumed in the enhanced field, the max-
imum energy of rescattered electrons at the surface of the sphere at y = |R| in
the effective field is 10-a? U, = 10-1.54% Up = 23.72 U, which is considerably
lower than the experimentally observed cutoff energy of 53.0 £ 0.6 Up.

Fig. 6.6 (a) shows a simulation of the kinetic energy distribution of the
electron emission with rescattering at the nanoparticle surface in the effec-

tive field. The laser peak intensity for the simulation is 2.0 - 10 W/cm?.
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Figure 6.6: Simulations of the kinetic energy distribution of electrons emitted
from SiO, nanoparticles after excitation by few-cacle lasers pulses at an inten-
sity of 1.9 - 10" W/em?. In (a) the field enhancement due to the polarization
of the dielectric nanoparticle is considered and in (b) the Coulomb field due
to free charges is also included. (c) shows a comparison to the experiment at
similar laser parameters. Figure is taken from [249].

This is compared to Fig. 6.6 (c), which shows the experimental kinetic energy
distribution at 1.9 - 10" W/em?. The cutoff energy in the simulated spec-
trum is significantly lower than in the experimental spectrum (= 30 eV vs.
49.64+3.0 eV). In addition to the lower cutoff energy in the simulated spec-
trum compared to the experimental one, the decrease of the signal is steeper
in the simulated electron spectrum. In the simulated curve when using the
enhanced field due to the nanoparticle polarization, the signal decreases by
about four orders of magnitude in the kinetic energy range 0-30 eV. In the

experimental curve, on the other hand, the decrease is slower at about two or-
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ders of magnitude in the kinetic energy range 0-30 eV. Furthermore, electrons
that have undergone different numbers of scattering events have been colored
in Fig. 6.6 (a). Direct electron emission, i.e. without rescattering at the
nanoparticle surface, is shown in red color and causes electrons of low kinetic
energies. The cutoff for the direct emission is 4 Up which is in accordance with
the classical 2Up cutoff in a field enhanced by the nanoparticle polarization
(2% Up = 2-1.542 Up = 4.74 Up at the poles of the nanoparticle). Electrons
that undergo 1-2 (shown in blue color) and more than 2 scattering events
(shown in gray color) extend to higher kinetic energies. This is similar to the
atomic case, where the returning electron can undergo one or more scattering
event. As in the atomic case, the electrons at the cutoff limit have undergone

one scattering event.

6.3.2 Free Charges

Free charges, i.e. electrons as well as ions, constitute a third part of the effec-
tive driving field. In Fig. 6.6 (b) the simulation is repeated using an effective
field that also includes free charges at or near the nanoparticle surface. In the
simulation, ~ 10°® electrons are let propagate simultaneously so that the effect
of free charges can be evaluated.

When including the Coulomb field due to the free charges, the cutoff extends
to higher kinetic energies and shows a better agreement with the experimen-
tally observed cutoff. The contribution of direct emission with no rescattering
(red color in Fig. 6.6 (a)) vanishes as the direct electrons get trapped at the
surface and cannot leave the nanoparticle to be detected. When comparing
the simulation done using free charges (Fig. 6.6 (b)) with those done without
free charges (Fig. 6.6 (a)) is it seen that the simulation including the Coulomb

field from free charges shows a less steep decrease which is more in resem-
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blance to the experimental electron spectrum (fig. 6.6 (c)). This is mostly due
to trapping of the direct electron emission. The free charges discussed in this
Section are all located at other sites of the same nanoparticle. Only a single
nanoparticle is probed at any given time due to the low nanoparticle density
(i.e. &~ 105/cm?) in the interaction region so that any influence from charges
on neighboring nanoparticles can be neglected.

Including the Coulomb field in the simulations has two effects that are consid-

ered:

e [t loosens the birth time requirements, as defined by the time during
the pulse at which the electron is released into the vacuum. With the
Coulomb field the time window in which electrons can be emitted and

reach the maximum kinetic energy after rescattering is larger.

e Repulsion of fast electrons by slow electrons near the surface. This cor-

responds to a many-electron effect.

In Fig. 6.7 (a) and (b), the result of simulations of the phase space distri-
bution of the electrons is shown 35 fs after the peak of the laser pulse. This
corresponds to the pulse already having left the ionization region. The laser
intensity is 2 - 10" W/em? (as in Fig. 6.6) and the carrier-envelope phase
is set at Popp = 0, which corresponds to the maximum of the electric field
pointing in the up-direction (cf. Fig. 6.2 (a)). Shown are the cases when only
a field enhancement due to the nanoparticle polarization is included (cf. Fig.
6.7 (a)) and when an additional component from free charges in also included
(Fig. 6.7 (b)). In Fig. 6.7 (a), kinetic energies of electrons in up-direction
extend up to &~ 30 eV, whereas the kinetic energies of the electrons emitted in
down-direction extend to &~ 25 eV. This corresponds to control of the emission

direction due to waveform controlled the few-cycle laser pulses. In Fig. 6.7 (b),
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Figure 6.7: Phase space map of simulated electron emission from SiOq
nanoparticles 35 fs after the peak of the laser pulse. The carrier-envelope
phase is 0. In (a) the electron emission in the up and down-directions is simu-
lated in an enhanced field due to the polarization of the SiO5 nanoparticles. In
(b), a contribution from free charges is included. See text for details. Figure
is taken from [249].

a contribution from the Coulomb field due to free charges is included. Here,
the kinetic energies of the electrons emitted in the up and down-directions,
respectively, both extend to higher values than in the simulation without the
Coulomb field, with the electrons emitted in the wup-direction extending to
the highest kinetic energies. The contribution from the free charges causes
slow electrons (mostly directly emitted electrons without rescattering) to be
trapped near the nanoparticles.

For further analysis of the contribution from free charges, Fig. 6.8 shows the
results of the simulations with respect to the birth time of the electrons. The
laser parameters are the same as in Fig. 6.7. In Fig. 6.8 (a) and (b) the kinetic
energies of the electrons are shown as a function of their birth time within the
laser pulse with and without including the Coulomb field, respectively. The

analysis of Fig. 6.8 reveals that the fastest electrons are born shortly after
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Figure 6.8: Simulation of the kinetic energy of emitted electrons as a function
of the birth time during the laser pulse. In (a) an enhanced field due to
the nanoparticle polarization is included, and in (b) a contribution from free
charges is included as well. The laser parameters are the same as in Figs. 6.6
and 6.7. See text for details. Figure is taken from [249].

the maximum of the field amplitude when the Coulomb field is not included.
This is similar to the case for xenon atoms where the highest kinetic energy
electrons are set free shortly after the maximum of the fied amplitude [85] (cf.
Chapter 2). In contrast to this, electrons that are directly emitted without
ever returning to the ionic core have birth times before the maximum. When
including a contribution from free charges, however, the electrons that end
up with the highest kinetic energies are born at or shortly before the maxi-
mum of the laser field amplitude. Thus the free charges cause a loosening of
the birth time requirements leading to higher kinetic energies of backscattered
electrons. After the fast electrons have left the nanoparticles and the laser
pulse has left the interaction region, a smaller additional acceleration (typi-
cally 5 eV for 50 eV total energy) is caused by space-charge repulsion between
the liberated electrons. The ionization and acceleration mechanism discussed

here is different from the one responsible for electron acceleration from clusters
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when interacting with ultra-short laser pulses which is attributed to resonant
plasmon excitation in the clusters [261,262].

Fig. 6.9 shows the experimentally observed cutoff energies from SiOy nanopar-
ticles as a function of the laser peak intensity for different sizes (similar to Fig.
6.4) and includes the cutoff intensities obtained from simulations similar to
those described, but for different laser peak intensities. The green line with tri-
angles shows the cutoff obtained from simulations, which include free charges,
as discussed above and the purple line with squares describes the cutoff ener-
gies derived when free charges are not included in the simulations. The case
that is discussed above at an intensity of 2-10'3 W/cm? is thus one of the green
triangles and purple squares, respectively, when including or not including the
contribution from the free charges. The cutoff intensities obtained from sim-
ulations when including a contribution from free charges is higher than when
not including them. For the entire laser intensity range that is studied here,
the simulations including an effective field composed of an enhanced laser field
due to the polarization of the spherical dielectric nanoparticles and contribu-
tions from free charges at or near the nanoparticle surface give good agreement

with the experimentally observed cutoff energies.

6.3.3 Size dependence

In the experiment, no dependence of the cutoff energy on the size of the
nanoparticles is found (cf. Fig. 6.4). The simulations predict a slight size
dependence in the studied size range due to larger contributions from the
Coulomb field for larger nanoparticles such that the cutoff energies will be
somewhat higher for larger nanoparticles. The experimental accuracy is likely
not high enough to detect the size dependence in this size range.

Another aspect that can lead to size dependent processes in the interaction of
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Figure 6.9: The cutoff energies for electrons from the SiO, nanoparticles for
different particle sizes in the laser peak intensity range 1.0—4.5 10'3 W/cm?. In
addition to the experimental point, cutoff energies obtained with simulations
including (i), and not including (ii) a contribution from free charges are shown.
See text for details.

dielectric spheres with ultra-short laser pulses is concerned with the propaga-
tion of the light within the sphere. The simulations discussed here are done
using the dipole approximation (Egs. 6.5 and 6.6). This is permissible as the
wavelength of the radiation is much larger than the size of the nanoparticles. In
the experiments reported here, the nanoparticles have a diameter of 52-147, nm
whereas the laser central wavelength is 720 nm. If, however, the experiments
were to be repeated with either larger nanoparticles or shorter wavelengths
one would expect an angular asymmetry in the emission due to propagation
of the light within the nanoparticle. This effect should becoma visible by a
backward /forward asymmetry of the electron emission. Field distribution ef-
fects on the angular distribution of electron emission from nanoparticles has

been reported by Wilson et al. [165], where NaCl nanoparticles with diameters
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of 50-500 nm were excited with vacuum ultraviolet radiation (hv = 10.9 eV,
i.e. A =113.7 nm). In that study, the attenuation length of the radiation was
comparable to the size of the nanoparticles and photoemission was seen to be
preferentially from the side facing the incoming radiation. When using laser
pulses in the infrared or visible spectral regimes, SiO, is essentially transpar-
ent, and the asymmetry is expected to be due to nanofocusing at the backside

of the nanoparticle [263,264].

6.4 Conclusions and Outlook

In conclusion free SiOy nanoparticles are excited by carrier-envelope phase sta-
bilized few-cycle laser pulses (pulse length ~ 5 fs, central wavelength 720 nm)
and the subsequent electron emission is recorded using velocity map imag-
ing. The emission from the nanoparticles is compared to the electron emission
from atomic xenon at the same laser peak intensities which are varied in the
range 1.0 - 4.5 10" W/em?. For both systems, the emission direction could
be controlled by varying the carrier-envelope phase. A higher cutoff energy is
observed for the electrons emitted from the nanoparticles compared to those
from the xenon. In units of the ponderomotive potential, U,, the cutoff energy
for the electrons emitted from the nanoparticles is found to be 53.0 & 0.6U,
which is considerably higher than the 10 U, classical limit known for xenon.
These differences are discussed in terms of a novel acceleration mechanism in
which the electrons undergo tunnel ionization from surface Si atoms. These
are accelerated in the effective electric field and can return to the surface of the
nanoparticle where they are backcattered. Simulations of the electron emis-
sion and acceleration with an effective electric field assuming contributions

from the laser field, polarization of the nanoparticle, and a Coulomb-field due
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to free charges near the nanoparticle surface are found to accurately describe
the higher cutoff energies from the nanoparticles as well as the kinetic energy
distribution of the emitted electrons.

This mechanism is likely neither specific to SiO5 nor to nanoparticles in general.
Is should be present for all dielectric solids since it is a property of the surface
rather than a property of the nanoparticles. However, free nanoparticles in a
particle beam are ideal systems to study this effect for two reasons: Firstly,
nanoparticles have a high surface-to-bulk ratio, which makes free nanoparticles
an ideal system to study electron rescattering mechanism since the rescatter-
ing happens at or near the surface. Secondly, the nanoparticle beam approach
makes sure that damage to the particles due to the strong laser pulses can be
neglected, since fresh sample is continuously fed to the interaction region with
the laser pulses.

Enhanced electron acceleration at nanoparticle surfaces may find applications
where electron recollision is utilized such as in the generation of higher harmon-
ics pulses where it can be expected that higher photon energies are attainable
compared to atomic targets because of the higher recollision energy of the

electrons.
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Chapter 7

Conclusions

In this work, free SOy nanoparticles in a continuous particle beam are stud-
ied by soft X-rays and short-pulse laser radiation in the visible regime. By
preparing the nanoparticles in a beam which propagates in high vacuum, their
intrinsic properties can be studied without any interaction with a surrounding
medium. Furthermore, radiation damage to the nanoparticles following inter-
actions with the ionizing radiation or intense radiation can be avoided since
the nanoparticle beam continuously supplies fresh sample to the interaction
area with the soft X-rays or few-cycle laser pulses. The following results are

obtained from the experimental studies:

e Emission of one or more electrons from free SiO, nanoparticles after exci-
tation by soft X-rays and extreme ultraviolet radiation is recorded using
time-of-flight photoelectron spectroscopy. Valence electron and Auger
electron emission is observed for the first time from free, size-selected
SiO, nanoparticles. In addition, emission of inner-shell electrons and
secondary electrons is clearly distinguished, where emission of secondary
electrons is the dominant photoemission channel.

Electron-electron coincidence spectroscopy reveals emission of more than
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one electron after the absorption of one soft X-ray photon. The emis-
sion of two secondary electrons is the dominant two-electron emission
channel. Emission of inner-shell electrons in coincidence with Auger
electrons, with a secondary electron caused by the Auger electron, and

with inelastically scattered Auger electrons are also observed.

Elastic scattering of soft X-rays from free SiO, nanoparticles is recorded
in the small angle scattering regime (1.2-9.3°). The angular distribution
of the elastically scattered soft X-rays is found to be strongly forward
oriented and the shape of the scattering pattern shows distinct minima
and maxima. The position of these minima and maxima is influenced
by the size distribution of the nanoparticles and their complex refractive
index. By using the Mie formalism, the angle resolved scattering patterns
are used to determine the average diameter and the polydispersity of the
nanoparticles.

In the range of inner shell absorption edges, the photon energy dependent
refractive index is determined. For an unambiguous determination of
the refractive index, it is shown that the size distribution needs to be
determined first at a photon energy where the density of the material does
not significantly influence the positions of the minima and maxima in the
scattering patterns. This analysis is performed at a photon energy of 375
eV. The photon energy dependent refractive index near the Si 2p (106-
115 eV) and O 1s (530-550 eV) absorption edges is determined. These
results are compared with refractive index data obtained by reflectometry
on bulk amorphous SiO,. For the nanoscopic SiO, the real part of the
refractive index is generally higher and the imaginary part lower than for
bulk amorphous SiO,. This is discussed in the context of the porosity of

the SiOy nanoparticles.
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e Photoemission from free SiO; nanoparticles is studies after excitation
by phase-stabilized few-cycle laser pulses (pulse length: ~ 5 fs, central
wavelength: 720 nm). By varying the carrier-envelope phase of the laser
pulses, the electron emission direction is controlled.

The cut-off energies for electron emission from the nanoparticles is found
to be 53.0£0.6 Up where Up is the ponderomotive potential. A compar-
ison with the electron emission from atomic xenon reveals that the cut-
off energies for the nanoparticles is significantly higher than the classical
10 Up limit, which is known for rare gases. This electron acceleration is
attributed to the electron rescattering from the surface of the particles
in the locally enhanced field. A model is developed by Th. Fennel which
considers the rescattering in an effective field that includes contributions
from local field enhancement at the poles of the dielectric nanoparticles
and contributions from free charges at or near the surface. Monte-Carlo
simulations of the electron emission and rescattering yield good agree-

ment with the experimental findings.

These results show the feasibility of studying free nanoparticles in a beam
to probe their size, shape, electronic structure, ionization dynamics and non-
linear response to strong electromagnetic fields without the need to deposit
them on a substrate. Interesting avenues of further studies would be to use
the nanoparticle beam technique to investigate smaller nanoparticles in the sub
10 nm regime, where the size gap to clusters can be fully closed. For instance,
quantum size effects can be systematically explored by the use of soft X-rays
for studying free quantum dots. Further, chemical reactions taking place on
the surface of free nanoparticles, e.g. in catalysis or atmospheric chemistry are
also important subjects where a lack of knowledge exists. The application of

soft X-ray free electron lasers seems to be another promising way to study free
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nanoparticles, since they combine the characteristics of both light sources used
in this work, namely yielding intense soft X-rays pulses with pulse lengths in

the femtosecond regime.
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Short Summary

Short Summary

In this work, X-rays and intense few-cycle laser pulses are used to study
free nanoparticles prepared in a beam in high vacuum. With this technique,
nanoparticles are sprayed from a dispersion and dried, leaving an aerosol of
free nanoparticles that are transferred into high vacuum wvia an aerodynamic
lens yielding a beam of isolated nanoparticles in vacuum. The nanoparticle
beam technique allows studying the intrinsic properties of nanoparticles with-
out interaction with a surrounding medium, as is the case when deposited
samples or dispersions are studied. Furthermore, changes to the nanoparticles
over time (radiation damage, charging etc.) can be neglected, as fresh sample
is continuously fed to the interaction area.

In the first part of this thesis, photoemission from free SiO, nanoparticles is
studied after excitation by soft X-rays in a site, element, and state selective
manner. Electron-electron coincidence spectroscopy allows the identification
of numerous two-electron emission channels around the Si 2p inner shell ab-
sorption edge.

In the second part, elastic scattering of soft X-rays from free SiO5 nanoparticles
in the small angle scattering range (1.2-9.3°) allows determination of the size
and shape of the nanoparticles in situ and the determination of their refractive
indices near the Si 2p and O 1s inner shell absorption edges.

In the third part, free SiOy nanoparticles are excited by few-cycle laser pulses
with a well defined and variable waveform (pulse length: ~ 5 fs; A\: 720 nm).
By varying the carrier-envelope phase of the laser pulses, the electron emission
from SiOs nanoparticles can be controlled. The kinetic energies of electrons
emitted from SiO, nanoparticles extend to significantly higher cut-off energies
than in rare gases. This is discussed in the context of electron rescattering in

a locally enhanced electric field near the nanoparticle surface.



Kurze Zusammenfassung

Kurze Zusammenfassung

In dieser Arbeit werden freie Nanopartikel in einem kontinuierlichen Nanopar-
tikelstrahl im Hochvakuum mit weicher Rontgenstrahlung und intensiver Kurz-
puls-Laserstrahlung untersucht. Dispersionen der Nanopartikel werden ver-
spriht, die dadurch erzeugten Tropfchen getrocknet und die freien Nanopar-
tikel mittels einer aerodynamischen Linse in Hochvakuum iiberfithrt. Mit
diesem Ansatz konnen die intrinsischen Eigenschaften der Nanopartikel unter-
sucht werden ohne Einfluss von der Umgebung, wie es fiir deponierte Partikel
und Dispersionen der Fall ist.

Im ersten Teil der Arbeit wird die Photoemission von freien SiO, Nanopar-
tikeln nach der orts-, element- und zustandsselektiven Anregung mit weicher
Rontgenstrahlung untersucht. Mit Elektron-Elektron-Koinzidenzspektroskopie
lassen sich im Bereich der Si 2p Absorptionskante mehrere Zwei-Elektronen
Emissionskanéle beobachten.

Im zweiten Teil wird elastische Streuung von weicher Rontgenstrahlung an
freien SiOy Nanopartikeln im Kleinwinkelbereich (1.2-9.3°) untersucht. An-
hand von der Winkelabhéngigkeit der Streuung kann die GroBle und Form der
Nanopartikel in situ sowie der energieabhéngige komplexe Brechungsindex der
Nanopartikel im Bereich der Si 2p und O 1s Absorptionskanten ermittelt wer-
den.

Im dritten Teil werden freie SiO5, Nanopartikel mit intensiven Laserpulsen mit
variabler Pulsform angeregt (Pulsdauer: =~ 5 fs, A\: 720 nm). Durch Vari-
ieren der carrier-envelope-phase kann die Winkelverteilung der Elektronene-
mission gesteuert werden. Die cut-off Energie der Elektronenemission von den
Nanopartikeln ist um vielfaches hoher als bei Edelgasen. Diese Unterschiede
werden durch Elektronen-Riickstreuung an den Nanopartikeln in einem lokal

verstarkten Feld an der Oberflache erklart.
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