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Zusammenfassung
Ein besseres Verständnis der atmosphärischen Aerosole ist wichtig, da sie unser Leben in vielerlei
Hinsicht beeinflussen. Mehrere unbestimmte Eigenschaften von Aerosolen erfordern ein besseres
Verständnis von Clustern aus realen Gasen. Ein Cluster ist eine Ansammlung von Monomeren,
die die Lücke zwischen einem einzelnen Atom oder Molekül und der kondensierten Massephase
überbrückt. In dieser Arbeit wird eine umfassende Untersuchung von Clustern mit Schwerpunkt
auf dem Einfluss von Quelldruck, Temperatur und Agglomerationszustand auf die erzeugten
Cluster vorgestellt. Die neutralen Cluster werden durch Überschallstrahlexpansion von Ar und
CO2 unter Anwendung eines weniger untersuchten Quellendruckbereichs von 20,0 bar ≤ p0 ≤
96,0 bar und Quellentemperaturen von 230,0 K ≤ T0 ≤ 410,0 K erzeugt und anschließend durch
Ultrahochdruck-Rayleigh-Streuungsmessungen charakterisiert. Unter Verwendung der gepulsten
Hochdruck-Überschallstrahlexpansion und eines speziellen Aufbaus für die experimentelle Untersuchung der Rayleigh-Streuung, die als Ergebnis der Kollision zwischen den Van-der-WaalsClustern und den Laserphotonen auftritt, werden die relativen mittleren Clustergrößen von Ar
und CO2 mit analogen (dem Oszilloskop) und digitalen (der Photonenzählung) Techniken ermittelt. Die Analyse zeigt, dass das bekannte empirische Skalierungsgesetz von Hagena et al. [1]
möglicherweise nicht genau genug ist, wenn die Clustergrößen in realen Systemen einen größeren Bereich abdecken. Ein wichtiger Schritt ist der Übergang von Ar als nahezu ideales Gas
zu CO2 als reales System. Di Ergebnisse zeigen, dass ein ausreichend langer Impuls von 22 µs
der Düsenöffnungszeit nicht nur für eine stationäre Strömung sorgt, sondern auch die Beendigung des Clusterwachstums in der expandierenden Flüssigkeit ermöglicht. Um zu beurteilen, ob
die Werte der mittleren Clustergrößen aussagekräftig sind, wird in dieser Arbeit ein auf den
experimentellen Ergebnissen basierendes Modell vorgeschlagen, das eine geeignete Position der
Laser-Cluster-Interaktionsregion im kollisionsfreien Bereich des Molekularstrahls bestimmt. Die
geringe zeitliche Auflösung des mit dem Oszilloskop detektierten Signals führt zur Anwendung
der Photonenzählung, die eine höhere Nachweisempfindlichkeit bietet, was eine Auswertung der
detektierten Signale ohne den Einfluss von Signalartefakten ermöglicht. Im Falle von Ar-Clustern
zeigt diese Methode die Übereinstimmung des Verhaltens mit den bekannten theoretischen Berechnungen. Die Analyse der relativen mittleren CO2 -Clustergrößen zeigt dagegen, dass das theoretische Skalierungsgesetz von Hagena [1] für Cluster, die sich aus Flüssigkeiten mit hoher Dichte
bilden, nicht gut geeignet ist. Da der untersuchte Bereich der Stagnationsbedingungen von CO 2 Flüssigkeiten einen weiten Bereich ihres Phasendiagramms abdeckt, ist die Charakterisierung
der gebildeten Cluster aus verschiedenen Stagnationszuständen möglich. Dies kann auf die beiden unterschiedlichen Entstehungsmechanismen der Agglomeration aus den gasförmigen oder
gasähnlichen (überkritisch unterhalb der Widom-Linie) Phasen und des Flüssigkeitsaufbruchs
aus den flüssigen oder flüssigkeitsähnlichen (überkritisch oberhalb der Widom-Linie) Phasen zurückgeführt werden. Anhand der relativen mittleren Größe der kleinen und besonders großen
Cluster können die Cluster unterschieden werden, die durch Expansion von der gasförmigen
oder flüssigen Seite des kritischen Punktes aus entstehen, sowie ein Zwischenbereich, in dem die
Expansion die überkritischen gasförmigen und flüssigen Bereiche passiert. Bei Messungen unter
Bedingungen in der Nähe der Widom-Linie zeigen zwei unterschiedlich gemessene und berechnete
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Skalierungsgesetze einen scharfen Übergang beim Überschreiten der Widom-Linie, was zeigt, wie
der überkritische Bereich in zwei Regionen unterteilt ist. Die Ergebnisse dieser Arbeit werden den
Weg für ein tieferes Verständnis der Eigenschaften der erzeugten Cluster ebnen. Die angewandte
Methodik bietet ein sehr gutes ergänzendes Werkzeug, um in Zukunft die absolute Clustergröße
von realen Gassystemen zu untersuchen.
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Abstract
A better understanding of atmospheric aerosols is essential due to the many ways in which they
affect our lives. Several unresolved properties of aerosols require a greater comprehension of clusters of natural gases. A cluster is an accumulation of monomers, which bridges the gap between
a single atom or molecule and the condensed bulk phase. This thesis presents a comprehensive
study of clusters with a focus on the influence of the source pressure, temperature, and agglomeration state on the generated clusters. The neutral clusters are generated by supersonic jet
expansion of Ar and CO2 applying a less-studied range of source pressures of 20.0 bar ≤ p0 ≤
96.0 bar and source temperatures of 230.0 K ≤ T0 ≤ 410.0 K and then characterized by ultra-high
Rayleigh scattering measurements. Employing the pulsed high-pressure supersonic jet expansion
and a dedicated setup for the experimental investigation of the Rayleigh scattering occurring as
the result of the collision between the van der Waals clusters and the laser photons, the relative
mean cluster sizes of Ar and CO2 are detected with analog (the oscilloscope) and digital (the
photon counting) techniques. The analysis indicates that the known empirical scaling law introduced by Hagena et al. [1] may lack sufficient accuracy when cluster sizes cover a broader range
in real systems. An important step is moving from Ar as a near-ideal gas to CO2 as a real system.
The results indicate that a sufficiently long pulse of 22 µs of the nozzle opening time not only
provides a stationary flow but also enables the finalization of the cluster growth in the expanding
fluid. To evaluate whether the values of the mean cluster sizes are meaningful, in this thesis, a
model based on the experimental results is proposed, which determines an appropriate position
of the laser-cluster interaction region in the collisionless domain of the molecular beam. The low
temporal resolution of the detected signal via oscilloscope leads to the application of photon
counting that provides a higher detection sensitivity, which results in evaluating the detected
signals without the influence of any artificial peak. In the case of Ar clusters, this method reveals
the compliance of the behavior with the known theoretical calculations. The analysis of the relative mean CO2 cluster sizes, in contrast, indicate that the theoretical scaling law by Hagena [1]
does not suit well for clusters formed from the high-density fluids. Since the studied range of
stagnation conditions of CO2 fluids covers a wide range of its phase diagram, the characterization of the formed clusters from different stagnation states is possible. This may be attributed to
the two different generation mechanisms of agglomeration from the gas or gas-like (supercritical
below the Widom line) phases and liquid-breakup from the liquid or liquid-like (supercritical
above the Widom line) phases. The relative mean size of small and extra-large clusters enables
the distinction of the clusters generated via expansion from the gas or the liquid side of the critical point and an intermediate regime where the expansion passes the supercritical gas-like and
liquid-like regions. In measurements at conditions near the Widom line, two different measured
and calculated scaling laws reveal a sharp transition on crossing the Widom line, demonstrating
how the supercritical region is divided into two regions. The results of this work will pave the way
to a deeper understanding of the properties of the generated clusters. The applied methodology
provides an excellent complementary tool to study the absolute cluster size from real gas systems
in the future.
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1. Motivation
In the natural sciences, clusters involve different definitions. In chemistry and physics, a group
of bonded atoms or molecules that packed into spherically shaped objects called clusters [2–8].
As an intermediate state of matter, which connects a single atom or molecule to the condensed
bulk phase, atomic or molecular clusters are receiving recognition from both fundamental and
technical points of view. One of the critical applications of such structures is in climate science.
While a lot is known about the physical and chemical properties of atoms or molecules and bulk
materials, the properties of clusters are one of the least understood aspects in the environmental
chemistry field [9]. Although both theoretical and experimental studies of the cluster formation
and analytical information regarding their properties have received much attention over the last
century [1, 10–17], some aspects are still less studied, especially in high-density regions.
Generally speaking, the properties of elements from atoms to bulk materials can be divided into
two regimes: (I) a scalable regime where properties vary smoothly as some power-law until they
reach the bulk limit and (II) which is a non-scalable regime where the variation is highly nonmonotonic [18]. The primary motivation of this work is a better understanding of clusters that
are known to correlate these two regimes in different generation conditions. In aerosol science,
clusters are considered models to investigate fundamental physical and chemical aspects of environmental aerosols. Such atmospheric aerosols, which stem from the presence of a large number
of small particles in the atmosphere, are generated mainly by vapor condensation. They are
readily transported through the air and exert significant effects on climate change by altering
the energy balance of the climate system (scattering and absorbing visible solar radiation), the
redistribution of water [19, 20], and generally on the human health conditions, which shows the
importance of studying clusters.
Aerosol particles’ concentration, size, structure, velocity, and chemical composition are spatially
and temporally highly variable. Among all these parameters, the cluster size and the velocity
distributions are considered as two of the most important determining factors for describing the
behavior of clusters [22–24]. Several aerosol properties, especially their chemical reactivity, condensation energy, thermodynamic properties, optical properties, lifetime, and concentration [21],
depend on the aerosols’ surface area and volume distribution concerning their size. Accordingly,
a size-dependent study of the formation of model aerosols employing a highly sensitive detection
method of Rayleigh scattering is required to significantly improve the comprehension of climate
indicators. As the diameters of atmospheric particles span over four orders of magnitude, from
a few nanometers to around 100 µm, the purpose of the present project is to conduct a detailed and comprehensive experimental study of clustering over a wide range of particle size. This
necessitates moving forward from the simple ideal gas model to the formation of clusters in the
real fluid conditions.
The weakly bound atomic and molecular clusters are often attractive because they contain a
simple bonding between monomers that do not result from a chemical electronic bond, which
is essential to construct a model for application to more complex systems. A Van der Waals
(VDW) cluster is a weakly bound complex of atoms or molecules held together by intermolecular
attractions with the binding energy in the ten meV range. The well-known empirical formula
7

introduced by Hagena predicts the mean cluster size in terms of the number of atoms per cluster
based on the ideal gas law [1]. Therefore, the analysis of the generated VDW clusters consisting
of rare monatomic gases that are excellent approximations of ideal gas results in a more straightforward comparison with the theoretical values as the reference gas (Ar in this study). Some
previous studies used a simple scaling law of Hagena [25] to infer the cluster size as a function
of stagnation conditions, which is going to be examined practically in this study. In the past few
decades, many experimental and theoretical studies concerning such VDW clusters have been
described [1, 15, 22, 24]. By focusing on structural information or the measurements of binding
energies, these results from the VDW clusters were proved to bridge the ideal gas to a real gas
system and thus improve the understanding of clusters’ nucleation and growth processes.
Supercritical fluid (SCF) science and technology have piqued the interest of scientists and engineers in recent years due to the unique features of supercritical fluids and their wide variety
of applications in different domains. SCFs, in which the substance is neither liquid nor gas, are
unique in that their density and related properties are extremely sensitive to temperature and
pressure, and density inhomogeneity exists in their critical zone. The clustering of the atoms or
molecules from the supercritical systems results in many exciting phenomena. Whether the molecular clusters in an SCF system should be regarded as an individual phase thermodynamically
is unknown. Knowing whether the macroscopic fluid phase of an SCF system can be considered
one phase or divided into two phases improves the understanding of these high-density system
properties.
To produce clusters, several different methods have been implemented. We use the well-known
technique of supersonic expansion to produce cold molecular clusters in a supersonic jet in the
current thesis. Supersonic expansion is the main characterization method for the climate-relevant
aerosols model in a wide range of temperatures and pressures. Supersonic molecular beams constitute a powerful and versatile technique in modern physical chemistry, allowing strong adiabatic
cooling of gas substances during the expansion. Concerning particle size determination, the supersonic molecular beam is combined with Rayleigh scattering in this study. Among all analytical
methods, Rayleigh scattering is a non-destructive, very general method and relatively easy to
operate tool for estimating the mean size and density of the clusters as a function of the production parameters (T0 , p0 ). It is an excellent method for the experimental characterization of
the gas jets, and detailed investigations were carried out for Ar clusters using this diagnostic
method recently [41–43]. The interaction of an intense short-pulse laser with nano-sized clusters
has been a popular topic of study [37] for its potential application in neutron sources [38], X-ray
sources [39], fast electrons and ions [40], etc. Laser-cluster interaction experiments have the advantage of using the components of the same setup of the cluster formation, avoiding complicated
additional instrumentation. To implement the Rayleigh scattering method, the supersonic gas
jet is initially produced by opening one nozzle to inject the high-pressure gas into the vacuum;
the gas temperature decreases greatly during the free expansion process, and VDW forces form
the clusters.
One of the most significant problems of cluster generation is the difficulty of reproducibility of
the same clusters that depend strongly on the gas jet parameters, e.g., the monomer density and
the sizes of the clusters. An optimum cluster density profile is also required for reporting the
meaningful mean cluster size values. Both requirements are going to be achieved by controlling
the related experimental setup in the current thesis. Aiming to improve the Rayleigh scattering
method’s efficiency and resolution by optimizing the experimental parameters in this thesis, the
cluster formation mechanism is studied by applying two different detection techniques of the analog oscilloscope and digital photon counting. The known theoretical calculations are still limited
by the computational power, especially when the calculation requires a large number of particles
and tiny time steps. The experimental data generated in this thesis can be used to support future
8

theoretical studies further.
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2. Basic Principles and Research
Background
Physical or chemical bonding forces bind atoms or molecules together to form clusters. Due to
their particular characteristic properties, atomic and molecular clusters play a significant role
in many areas of the natural sciences, for instance, in semiconductor technology [44], or the
exploration of interstellar space [45]. Over the last few decades, there has been a considerable
increase in the demand for a deeper knowledge of how these nanoparticles are generated in various
domains of science and technology. Nanoparticles have different properties than bulk materials
due to their huge surface-to-volume ratio compared to bulk materials. These properties, e.g., lower
melting points, higher phase transition pressure, thermophysical properties, or size-dependent
catalytic activity [46], are related to quantum mechanics size effects or surface effects. Because
of these special properties, nanoparticles find application in different fields of sensors [47], solar
cell technology [48], functional textiles [49], and also in medicine [50], etc. Nanoparticles are also
crucial for environmental processes such as particle creation in the atmosphere, which affects
cloud formation and climate change. [51, 52]. Atomic and molecular van der Waals clusters have
weak binding forces between atoms of clusters (Van der Waals clusters show binding energy
in the ten meV range). These so-called van der Waals clusters also form model systems for
environmental aerosols, which have fundamental influences on the formation of clouds and thus
elementary weather conditions [53]. Within astrophysics, new findings have only recently been
gained in this context, which could presumably have a strong influence on future developments in
the field of climate research [54]. However, the information about the spectroscopic properties of
these particles and their quantitative chemical composition is still limited to some extent [53]. In
this study, some conclusions can be drawn about the size of these NPs through the experimental
generation of van der Waals clusters and their clustering process. Fundamental prerequisites for
these investigations are knowledge of the conditions and processes under which these clusters are
generated as well as the associated sizes of the molecular particles, which essentially determine
the mean cluster size, and thus the correlated properties [55]. It is recognized that the question
of the formation processes can serve as a basic knowledge for understanding the properties of
these microscopic particles and predicting them for future research purposes.

2.1

Cluster generation, Supersonic Molecular Beam

Several approaches for generating these nanoparticles (atomic or molecular clusters) have been developed previously in different natural sciences, but most of these techniques have certain
limitations, especially for a broader range of atomic clusters. For example, mechanical milling processes require high energies for producing particle sizes below 20 nm. Conventional wet chemistry
methods also require the use of solvents and surfactants, which are sources for contamination.
Physical aerosol-based technologies (i.e., evaporation and condensation), such as the tube furnace, have shown to be highly useful for nanoparticle creation, in which the material placed in
10

a heated crucible is evaporated and then cooled to form airborne nanosized particle [56]. The
heating, which is limited to the material of interest and the rest of the ceramic tube, is the
method’s restriction. This presents a difficult-to-control source of contamination, which is cited
as a key restriction in the manufacturing of high-purity nanoparticles [46]. The flame synthesis
techniques using a range of precursor solutions [57–59] have been recently used to produce a high
concentration of stable clusters in the cluster size ranges below 2 nm. Since O 2 exists in the flame
synthesis reactors, these methods yield into highly oxygenated clusters [60]. Organic and inorganic chemists usually synthesize the desired clusters from the molecular level in the solution with
the advantages of a high control over the concentration of each compound and the high mobility
in the solution, which allows the chemical reaction to reach the equilibrium within a short period
easily citeLaksmono2011,Shieh2011. Atomic or molecular clusters for fundamental researches are
typically generated via pulsed laser ablation where the energy of a laser locally heats up and thus
evaporates the material [62, 63]. Due to the very localized heating of the laser in this method,
laser ablation offers a high degree of control over the contamination that leads to the high surface
purity in clusters [64]. This technique applies well over a wide range of nanoparticle sizes and
is particularly fit for generating tiny atomic or molecular clusters. Nevertheless, because of the
high cost and the safety issues concerning working with a laser, this method is not widespread
for applications in the aerosol fields. Another different method that has the potential of being
considered as a cluster generation technique is spark ablation or also called spark discharge generation (SDG), introduced by Schwyn et al. [65]. In the SDG method, the particle formation
process is similar to that of laser ablation. The ion cloud of evaporated material in this method
is small compared to the other evaporation-condensation processes (e.g., using a tube furnace).
The initial cooling in this technique is governed mainly by adiabatic expansion and radiation,
which results in a relatively fast cooling down to the temperatures below the boiling point. These
features of the SDG method make it appropriate for the generation of tiny particles [66]. Since
the SDG operation is also based on the localized heating of the material, it offers good control
over the contamination of the produced nanoparticles (NPs).
Apart from all these methods, it is well-known that the expansion of a gas through a supersonic
nozzle is an effective method for the formation of neutral clusters within a condensed molecular
beam [67], in which the random thermal energy of the gas is converted into the directed kinetic
energy. A molecular beam is formed when a gas is expanded from a higher pressure region into
a lower pressure region through a small orifice. The cold molecular jets have been generated
applying supersonic jets since the pioneering work of Levy et al. [68]. The supersonic expansion
of a gas into a vacuum chamber can be used to obtain a molecular beam with high centerline
intensities, and narrow speed distributions [69–74]. Such beams are used for different applications, e.g., surface scattering experiments and atom beam microscopy [75–78]. In atmospheric
chemistry, molecular beam experiments with atmospherically relevant atoms or molecules can
provide detailed information regarding their reaction mechanisms and formation process [79].
It should also be mentioned that the researches about clustering via jet expansion method are
not limited to the expansion of gas fluids; also supercritical fluid and liquid fluid can be expanded [80]. Sensitive solutes in supercritical fluids, e.g., CO 2 or C2 H4 , can also be investigated using
the pulsed molecular beam in combination with the mass spectrometry [81]. Advanced chemical
technologies [82–85] and precise analytical methods [86, 87] are made possible by supercritical
fluids (SCFs). It is possible to extract the needed components from solid and liquid materials, including pharmaceutical products [88], plant products [90–92], technological waste products [93],
nuclear waste materials [94]. They make polymerization processes [92,93] and catalysts more efficient [95]. They improve the selectivity of needed products in analytical methods [86,87,89]. The
high efficiency of SF technologies is attributed to a favorable combination of properties present
in both gases and liquids. One of the favorable properties of liquids for SF technologies is their
11

high solubility of condensed substances, while their high diffusivity is their favorable properties
for gases. It is feasible to extract volatile molecules from solid or liquid substance and quickly
remove them from the extraction zone by combining these two processes [82–85]. This is because
SFs have a heterogeneous structure consisting of clusters, like liquid droplets [96] and freely floating in gaseous zones, or pores and bubbles filled with gas, in liquid-like zones [97, 98]. Besides,
due to the intermediate state between the atomic or molecular scale and bulk matter, clusters
can be used as model systems for studies of homogeneous nucleation in phase transitions [99].
Also worth mentioning is that physical observations beyond the critical point cannot distinguish
a liquid from a gas phase; thus only a single fluid phase is defined based on the definitions. There
are, however, some thermophysical quantities with maxima that define a line emanating from the
critical point, known as the Widom line for constant-pressure specific heat [100]. Experimental
studies, nevertheless, in the supercritical region have been limited so far, owing to technical difficulties. Fluid pressure-temperature phase diagrams show a subcritical region with two phases
(liquid and gas) and a single-phase supercritical region. Many fundamental and applied research
fields, including condensed-matter physics, Earth and planetary science, nanotechnology, and
waste management, rely heavily on structural and dynamical investigations to extend the study
of the fluid phase diagram beyond the critical point [101, 102, 201]. The cooling of the particles
due to the expansion leads to the possibility of investigating a wide variety of molecules with
different mass-spectrometric and spectroscopic methods [104]. Molecular jets of gas-phase clusters are a system of choice for studying the x-ray pulse-matter interaction for x-ray imaging
applications [105]. The interaction of the molecular beam with different surfaces is also counted
as one of their applications. Due to the low energy, the inertness, the neutral character, and
the relatively large cross-section for scattering, molecular jets are used as a scanning microscope
to image delicate surfaces [106]. Under ultra-high vacuum circumstances, the reaction of one or
more molecular beams with a crystalline surface results in epitaxial layer growth [107]. Also,
mono-layers of organic films can be grown employing molecular beam deposition [108]. In order
to form thin films of metals, insulators, and semiconductors, ionized cluster beam depositions
can be used [109]. The problem of the enormous complexity of typical heterogeneous catalysts
and the several experimental difficulties can succeed in using molecular beam methods [110]. Due
to the high centerline intensity, molecular cluster beams can be used as a high-density fuel for
fusion experiments with high efficiencies. [111]. Therefore, precise prediction of the beam centerline intensity plays an important role in designing instruments and experiments with a good
signal-to-noise ratio.
Parallel to the synthesis of clusters, many analytical techniques allow for identifying and characterizing those aggregated particles, which is essential for analyzing the desired properties.
Depending on the type of the experimental samples, several analytical methods are used accordingly. For solid samples, scanning/transmission electron microscope (SEM and TEM) and
atomic force microscopy (AFM) are used as direct techniques to measure the size and energy
distribution of the clusters, while magnetic investigation methods (such as magnetic resonance
force microscopy (MRFM), and superconducting quantum interference device (SQUID)) conduct secondary information from those clusters. Nuclear magnetic resonance (NMR) technique
for samples in solution provides structural information of the formed clusters, high-performance
liquid chromatography (HPLC) gives information about the polarity of the mixed clusters, and
optical methods (such as UV, Vis, IR, Raman, and X-ray) identify the energetic properties of each
cluster. For samples in the gas phase, different types of mass spectrometers are applied to define
the weight and size distribution of clusters by sampling as the first step, which often requires a
transfer process to carry clusters into the gas phase, and subsequently exciting and ionizing those
clusters to highly energetic status (e.g., chemical ionization, electronic ionization, field ionization,
and matrix-assisted laser desorption [112–114]). After that, the detection of these charged clu12

sters should be carried out by different mass spectrometers through several mechanisms, which
include sector instrument, ion traps, Fourier transform ion cyclotron resonance (FT-ICR), radiofrequency quadrupole mass filter, and time-of-flight (TOF) measurements [80, 115–117, 119, 120].
Rayleigh scattering is another analytical method for the generated clusters. It is a convenient
tool for verifying the existence of clusters and estimating the cluster sizes with the benefits of
being a non-destructive technique and relatively easy to use. Rayleigh scattering has been used to
study clustering in axisymmetric expansions, which confirm the dependence of the mean cluster
size on the expansion stagnation pressure [121–126, 182, 188]. However, the Rayleigh scattering
method alone cannot estimate the average cluster size because both the cluster density and the
cluster size are unknown. Nevertheless, it is a good complimentary method for further studies of
estimating these absolute values.
The focus of this thesis is to study the relative mean cluster size of carbon dioxide particles.
Because of the several applications of carbon dioxide clusters in industry and research [127], it
has become necessary to determine its thermodynamic, physical, and chemical properties over
an extended range of temperatures and pressures. Significant effort has been deployed to build
up a database through observations and theoretical calculations [128–136], which is going to be
extended in the current study.

2.2

Hagena’s scaling law

Gas-phase clusters have become a system of choice for studying the interaction of intense radiation with the matter as they are intermediate to atomic systems and the solid-state regime [40, 137–141]. Specifically rare gas clusters from a supersonic gas expansion are commonly
used because they are easy to produce and tunable in size by changing either gas pressure or temperature [148]. The influence of the so-called stagnation conditions of pressure and temperature
on the resulting cluster sizes has already been discussed in detail in earlier studies [24,142]. It was
found that, among other parameters, high stagnation pressures and low stagnation temperatures
lead to an increase in the particle number density within the molecular beam and thus sufficiently
influence the size of the resulting clusters. Semi-empirical scaling laws for calculating the average
cluster sizes in the gas jets have been derived decades ago by Hagena and others [25, 41, 143, 144]
using Rayleigh and He scattering and mass spectrometry. On this basis, the so-called Hagena
parameter [25] was developed, which enables the cluster size to be estimated depending on the
stagnation conditions with small particle number densities and the nozzle geometry. Since then,
many studies [145–147] have attempted to expand or verify this parameter. Hagena has some
assumptions for his theoretical calculations which are going to be described here. First and foremost, Hagena’s scaling law is based on the idea gas, in which gases are made up of molecules
that are in constant random motion in straight lines, the molecules behave as rigid spheres, the
collisions both between the molecules themselves and between the molecules and the walls of
the container, are perfectly elastic (that means that there is no loss of kinetic energy during the
collision), pressure is due to collisions between the molecules and the walls of the container, the
temperature of the gas is proportional to the average kinetic energy of the molecules, there are
no (or entirely negligible) inter-molecular forces between the gas molecules (which is indeed in
contrast with cluster formation mechanism), and the volume occupied by the molecules themselves is entirely negligible relative to the volume of the container. To predict the size distribution
of clusters by a continuous jet expansion, Hagena’s empirical scaling law expresses the cluster
size as a function of source geometry, source temperature and source pressure [25, 148, 149]. This
scaling function has been widely used to estimate the size distribution based on the nucleation
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process, which includes:
NC = A(
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in which NC is the average number of monomers per cluster, A is a dimensionless gas-specific
constant, and m is a scaling parameter determined experimentally. In Equation 2.2.6, Γ∗ is the
condensation parameter introduced by Hagena, which includes the gas specific constant k, the
pressure in the stagnation chamber p0 , the nozzle temperature T0 , the equivalent diameter of the
nozzle throat deq , that is approximated by the conical shape and the exponent term, q, that is a
gas-specific constant parameter determined experimentally, and s, that is defined by the number
of thermally active degrees of freedom f as s = (f −2)
for axially symmetric flows. The q value is
4
estimated to be 0.6 [1] and 0.85 [1, 15, 149] for CO2 and Argon clusters, respectively. It should
also be mentioned that the revised power for stagnation temperature including very large clusters
is proposed by Dorchies et al. [41] as a function of the ratio of the heat capacity at constant
pressure to heat capacity at constant volume γ as Equation 2.2.3, which is used in this study for
defining the appropriate fit function for the temperature scaling law for the experimental results.
In Equation 2.2.4, f (γ) is a parameter as a function of the ratio of the heat capacity [155] (0.736
for monatomic gas γ = 35 , 0.866 for diatomic gas or linear molecules γ = 73 and 0.933 for other
molecular system γ = 93 ) [16, 156]. For a sonic nozzle, the equivalent nozzle diameter deq is equal
to the throat diameter d of the nozzle, and α is the half-opening angle of the conical nozzle.
For a conical nozzle, the degree of condensation is expected to be the same as a sonic nozzle if
the shape of the diverging cone matches that of the stream tube out of the sonic nozzle. In this
study, according to the geometry of trumped nozzle, the half opening angle is between 0° and 20°
with a diameter of 100 µm. As a result, when the beam starts at low density as gas expansion,
at given geometry of nozzle, the clusters were aggregated proportional to the square root of the
number of particles in the beam, meaning that the terminal size of clusters can be referred to the
source density. The gas specific constant k in Equations 2.2.6 and 2.2.3 is calculated by Harnes
et al. as below [156]:
∆h
m 1/3
( kB0 ) f −sq
J/K 2 −6 q ( ρ )
3−q
10 (10 ) (
) (
)2
k=
kB
m
K
0

0

(2.2.5)

where kB is the Boltzmann constant, m0 is the atomic or molecular mass, ρ is the density of the
solid, and ∆h00 is the sublimation enthalpy per atom at 0 K [149]. For CO2 , q is measured to be
0.6 [1]. Because this molecule has a total of 5 thermally active degrees of freedom (f = 5), in an
axially symmetric flow, s = (f −2)/4 = 0.75. The remaining parameters to determine to calculate
the gas specific constant k for CO2 are the density of the solid at the expected temperature (F ),
and the sublimation enthalpy per atom at 0 K (∆h00 ). The lattice parameter of crystalline CO2
is (a0 /Å) = 5.540 + 4.69 × 10−6 (T /K) [157], where T is the temperature. Crystalline CO2 has
four molecules in the unit cell [158]. This gives a density of ρ = 1.669 g/mL at 108 K, which
is the estimated temperature of large CO2 clusters [159]. The sublimation enthalpy per mole
at 0 K is ∆h00 = 26250 (J/mol) [160]. Applying all of these variables leads to an estimate of
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the gas specific constant, kCO2 , of 5.58 × 105 [156]. The value of k is estimated to be 1650 for
Ar clusters [15, 161], 2360 for CH4 clusters [43, 161], 1400 for O2 clusters [162] and 528 for N2
clusters [162].
For CO2 , the expression for Γ∗ may now be simplified as the following:
Γ∗ = 5.58 × 105 (

T0
deq 0.6 p0
) (
)( )−3.05
µm
mbar K

(2.2.6)

As mentioned in Equation 2.2.4, the idealized concept of an equivalent nozzle diameter is affected
by two parameters [25]. First, the effective half-opening cone angle may be reduced due to
boundary layer effects, which leads to an increased Γ∗ value. Second, the heat of condensation
resulting from the clustering process may lead to a wider stream tube, thereby a larger α and a
smaller Γ∗ . The divergence from this idealized concept of equivalent nozzle diameter may lead to
either smaller or larger Γ∗ values [25]. This work uses a temperature-controlled trumpet nozzle
with a throat diameter of d = 100µm, and a half-opening angle of the diverging section of between
f (γ)d
0° and 20°. The equivalent nozzle diameter is then calculated to be deq = tan(α)
= 0.866×100µm
=
tan(20◦ )

f (γ)d
= 0.736×100µm
= 202.2 µm for Ar fluids in this study. To sum
237.9 µm for CO2 and deq = tan(α)
tan(20◦ )
up, Equation 2.2.8 can stem from Equation 2.2.7 as below:
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From the principle of equivalent jets, the temperature and pressure dependency of the cluster
distribution, and hence NC , is entirely contained in Γ∗ , which implies that although Hagena’s
constants appearing are determined at a particular nozzle temperature, the exponent m must be
independent of temperature. Finding the m and n parameters is one of the main goals of this
project to compare our experimental results with Hagena’s theoretical findings.
A wide variety of experimental techniques are used to study Hagena’s parameters and measure
the mean cluster size of different monomers. However, all these experiments are complemented
under a limited range of stagnation conditions. As the focus of this thesis is on argon and carbon
dioxide particles, it should be mentioned that for Ar atoms, and to the best of our knowledge,
clusters are generated under the source temperature of 100 K ≤ T0 ≤ 450 K, and the source
pressure of 0.15 bar ≤ p0 ≤ 50 bar in all previous studies. These cluster size dependence for
Ar experiments result in reporting different Hagena’s parameters as 0.75 ≤ m ≤ 4.3 for Ar,
which some confirm and some modify Hagena’s theoretical prediction [144, 146, 156]. For CO 2
studies, these conditions are 120 K ≤ T0 ≤ 450 K and 1 bar ≤ p0 ≤ 15.9 bar, which results in the
measured and calculated m of 2.2 ≤ m ≤ 3.3 [163,164]. These limited studies and the significance
of clustering under high-density monomers, and also the unclear process of clustering near the
phase transition and supercritical region, sparked the curiosity in learning more about a wider
range of stagnation conditions for Ar and CO2 in the current study. Clusters greatly influence the
thermophysical properties of near-critical gases, which is important for the advanced supercritical
fluid technologies and analytics development. This study extends to near-critical densities and
develops the earlier method of jet expansion to study the cluster formation mechanisms with
the help of formation extracted from the Online Electronic Database of NIST on thermophysical
properties of fluids.
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2.3

Generation Mechanisms of Neutral Clusters in Pulsed
Jets

Geometric limitations significantly impact particle cluster structure, which plays a significant role
in studying atomic or molecular nuclei. Nucleons preferentially arrange into shells, which leads to
the identification of the series of numbers that permit closed shells as magic numbers [165, 166].
These specific numbers are termed magic since they grant the system with closed shells and
exceptional stability. The stability of clusters with atom or molecule numbers that follow magic numbers is enhanced due to the maximized numbers of neighbors [167–169]. This tendency
leads to the formation of tiny atomic or molecular clusters. While the appearance and structure
of atomic or molecular clusters are commonly explained by the potential energy minimization,
especially at low-temperature [170], several other factors typically govern the generation of larger clusters. It should also be mentioned that small numbers of nanoparticles pack into defined
clusters with a wide variety of symmetries [171–173]. With increasing particle number, entropy maximization has been identified as the driving force favoring the formation of icosahedral
symmetry of spherical colloidal clusters [173, 174], which is also one of the assumptions of the
current study. In many applications, it is an efficient method to use pulsed valves instead of
CW-jets to match the cluster production fluid load with the repetition rate of the high-power
laser sources. Common strategies to produce massive clusters with CW-jets in a fluid expansion
cause practical problems because high stagnation pressure and large nozzle diameters induce a
very high gas load even with pulsed sources. In addition, shallow temperatures in the vicinity
of the vapor pressure curve increase the danger of freezing the nozzle, which can be solved by
generating these massive clusters with a pulsed source. Because the number of particle collisions during expansion determines the course of condensation, the gas flow rate from the source
should be increased. These issues can be solved with the help of pulsed gas-jet sources. The
fundamental advantage of pulsed sources over continuous-flow devices is their excellent economic
efficiency, which may be explained by their smaller size, fewer pumping system needs, and lower
use of high-cost materials. The pulse regime requires that the gas source operates for a defined
time and in a specific order (frequency and pulse ratio). As a result, when employing a pulse
source, the most significant challenge is forming a flow with appropriate duration and given characteristics equivalent to steady-flow expansion at the required distance from the source. The
expanding gas’s momentum ratio to that of the background gas, which must remain at its lowest
level, determines the dynamics of free gas expansion.

2.3.1

Agglomeration: Cluster Formation from gas Phase

As the first requirement of cluster formation, one should consider the surmounting of the free
energy barrier, or more precisely, the formation of the free energy barrier in case of gas-liquid
transition. Based on the statistical fluctuations, tiny embryos of the new phase, known as cluster
nuclei, can form even though they are thermodynamically unstable. After a series of fluctuations, a critical cluster may appear that is equally prone to continue to grow or turn back towards
the old phase. This mechanism of phase transition through a series of rare events is known as
nucleation. The time scale at which the phase transition occurs is related to the height of the
energy barrier in a way that the low barriers are overcome more quickly than the very high
ones. Pre-existing surfaces will assist in overcoming the high energy barrier, and this mechanism
is known as heterogeneous nucleation. However, in the context of this dissertation, only homogeneous nucleation occurring in the absence of any foreign bodies is considered. For almost a
century, nucleation has been theoretically considered based on the classical nucleation theory
(CNT) or its variations [175]. Briefly explaining, the framework of CNT consists of kinetic and
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thermodynamic parts related to the rate of fluctuations and the energy barrier height of the
studied system, respectively. In CNT, the clusters are modeled as microscopic spheres made out
of the new phase sharing its macroscopic thermodynamic properties. To study such nanoscale
systems accurately, the clusters should be treated as a collection of atoms or molecules interacting with each other under ambient conditions. Obtaining realistic but straightforward models
for the interatomic or molecular interactions is challenging. The kinetic scheme behind CNT is
exceptionally well suited for one-component nucleation where the cluster growth is dominantly monomeric, which makes this theory unsuitable for atmospherically relevant nucleation. A
more sophisticated model should be used for real systems. The clusters can grow as the result
of monomer-cluster and cluster-cluster collisions. Particle agglomeration plays an essential role
in natural phenomena and industrial processes. Examples of natural processes include the dispersion of atmospheric particulates, sediment transport and deposition in estuaries, removal
of pollutants by sediment deposition in aquatic systems, particle transport from volcanic plumes, and agglomeration of ice crystals in the atmosphere during the formation of snowflakes.
In jet expansion experiments, as particles collide with each other, there are two possibilities; 1)
they will bounce off, or 2) they will stick together. The agglomeration process consists of the
transportation and collision of particles and the attachment of the particles, followed by either
disruption or cementation of the attached particles. The cemented particles are agglomerates.
If the supersaturation is zero, no cementation occurs, and all loosely agglomerated particles fall
apart again. Since, in practice, only the combined result of disruption and cementing can be
observed, an effective agglomeration rate is generally defined. A complete discussion of different
types of adhesion forces and related models of these forces with elastic rebound and frictional
forces during particle collisions is given by Marshall et al. [176]. It should be considered that
each agglomerate is characterized by the number of particles contained in the agglomerate and
the radius of gyration.

2.3.2

Liquid-Break Up: Cluster Formation from Liquid Phase

Liquid breakup occurs when fluid in a vacuum forms a free surface with surface energy. A dense
stream of particles is forced downward when it emerges from a reservoir in these systems. The
effects of attractive forces as small as nanoNewtons between macroscopic grains can be observed using liquid breakdown [177]. Such forces provide sufficient surface tension to influence the
stream’s bulk dynamics. The system has an excess of surface energy if more surface area is present
than what is required to contain the fluid volume. When a system is not in the minimum energy
state, it will try to rearrange to get to the lower energy state, resulting in the fluid being broken
up into smaller masses to reduce the system’s surface energy by reducing the surface area. The
exact conclusion of the thread breakup process is determined by the surface tension, viscosity,
density, and diameter of the thread being broken up. The formation of minor disturbances on
the fluid’s free surface initiates the breakdown process in a fluid thread or jet. The linear theory
of fluid thread breakup describes this procedure. These disturbances are constantly present and
can be caused by various factors, such as fluid container vibrations or non-uniformity in the
shear stress on the free surface. In general, these disturbances take arbitrary shapes, making
precise analysis difficult. A Fourier transform of the disturbances is helpful to decompose arbitrary disturbances into single-wavelength perturbations on the thread’s surface. A perturbation
wavelength is imposed on the interior of the fluid thread when the pressure changes. Capillary
pressure causes changes in the thread’s internal pressure when the thread’s free surface deforms.
Capillary pressure is a function of the interface’s mean curvature at a given place on the surface,
which means the pressure is determined by the two curvature radii that give the surface its shape. The first radius of curvature in the thinned section of a fluid thread undergoing breakup is
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smaller than the thickened area’s radius of curvature, resulting in a pressure gradient that forces
liquid from the thinned to thickened areas. The second radius of curvature, on the other hand,
is critical to the breaking process. The effect of the second radius of curvature can overcome the
pressure effect of the first radius of curvature for specific perturbation wavelengths, causing a
more significant pressure in thicker parts than thinned regions. This would cause fluid to flow
back toward the thinned areas, restoring the thread to its original shape. The capillary pressure
created by the second radius of curvature, on the other side, will reinforce that induced by the
first radius of curvature for other perturbation wavelengths. This will cause fluid to flow from
the thinned to the thicker regions, promoting thread breakup even more. While the linear theory
is helpful in considering the growth of minor disturbances on the free surface, non-linear phenomena begin to dominate breakup behavior once the disturbances reach a large amplitude. The
thread’s non-linear behavior controls its final disintegration and, as a result, the shape and number of the following fluid aggregates. Non-linearity is captured through the use of self-similarity.
Self-similarity assumes that the fluid thread’s behavior as the radius approaches zero is the same
as the fluid thread’s behavior with a limited radius. The use of asymptotic expansions to develop
the necessary scaling behavior is required for detailed knowledge of non-linear thread behavior.
Based on the relevant pressures in specific situations, numerous solutions for the non-linear behavior of fluid threads have been discovered.
In theory, the sensitivity provided by such trials should enable it to distinguish between cohesive
and purely collisional contributions to the structure generation. Because the stream experiences
extensional flow in the accelerated, co-moving frame, particles that are initially contacting will
gradually separate along the axial direction unless they are held together by attraction forces.
This is similar to what happens during the free expansion of molecular jets [116, 179]. Therefore,
the details of cluster evolution, shape, and size contain information about the interparticle interactions. However, a connection between cluster properties and relevant particle parameters must
first be established to access this information. As a first step, a set of systematic simulations
designed to differentiate between the roles of stagnation conditions on cluster formation from the
gas and liquid phase is reported here. Therefore, the effect of source pressure and temperature on
the cluster generation process and the relative mean cluster size in the liquid phase and liquidlike region of supercritical fluid is considered one of the aims o this study. Such experimental
simulations can give access to cluster aspects that can explore parameters such as cluster size
and density in the high-density regions that, to the best of our knowledge, so far have not been
tested in experiments.

2.4

Rayleigh Scattering of Jet Expansion

Rayleigh scattering is considered as a method for the determination of the cluster size distributions and the observation of the mean cluster size [41, 121, 188]. Previous studies show that
Rayleigh scattering measurement is an elastic scattering of light by particles much smaller than
the wavelength of the light, which is the case in the typical molecular beam experiments, including the current study (in which the generated clusters are smaller than the wavelength of the
green laser light) [42, 121, 146, 180–182]. Through collisional heating of electrons, the generated
atomic or molecule clusters, which are effective absorbents of laser light, transfer a considerable
fraction of the laser energy to the kinetic energy of highly charged ions. Thus, clusters smaller
than 1000 nm have emerged as an alternative target for compact, table-top, laser-driven energetic
particle or photon sources, which results in a Rayleigh scattering signal. The average size and
density of the clusters have been determined using several approaches, including molecular beam
slowing [183], high-energy electron diffraction [159], and time-of-flight mass spectroscopy. The
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disadvantage of these approaches is their complex setup, as well as the possibility of inducing
a significant disruption in cluster distribution during measurement [184]. Rayleigh scattering,
however, is a non-disruptive technique for characterizing the cluster parameters precisely as the
result of the laser-cluster interaction [41, 123, 182]. Different gases such as Ar [123, 180, 185–188],
CH4 [190], CO2 [187, 189], D2 [180, 191], H2 [180, 190, 192, 193], Kr [123], N2 [187], N2 O [188]
and Xe [123] is studied several times experimentally by means of Rayleigh scattering method.
Rayleigh scattering by itself, however, can only estimate the relative mean cluster size. A second
complementary technique is necessary to determine the absolute cluster size [182].
As mentioned before, in the jet expansion, the random thermal energy of the fluid is converted
into the directed kinetic energy. Reduction in the temperature of the particles, stemming from
the expansion process, results in a narrower molecular velocity distribution and decreases the
collision frequency. This process will gradually cease, and the temperature approaches a constant
value along the beam axis. The gas expands through the nozzle passing the continuum flow region, crossing the quitting surface, and continuing in the molecular flow region until encountering
the wall chamber. Molecules or atoms are then reflected and contribute to the background pressure pb in the region between the nozzle and the chamber wall, which is pumped to keep the
pressure as low as possible to minimize attenuation of the forward-directed molecules coming
from the quitting surface. The expansion is separated into two regimes; The first is the continuous flow zone, which is near to the nozzle and where the gas density and collision frequency
are high enough to maintain the local equilibrium of the temperature components parallel and
perpendicular to the beam. The quitting surface estimates where continuum flow ceases and
molecular or atomic collisionless flow begins; in this second region the parallel and perpendicular temperatures are decoupled. After this freezing boundary, the parallel temperature remains
constant or frozen, while the perpendicular temperature continues to cool geometrically via the
expansion. Beyond the quitting surface, the flow is no longer in thermal equilibrium, and normal
temperature standards are no longer applicable. It is not to be taken literally since the transition
from continuum to molecular flow is gradual. Note the absence of shock waves which are very
common to supersonic expansions. This is because the background pressure pb is kept at a low
enough value so that the continuum expansion does not have to adjust for boundary conditions
imposed by pb that results in the occurrence of shock waves. Also, keeping pb at a low enough
value causes the quitting surface to be located close to the nozzle so that the interaction region
is positioned in the molecular flow region.
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Abbildung 2.4.1: The experimental setup for determining quitting surface position, Reprinted (adapted)
with permission from [194]. Copyright 2018 American Chemical Society.

This so-called quitting surface position (that is usually approximated to be 1 mm to 2 mm
in front of the nozzle) is proposed to be calculated as below [194]:
R = −D × ln(1 −

2
m0 vterminal
)
1
2kB T0 (1 + γ−1
)

(2.4.1)

in which R is the quitting surface position, D is the diameter of the nozzle exit, m0 is the molecule
mass, vterminal is the cluster terminal velocity, kB is the Boltzmann constant, T0 is the stagnation
temperature, γ is the specific heat ratio, and d is the minimum of the nozzle throat, which can be
observed in Figure 2.4.1. Attaining an accurate quitting surface position experimentally is one of
the least studied aspects. To attain a more accurate quitting surface position for our experimental
configuration, this work proposes a model based on some Rayleigh scattering measurements.
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3. Research Objectives
The purpose of this thesis is the detailed and comprehensive experimental study of atmospheric
particles, which necessitates moving forward from the simple ideal gas model to the formation
of clusters in real fluids. To reach the goals of this project, a number of specific researches are
defined.
• Establishing and defining reference experiment using Ar that behaves similar to an ideal gas.
• Applying the established experimental setting to CO2 .
• Conducting the systematic study on CO2 and discussing the cluster formation mechanisms in
phase transition region.
• Investigating the clusters behavior formed from the supercritical conditions.
The research objectives are reached by studying the temperature and pressure-dependent cluster
sizes of different fluids, Ar and CO2 , that are produced by a comprehensive study of the jet
expansion, specifically for massive clusters. The Rayleigh scattering signal of a pulsed supersonic cluster jet is analyzed due to its interaction with laser photons employing oscilloscope and
photon-counting methods. As will be discussed in this thesis, the photon counting method proved to be very useful and applied in most experimental results (Chapter 7). Aiming to improve
the efficiency and resolution of all these analytical methods, the cluster formation mechanism
concerning each technique is studied by theoretical model construction and experimental parameter optimization. In our study, a size-dependent measurement of the formation of aerosols
using Rayleigh scattering to focus on clustering at high particle density, especially at liquid and
supercritical fluid, is conducted. A systematic study of the elastic light scattering from an adiabatic jet expansion of pure Ar (first objective) and CO2 (second objective) through a parabolic
nozzle at a source pressure between 20 bar and 96 bar and a source temperature between 230
K and 410 K is presented, which is interrogated at a distance sufficiently large to have collisions
virtually ceased. The observed change of the Rayleigh signal with the source pressure and temperature is discussed in terms of the empirical scaling law of Hagena [1]. Specifically, a pronounced
dependence of the scaling parameters on the aggregation state of the expanded fluid is reported,
corresponding to different cluster formation mechanisms. Generation of the pulsed, high-density
beams by an adiabatic jet expansion under the well-defined ultrahigh vacuum conditions leads
to form (Ar)N (first objective) and (CO2 )N (first objective) clusters as climate-relevant model
aerosols. Initially, an accurate determination of the effect of stagnation conditions under which
the output scattering signal is related to the relative mean size of the Argon cluster, as a less
complex particle, is studied to prove the validity of the whole experiment based on Hagena’s
empirical scaling law. Simultaneous measurement of the background pressure in the vacuum
chamber and laser intensity enables the normalization of the detected photons to the number of
monomers per pulse and the fluctuations of the emitted photons during the experiment.
In order to address the first research objective, aiming to characterize the source conditions, the
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noble gas, Argon, is used as a reference experiment to optimize the mechanical settings of the
molecular beam instruments and the evaluation process. Since a gas like Ar, which behaves similar to the ideal gas, minimizes the condensation probability during the jet expansion at ambient
temperature, the measurements from Argon expansion should be easier to monitor different flow
properties such as the mean particle size. The experimental setup enables this to conduct an
initial study on Ar. To get information about the unique cluster response with the given initial
parameters, it is necessary to characterize and control cluster size and their spatial distribution
through the jet. The results then are compared to the theoretical predictions of thermodynamics. Also, an experimental model based on the experimental measurement for the collisionless
quitting surface is proposed in this study to optimize the position of the interaction region.
Following this, to address the second research objective, the improved regulation of instruments
should apply to the real gas system of carbon dioxide. The chemically inert CO 2 not only provides simple bonding modes for analysis but also can be easily compared to the unambiguous
database in literature. In the present study, different stagnation pressures, temperatures, and
aggregation states are characterized by determining cluster sizes using Rayleigh scattering diagnostics. Besides giving a clear picture of the spatial distribution of the cluster formation in the
jet, the results are compared with the scaling laws showing that the generally applied analytical
scaling laws can be misleading in some cases.
By accurately and comprehensively controlling the CO2 jet expansions from the vapor to the liquid phase, the condensed clusters in the beam allow extending the nucleation theory and cluster
formation mechanisms to the ultra-high density region, which is currently limited in theoretical simulations by the number of total particles. In the third research objective, the generated
(CO2 )N cluster beams are evaluated directly via the time-resolved detection to learn about the
size distributions. Also, the neutral (CO2 )N cluster beams undergo low stagnation temperatures
and high stagnation pressures to obtain the scattering pattern in high-density regions near the
phase boundaries, the phase transitions, and even near the so-called Widom line to study different clustering mechanisms in also the supercritical region.
The behavior of supercritical fluids attracts much attention nowadays. It is essential both from
the point of view of fundamental science and technological applications. While the study with
Ar did not reveal unpredictable behavior in the mean cluster size according to the evaluated
results in this study, the experiment possibility to study CO 2 strongly suggests investigating the
behavior of CO2 clusters under supercritical fluid conditions. The generation of carbon dioxide
clusters follows this study in a wide range of temperatures (230 K ≤ T0 ≤ 410 K) and pressures
(30.0 bar ≤ p0 ≤ 100.0 bar) with the focus on its phase transition and the supercritical region to
study the dependency of relative mean cluster size to the source conditions due to the monomer
density, kinetic energy and thus their collision probability. Scientists have been very interested in
supercritical fluid (SCF) science and technology in recent years due to the unique properties of
SCFs and their wide applications in different fields, such as extraction and separation [195–197],
reactions [198–200] and material science [201–203]. The most exciting aspects of SCFs are that
their density and the related properties are very sensitive to temperature and pressure and there
exists density inhomogeneity in their critical region [204–209]. In SC systems, the clustering of
molecules causes a variety of fascinating behaviors. It is unclear if the molecular clusters in an
SCF system should be considered a separate phase thermodynamically. In this work, we proposed
a new thermodynamic principle to determine the SCF region. The unique feature of the principle
is that clusters formed from an SCF are divided into gas-like and liquid-like clusters, while these
molecular clusters in the system are considered individual phases. This method of determining
the different behavior of these regions of SC clusters and thus the determination of Widom line
is developed based on experimental results of the Rayleigh scattering signal, which correlated to
the mean cluster size. It is demonstrated that the findings are firmly in accordance with those
22

calculated from the conventional thermodynamic principle that defined the macroscopic SCF
phase, especially in the critical region of the SC solvents where the clustering is significant. This
study also shows different behaviors of cluster formation dependency to the stagnation pressure
and temperature in gas, liquid, and supercritical fluid, which results in different power laws.
The main results of this thesis are discussed in Chapters 4 to 7; while Chapters 4 and 5 introduce the experimental setting and the signal analysis method, the main results are reported
in Chapters 6 and 7. Two different approaches of detecting the Rayleigh scattering signals, the
analog oscilloscope, and digital photon-counting methods, are used in this thesis. Accordingly,
Chapter 6 describes the results of the oscilloscope technique, and Chapter 7 shows the results of
the photon counting method.
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4. Experimental Configuration and its
Optimization
Parts of the experimental setup present in this Chapter are currently in preparation
for an article.

4.1

Experimental Parameters

This project consists of different experimental configuration Sections, including the generation
of a pulsed supersonic molecular beam through a customer-specific version of the pulsed valve
from specific stagnation conditions of fluids with the unique feature of covering wide pressure
and temperature ranges of p0 = [20 bar - 96 bar] and T 0 = [230 K - 410 K], the collision of the
propagated clusters with an input photon beam and the resulting Rayleigh signal detection. Generally speaking, a supersonic atomic or molecular beam is formed when a fluid is expanded from
a region of higher pressure to a region of extremely low pressure through a specific geometry of
a nozzle with a small orifice. Spectroscopic applications of supersonic beams have become increasingly important due to their different scientific purposes. Depending on the focus of research,
one should customize the experimental setup and analyze the output data precisely. This project
focused on CO2 relative mean cluster sizes determined using the Rayleigh scattering experiment.
For this purpose, the first step here is to use Ar as a sample substance because at low stagnation
pressures, argon obeys the known Hagena’s scaling law for a specific range of stagnation pressures and temperatures [1, 15], and therefore verifies the experimental setup and evaluations. The
shown stagnation conditions in the argon phase diagram, which can be seen in Figure 4.1.1, is
studied to prove not only the validity of the experimental setup and the evaluated results but
also cover a wide range of less studied fluid temperature and pressures of Argon clusters. In
the following, carbon dioxide clusters formed from a wide range of stagnation conditions, Figure
4.1.2, are also investigated in this study. This wide range leads to study clusters formed from
gas, liquid, and supercritical aggregation states, phase transition, and also Widom line.
Moreover, it is worth noting that the jet can be expanded by a continuous or a pulsed process.
Although the continuous mode has the advantage of an easier experimental setup due to the
exemption from requirements of the synchronization of experimental parts together, i.e the valve
trigger and the detecting system, and providing stationary flow conditions, and also a higher
number of particles per time and area, the pulsed mode is required in this study. This is due
to the increase of the background pressure in the chamber in the continuous jet method, which
results in a higher background pressure. The particles of the supersonic molecular jet thus collide
more and more frequently with the gas particles in the chamber and a so-called Mach disc can
appear as a result of these collisions, which pose a limitation in the clustering process. In this
manner, the pumping capacity limits the intensity of a continuous molecular beam. In addition,
the detected signal consists of the main molecular jet and the background particles. Therefore,
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the higher the pump capacity, the better the signal-to-noise ratio. Briefly, a pulsed jet achieves a
greater maximum intensity than a continuous beam while the required pumping capacity remains
the same.
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Abbildung 4.1.1: The covered range of stagnation pressures and temperatures in Ar T − p phase diagram
in the study.
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Abbildung 4.1.2: The covered range of stagnation pressures and temperatures in CO2 T −p phase diagram
in the study.

4.2

Cluster Formation Setup: Supersonic Beam Generation

In this experiment, a cold jet of atomic or molecular clusters is generated by pulsed supersonic
expansion of Ar and CO2 fluids. To generate the jet expansion, the setup can be described in
two major parts: high-density fluid arrangements before the valve trigger and ultra-high vacuum
system after the valve trigger. In the whole research, the valve trigger is considered time zero
of the experiment, and all of the measurements are plotted based on the time after the valve
trigger.

4.2.1

High Density Fluid System

Figure 4.2.1 schematically depicts the experimental instrumentation of the project in which the
high-density fluid system can also be observed. This can be described in different parts, including the fluid source, Syringe Pump, heating circulators, and a customer-specific version of the
pulsed valve, which is capable of operating at the source pressures of [20 bar–120 bar]. Due to
the high-density fluctuations, which occur at phase boundaries and near the critical point, the
accurate control of the source conditions (stagnation pressure and temperature) is required to
grant the comparison with the properties of the working fluids via a suitable equation of state
(EOS). For this purpose, Ar and CO2 sources, with the initial fluid purity of 99.999 % and
99.9995 % respectively, are connected to a syringe pump (Teledyne Isco, Inc., 500D, USA) with
the fluid flow rate of 2 mL/min for operational specification in the experiments. The Syringe
Pump is a temperature-controlled ultrahigh-precision pressure transducer that is amplified with
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a calibrated measuring amplifier and is ideal for applying a wide range of the studied fluids in
this project (Ar and CO2 ) and controlling the pressures from 20 bar up to 100 bar with the
accurate, predictable flow and pressure control throughout the experimental operation before
expansion. With the pulsed nozzle, fluid flow is controlled so that the stagnation pressure remains almost constant. This pressure stability can only be accessible if the temperature of the gas
does not fluctuate. Therefore, to accommodate for minor pressure variations, a Teledyne ISCO
500D pulseless syringe pump is employed. Besides, an external circulator (Julabo Presto LH85)
is employed, which uses flowing water to keep the gas cylinder at a constant temperature. The
syringe pump’s pressure sensor is complemented by an external pressure transducer positioned in
a thermally insulated aluminum block to boost the accuracy and precision. A displace amplifier
from Althen amplifies the pressure transducer’s output signal. The temperature of this amplifier
is controlled using a home-built temperature controller. The primary pressure transducer has a
precision of 0.005 bar, and a precision of 0.069 bar when all sources are taken into consideration [24, 150].
It is crucial to accurately control the stagnation temperature of fluid sources in the range of
T 0 = [230.0 K–420.0 K], which is precisely regulated by a NiCr/Ni thermocouple spot-welded
to the exterior of the valve body and adjusted by a temperature control system (Julabo Labortechnik GmbH, LH85, Germany) [118]. This approach permits excellent thermal stability by
a high-precision thermometer GMH3710 from Omega with less than 30 mK fluctuations. The
temperature of the gas reservoir is controlled more by a circulation system (Julabo Labortechnik
GmbH, FP50, Germany) which is set at 298.15 K for all experiments. The circulator’s internal
temperature and the valve body’s temperature are continually logged to monitor temperature
stability. The source temperature has a maximum precision of ±0.05 K and a maximum accuracy
of ±0.2 K.
For the generation of atomic or molecular clusters, a customer-specific version of Even-Lavie
pulsed valve, Figure 4.2.2, is made by Nachum Lavie (School of Chemistry, Tel-Aviv University,
Israel). This stainless steel valve can be electrically heated to up to 450 K temperatures, making
it appropriate for this project’s experimental conditions. The maximum of its sampling rate is up
to 25 Hz, which is considered just up to 3 Hz in the current study to optimize the transmission
of the beam and the efficiency of measurements. The valve is mounted on a xyz precision translation stage, which accurately aligns the valve for the interaction region. The distance between
the valve and the interaction region can be changed with a precision of 50 µm. A spring-loaded
magnetic plunger, which can be observed in Figure 4.2.1 (8), seals the valve to maintain the pressure difference 13 orders of magnitude between the fluid reservoir and the vacuum chamber. The
short opening time of this homemade pulsed valve results in the reduction of the gas load in the
chamber, which enables the study of an intense source of molecular clusters. The valve opening
duration is determined by reaching the stationary flow condition at a given source density.
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Abbildung 4.2.1: Jet expansion generation setup, (1) JULABO FP50 refrigerated and heating circulators,
(2) JULABO LH85 High Dynamic Temperature System, (3) Teledyne Isco 500D Syringe Pump, (4) fluid
bottle, (5) inlet tube, (6) z-translation of stage, (7) y-translation of stage, (8) valve tightening spring,
(9) cold cathode pressure gauge, (10) vacuum chamber, (11) parabolic shape expansion nozzle, (12) jet
expansion.

Abbildung 4.2.2: Customer-specific version of temperature-controlled Even-Lavie pulsed valve:(1) valve
body,(2) thermocouple spot-welded to the valve body,(3) electrical heating of the valve body,(4) tubes
supplying cooling or heating liquid,(5) mechanical support of the valve body,(6) gas supply, Reprinted
from [118], with the permission of AIP Publishing.

The Even-Lavie valve has a specific design consisting of a spring-loaded magnetic plunger of
a stainless steel alloy in order to create a strong pulsed magnetic field with a parabolic (trumpet)
nozzle shape with an inner diameter of 0.1 mm, and the outer diameter of 3.2 mm [13]. This
magnetic field pulse causes momentum, which results in the plunger movement. The plunger
movement can then determine and control the fluid pulse duration in this valve. A 0.1 mm
thick Kapton foil seals the reservoir in the valve construction. This sealing design combined
with a Turbo Molecular pump maintains the background pressure in the first chamber at the
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lowest level. At long current pulse width (longer opening time of the valve), the plunger may
bounce more than once, creating multiple fluid pulses, which is described in the results Section
of Chapter 7 in detail. Briefly explaining, by a high current pulse, a magnetic field of several
Tesla is created pulling the plunger with a force of about 10 N [210]. It should be mentioned that
the fluid viscosity also has an effect on the bouncing. The heavier the fluids are, the longer the
pulse duration and the more the bounces are. Besides, the valve is not fully opened at the start
and the end of the plunger movement, which results in the change of beam properties during the
fluid pulse. Therefore, choosing the central part of the pulse results in studying the clusters in
the steady-state (at the full opening position of the valve) [210]. In this study, the pulse width of
the signal from the valve control is from 18 µs up to 22 µs. This time duration corresponds to the
opening time of the valve. For such short opening times, the residence time of the gas within the
source is sufficiently long to achieve thermal equilibrium. The opening time of the valve would
determine the intensity of the beam, the possibility of reaching stationary flow conditions, and
the possibility of a reopening of the valve [24, 153]. To alter the valve opening behavior, one
can also change the maximum solenoid current, which is fixed in this study. This valve driver is
triggered by a rectangular pulse shape control signal from the delay and pulse generator.

4.2.2

Ultra High Vacuum System

The overall jet expansion experimental configuration consists of a spherical vacuum chamber,
Figure 4.2.1 (10), with a diameter of 400 mm and a volume of approximately 34 L. Because the
chamber consists of other installations and many cylindrical tubes, the volume of the chamber
can only be guessed. The pressure in the chamber is measured by a compact cold cathode gauge
IKR 270 from Pfeiffer. The Ultrahigh vacuum (UHV) conditions in this study are achieved using
completely hydrocarbon-free pumping stages, consisting of a magnetically levitated turbomolecular pump (Pfeiffer TUM 1000M PCT, pumping speed 910 L/s for N2 ) which is backed by
chemically inert diaphragm pumps (MD 4BRL from Vacuumbrand). This provides a condition to
generate the Argon and carbon dioxide clusters by supersonic fluid expansion through a pulsed
nozzle (d = 100 µm, half opening angle of between 0°and 20°) which affords the expansion of the
molecular flow. The maximum working pressure in the vacuum chamber remains below 1.0×10-4
Pa for Ar and below 5.0× 10-3 Pa for CO2 even for high-density fluids in this study.
The solenoid nozzle, Figure 4.2.1 (11), connects the high-density fluid reservoir to the vacuum
chamber to form supersonic atomic or molecular beams. A trumpet expansion nozzle follows a
100 µm diameter of the fluid outlet to optimize and collimate the expanding flow to increased
on-axis density. Besides, the nozzle causes lower temperature and enhances the cluster formation probability. It also enables the experimental operation of a wide range of source conditions
covering high pressure and temperature and is suitable for cryogenic operation. The entering monomers to the vacuum chamber through the parabolic nozzle cause cluster formation. The nozzle
is combined with a high-pressure fast-acting pulsed valve enabled us to reach the high beam
intensities and lower the jet temperatures. The parabolic nozzle causes a slower expansion rate
as the nozzle wall confines the gas jet compared to the sonic nozzle. This slower expansion results
in many more collisions before the so-called quitting surface, enabling more efficient cooling due
to two-body collisions and encouraging cluster growth via three-body collisions and thus a higher
density in the beam. Consequently, for the growth of weakly bound clusters, the parabolic nozzle
is much better than other nozzles for obtaining higher beam intensities. Besides, the effect of
the reflected shock waves does not take place in the case of parabolic nozzles, compared to the
sonic nozzles, resulting in the lower beam temperatures [152]. The other advantage of a parabolic
nozzle in comparison with a sonic nozzle is the narrowest achievable angular distribution [152].
Additionally, even the very short opening times can be adjusted on the valve controller in this
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kind of valve [154].

4.3
4.3.1

Cluster Detection Setup: Optical Setup
Laser Light Alignment System

The optical system of this study have been sat in three different regions, including the optical
elements outside of the vacuum chamber before the entrance of the laser light into the vacuum
chamber, in the vacuum chamber for the entering laser light and the output Rayleigh signal, and
out of the vacuum chamber for the Rayleigh signal collection and remaining laser light trapping.
In the first part, the laser light outside of the vacuum chamber has been optimized employing
different optics on the optical table, which can be seen in Figure 4.3.1.
First and foremost, the He-Ne laser operates at a wavelength of 632.8 nm, in the red part of the
visible spectrum, is used in the reverse path of the main laser light to adjust the exact location
of the incident laser beam, which has to be in the centerline of all-optical elements and also the
centerline of the entrance tube to the chamber to avoid any interaction between the laser light
and chamber walls and baffle plates. For this purpose, it is essential to calculate the divergence
of the beam path of red and green light in the center of the vacuum chamber to ensure that
red light alignment is reliable enough for the green light laser. The deviation of green and red
light from the incidence beam after passing through the Brewster window, which is due to the
refraction of light in the glass medium, is calculated to be 121.94 µm and 121.20 µm, respectively.
The difference beam path of red and green light is calculated to be about 0.74 µm, which is 0.074
% of the incident laser beam diameter, so the red light beam can be employed to adjust the
location of the green one with a good approximation.
It should be mentioned that the first attempt of this study is tried out with the application of a
pulsed Cobolt Tor™ XS laser (PGL, HÜBNER Photonics, UK) without any of the shown optical
elements in Figure 4.3.1. In the first attempt, the only employed elements for the pulsed laser
are three mirrors before the vacuum chamber entrance to change the vertically polarized light
to the horizontal one and transfer it from the optical table to the first Brewster window at the
entrance of the chamber. The optical table is mounted higher than the vacuum chamber due to
safety issues. It should also be mentioned that the laser must be operated in an environment
with low vibration to meet the power stability specifications. To emphases the importance of
polarization in the Rayleigh measurements, one should mention that the electromagnetic waves
of the Rayleigh scattering as the results of collision of clusters with the laser beam can be
propagated only in the case of the horizontally polarized. Vertically polarized light will not
result in any scattering. Imagine that an unpolarized wave traveling in the z-direction strikes a
small scattering at a certain point. Since the electric field of the unpolarized wave points in all
directions in the x − y plane, the charges in the scatter will oscillate in all those directions but
not in the z-direction. Only the x-component of the oscillation radiates in the y-direction; the
y-component cannot (because the scattered wave is transverse), and there is no z-component
(because the incident wave is transverse). So, the vertically polarized light of the pulsed laser is
changed to the horizontally polarized light before entering the first Brewster window. In the case
of continuous wave (CW) laser (fixed focus DPSS alignment laser, 37-028-RCD-05P, Edmund
Optics GmbH, Germany), the unpolarized laser light should first go through a vertical polarizer
Figure 4.3.2. The polarizer is tilted 45° to the initial light axis Figure 4.3.1 (4). In this case,
the vertically polarized light is transmitted from the polarizer, but the horizontally polarized
light reflects from the polarizer, goes through a plano-convex lens to be condensed to the active
area of the photodiode. This detected laser light with the horizontal polarization is used as the
reference signal for the laser intensity fluctuations during the experiment. In the pulsed laser
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method, the reference signal for the laser intensity is collected from the photodiode after the
vacuum chamber. However, as the light intensity after the interaction with the clusters changes
due to the scattering, this design changed to the current one in which the laser intensity reference
is collected on the optical table. Besides, it should be mentioned that according to our very first
measurements, the change of the horizontally polarized light properly represents the change of
the vertically polarized light by the passing of time. To increase the sensitivity of the detected
signal, other optical elements such as a self-made spatial filter, optical telescope, condenser lens,
and an iris are mounted before three optical mirrors. The details of the functionality of these
optics are shown in Figure 4.3.4.
To emphasize the significance of the application of the focusing elements, determining the laser’s
spot size after the working distance is essential. This calculation is based on the circular spot
size approximation based on 1/e2 beam diameter and the beam divergence; for lasers, the beam
diameter is given for TEM00 mode as the following:
DO = DI + 2[L.tan(θ I /2)]

(4.3.1)

where DO is the output beam diameter, DI is the input beam diameter (1 mm), L is the working
distance (3 m), and θI (1 mrad) is the beam divergence.

(6)
(1)
(5)
(2)
(3)
(4)
(7)

(8)
(9)

Abbildung 4.3.1: Laser light alignment setup on the optical table, (1) green laser (532 nm ±1 nm), (2)
spatial filter, (3) optical telescope, (4) vertical polarizer, (5) plano-convex lens f = 200 mm, (6) photo
diode, (7) plano-convex lens f = 2000 mm, (8) iris, (9) mirror.
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Abbildung 4.3.2: The functionality of the self-made vertical polarizer.

This calculation results in the 4.00 mm (circular) output beam diameter in the case of this
study, which is not acceptable because the focus spot of the laser in the interaction region inside
the vacuum chamber should be less than 1 mm, which is the aperture opening for detecting the
Rayleigh signal. As a result, optical elements are added to the optical table for this purpose.
Although the laser is set to work in the Gaussian mode (TEM00 ), the laser system does not
produce a beam with a smooth intensity profile. These spatial intensity variations in the laser
beam are unacceptable in studying low-intensity Rayleigh signals. In order to produce a clean
Gaussian beam, a self-made spatial filter is designed. A spatial filter is used to remove the
unwanted multiple-order energy peaks and pass only the central maximum of the diffraction
pattern (see Figure 4.3.3). The input Gaussian beam has spatially varying intensity noise. When
a spherical lens focuses the beam, it is transformed into a central Gaussian spot (on the optical
axis) and side fringes, which filters the unwanted noise. The radial position of the side fringes is
proportional to the spatial frequency of the noise. By positioning a pinhole on a central Gaussian
spot, the clean portion of the beam can pass while the noise fringes are blocked. This self-made
spatial filter consists of three different parts, two focusing lenses (coated plano-convex lens,
Thorlabs GmbH, USA) and one pinhole. The diffraction-limited spot size calculates the size of
pinhole diameter at the 99% D by:
λf
D=
(4.3.2)
r
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Abbildung 4.3.3: The design of a conventional spatial filter, consisting of two focusing lenses in a confocal
arrangement and a diaphragm located in the focal plane. The dirty profile of entering beam is shown on
the left side of the figure, while filtered out smooth beam profile is depicted on the right [211].

where λ is the wavelength, f is focal length and r is the input beam radius at the 1/e2
point. According to this equation, the green light with the wavelength of 532 nm ± 1 nm which
is condensed with the plano-convex lens with the focal length of 100 mm and the input beam
radius of 0.5 mm, requires a pinhole with a diameter larger than 138.3 µm. To use a spatial filter,
one needs to match the hole size of the pinhole to the size of the focus spot of the objective lens.
A hole diameter much larger than the focus spot diameter may not block all of the distortions
and noises. On the other hand, a hole diameter much smaller than the focus spot diameter may
produce diffraction rings of concentric circles around a dispersed beam and reduce the total
amount of light passed by an unacceptable amount. Ideally, the pinhole should be chosen so that
it is approximately 30% larger than D. The diameter of 200 µm is chosen for this purpose. To
summary, this designed kit includes adapters for mounting threaded spherical lenses and the
pinhole in the z-translator (laser beam axis). With the special threads for mounting the usersupplied pinhole, the designed translator enables the pinhole to be aligned to the beam path.
Going back to the elements of the optical table (Figure 4.3.4), a telescope consisting of a planoconcave lens with the focal length of -50 mm and a plano-convex lens with the focal length of
+100 mm is mounted after the spatial filter to create a magnified image for the laser section. The
importance of this expanding system is that the larger the entrance beam to the next condenser
lens, the smaller the laser spot is focused in the interaction region. A simple Galilean telescope
also consists of two lenses, one with a positive focal length and one with a negative focal length,
mounted on the table. Because of the difference in signs of the focal length, there is no focal
point between the lenses, and the distance between the lenses is shorter than in the Keplerian
model (two positive lenses). This shorter distance, the sum of two focal distances, allows for a
more compact design. The Magnification of the Galilean system is given as:
M =−
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(4.3.3)
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Abbildung 4.3.4: Optical system for the condensation of the laser light into the vacuum chamber - side
view, (1) green laser (532 nm), (2) plano-convex lens f = 100 mm, (3) pin hole with 100 µm radius , (4)
plano-convex lens f = 100 mm, (5) plano-concave lens f = -50 mm, (6) plano-convex lens f = 100 mm,
(7) vertical polarizer, (8) plano-convex lens f = 2000 mm, (9) iris, (10) mirror, (11) plano-convex lens f
= 200 mm, (12) photo diode.

Focusing

D
d
f
Abbildung 4.3.5: Condensing functionality of the plano-convex lens f = 2000 mm.

where f1 is the focal length of lens one and is a negative value (input lens), and f 2 is the
focal length of lens two (exit lens). Choosing the proper lens shape, substrate material, and antireflection coating for this application is essential. The lenses are oriented, with the curved surfaces
facing the collimated beams. As a result, the input collimated light, which has a diameter of 2 mm,
due to the magnification of the expanding system, will have a focus spot with the approximate
diameter of 170 µm in the vacuum chamber (interaction region). This process is done by passing
the light through an iris diaphragm to stop the unwanted lights, except for the lights passing
through the aperture. This clean light transferred to the first Brewster window after reflecting
from three coated optical mirrors.
The first element of the entrance to the vacuum chamber is the UVFS Brewster Window (4101408, EKSMA Optics, Lithuania). With employing the Brewster window in the laser path, the
laser light hits the window at Brewster’s angle, thereby producing a completely polarized light.
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The Brewster window is an uncoated substrate that is positioned at a Brewster angle within the
laser light. This substrate acts as a polarizer, which at this specific angle only incident p-polarized
light has 0% transmission loss, while the s-polarized light is reflected. A horizontally-polarized
(or p-polarized) laser beam is propagating parallel to the surface of the optical table. In this
study, the initial vertically polarized laser light is converted to horizontally polarized light before
entering the Brewster window by reflecting from three optical mirrors, and this final horizontally
polarized light (p-polarized light) enters the Brewster window, which will be transmitted and
entered to the chamber. Any probable vertical polarized light will be reflected from the window.
S

55.6°
P

Abbildung 4.3.6: The Brewster window function as a polarizer, or to clean up a partially polarized beam.

Brewster’s angle is calculated using the following equation:
θB = Arctan(nw /na )

(4.3.4)

where θB is the Brewster’s angle and nw and na are the indices of refraction for the window and
the ambient, respectively. na is usually assumed to be 1 for air and nw is 1.4607. As the result,
θB is calculated to be 55.6°.

4.3.2

Rayleigh Scattering Alignment System

When light travels through the vacuum chamber, it interacts with the formed clusters and this
causes the scattering of light. Rayleigh scattering characterizes the scattering of electromagnetic
waves by particles much smaller than an exciting wavelength (532 nm in this study). Laser
photons are absorbed by clusters in the medium, and this causes the clusters to vibrate and
then re-emit the photons. When the photons are re-emitted, they have the same frequency
and wavelength but are re-emitted in random directions. There are a large number of photons
interacting with the clusters, and so photons are emitted from clusters in all directions. Detecting
Rayleigh scattering is done at an acceptance angle of 90 degrees to both the atomic or molecular
beam axis and laser beam axis.
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Abbildung 4.3.7: Optical system for the detection of the Rayleigh scattering photons, (1) interaction
region, (2) anti-reflection coated plano-convex spherical lens, φ = 75 mm, (3) anti-reflection coated
plano-convex spherical lens, φ = 75 mm, (4) anti-reflection coated plano-convex spherical lens, φ = 75
mm, (5) anti-reflection coated plano-convex spherical lens, φ = 75 mm, (6) ultra-high vacuum chamber,
(7) aperture, (8) anti-reflection coated plano-convex lens, φ = 25.4 mm, f = 75.0 mm, (9) anti-reflection
coated plano-convex lens, φ = 25.4 mm, f = 75.0 mm, (10) band pass filter (532 nm, FWHM = 3 nm ),
(11) anti-reflection coated plano-convex spherical lens, φ = 25.4 mm, f = 30.0 mm, (12) anti-reflection
coated plano-convex lens, φ= 25.4 mm, f = 75.0 mm, (13) PMT, φ = 8 mm sensitive area.

In Figure 4.3.7 collection angle for the scattering signal can be observed. These optical setups are designed to have a considerable distance between the molecular beam and condensers
to minimize the beam scattering, cluster fragmentation, and maximized collection angle. All
collected light shall be transmitted to the detector after going through the condenser lenses.
Condensers consist of anti-reflection coated plano-convex spherical lenses with diameter φ of 75
mm. These condensers are mounted in a support tube that has a pumping slot to be evacuated.
The xyz alignment of the condenser system is done via a three-dimensional translator. Following
this collection of elements, after the vacuum chamber, the collected Rayleigh photons enter the
photomultiplier tube (PMT, R9880U-210, Thorlabs GmbH, USA) housing, which consists of an
aperture, and different anti-reflection coated plano-convex spherical lenses, and a laser line filter
for 532 nm wavelength. These optical elements and the detector are mounted outside the vacuum
chamber to have easy access. In high-resolution sensors, diffraction is noticeable in decreasing
the collection efficiency, which is reduced by applying the aperture. Besides, photons from the
defined laser-particle interaction volume pass through the aperture. The interference bandpass
filter restricts the detection to the incident laser wavelength of 532 nm.
The beam diameter of the condensed Rayleigh photons matches the sensitive area of the detector (photomultiplier tube), which converts incident photons into an electrical signal. A PMT
consists of a photoemissive surface (the photocathode), secondary electron emission electrodes
(the dynodes), and a collection electrode (the anode); all these components are contained in an
evacuated bulb. Photomultiplier tubes detect light by making the use of the external photoelectric effect, which is the phenomenon in which electrons are released into the vacuum when light
strikes a metal in the vacuum. The high-performance photocathode with good crystalline quality
is capable of converting single photons into electrons. In the vacuum, the signals are amplified
so the low-level light can also be detected with high sensitivity. Electrons emitted by the photocathode are accelerated toward the dynode chain. This process is repeated for the succeeding
dynodes until the signal is collected and the output from the anode. At the end of the dynode
chain is an anode or collection electrode. Over a vast range, the current flowing from the anode
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to the ground is directly proportional to the photoelectron flux generated by the photocathode.
The photomultiplier tube is operated by applying a high voltage. Because gain varies with the
voltage across the dynodes and the total number of dynodes, electron gains of million are possible
when many dynode stages are employed. This detector produces a signal even in the absence of
Rayleigh photons due to dark current arising from thermal emissions of electrons from the photocathode, leakage current between dynodes, as well as stray high-energy radiation. Electronic
noise also contributes to the dark current and is often included in the dark-current value (Figure
4.3.8).
The output signal from a PMT takes the form of a current pulse that varies in amplitude and
pulse width. These output pulses are integrated with the normal analog mode of the operation,
and the signal is read as a DC. Using the photon-counting method, however, the output pulses
are counted individually.
In the case of the conventional analog oscilloscope method, this amplified signal as the output
of the PMT will be monitored by the oscilloscope in the next step. The detection technique
of photon counting allows information to be collected from samples that have weak signals. A
single-photon interacts with the detector, ejecting a single electron. This is amplified and produces an output pulse that is counted. PMT has an excellent ability to convert light into electrons,
expressed as its quantum efficiency. In an ideal detector, one photon would result in the generation of one electron. In reality, some of the photons can pass through the detector without
generating any signal. The quantum efficiency expresses the ratio of incident photons to generated electrons. The detector has an internal gain, which means that it must have the ability
to amplify a single incident electron to a level sufficient for detection by external circuitry. The
PMT outputs a current pulse converted to a voltage and amplified by the preamplifier (preamp).
The usual gain of the preamp is about 50 100. The next stage is the most crucial step for photon
counting. It consists of the discriminator, a digital comparator that will only output a pulse if
the input pulse falls within a specific range of amplitudes. This range is determined by the lowerlevel discriminator (LLD) and the upper-level discriminator (ULD). The LLD removes pulses of
low amplitude, such as the dynode noise. The ULD removes pulses that are of larger amplitude
than the photon pulses. These large-amplitude pulses result from cosmic rays and other sources
and are therefore quite rare, so a ULD is rarely used in photon-counting circuits. After passing
through the discriminator, the pulse proceeds to a pulse shaper to be shaped to the desired logic
(TTL or ECL). Finally, the pulse is counted. Once the circuit is in hand, the next task is to set
the discriminator by generating a plateau curve by setting the discriminator to some reasonable
value, adjusting the PMT operating voltage to its nominal value, and applying about 100,000
photons per second as a signal. The PMT applied voltage is then reduced until no counts are
produced at the counter. The voltage incrementally increases, and the signal counts and dark
counts are recorded at each voltage step. The resulting graph will show the plateau region for
that particular tube and discriminator setting. The proper operating high voltage would be 50100 V greater than the beginning of the plateau region. A photon-counting system records the
signal from the PMT. To implement Rayleigh scattering photon counting, events higher than
the set threshold voltage of 4 mV are considered the Rayleigh scattering photons and operated
by application of 820 voltage, defined experimentally.

37

current

photon counting (DAQ PCI 6031E)

time

time

photon counting
photon coun�ng
(DAQ PCI 6031E)

PMT
photoelectron focusing electrode final dynode
photoelectrons
gride

incident light
light input
window

secondary
electrons

vacuum

incident light
0 = photocathode
1 to 9 = dynodes
electron multiplier
10photo
= anode

cathode

anode

(dynodes)

Abbildung 4.3.8: Rayleigh signal detection and amplification using PMT.

Figure 4.3.9 schematically depicts the overall optical instrumentation of this experiment.
Input laser light to the vacuum chamber is directed perpendicular to the propagation axis of the
supersonic jet. The interaction region in this work, which is optimized employing the mentioned
optical elements, is defined 7 millimeters downstream to the nozzle exit where the formed clusters
leave the quitting surface, and the initial laser light is focused in this region without hitting the
nozzle. Determining the quitting surface position in this study will be explained in detail in the
result Section of Chapter 7. The initial laser beam diameter is less than 1 mm, which is estimated
to be the focal diameter of 0.5 mm at the interaction region. The path of the laser beam and the
scattered light is shown in Figure 4.3.9. The cluster sizes are smaller than the photon wavelength,
so the interaction of laser light and the molecular beam is emitted as the Rayleigh scattering
signal. The collision-induced Rayleigh signals are collected at the detection angle of 90 degrees
and focused onto the photomultiplier tube with a detection efficiency of∼75% at 532 nm [212].
To assure that the PMT output counts are proportional to the input photons, the change of the
PMT signal with the change of the laser intensity using different gray filters is studied and proved
the linearity function. Since the Rayleigh scattering intensity is low, it is essential to reduce the
background noise level collected by the PMT. For this purpose, a self-made beam dumper has
been mounted after the vacuum chamber, where the laser beam exits the chamber through the
second Brewster window. All optics are carefully adjusted to minimize any reflection from the
wall of the vacuum chamber.
Each measurement is repeated six times which shows a deviation smaller than 2 percent from
the average counts. Besides, the first measurement was repeated at the end of each day as
the reference point that shows a negligible discrepancy. The output of the PMT in the photon
counting method is then converted into digital numeric values via a Data acquisition system
(DAQ) which is transferred to a computer for evaluation and analysis. However, in the oscilloscope
method, as this PMT output is basically a current signal, it is converted to a voltage by passing
it through a low noise 50-ohm resistor and then is recorded via an oscilloscope. It should also be
noted that this converted voltage is typically negative because of the use of negative DC bias to
PMT. All measurements are implemented under less than two percent deviation from the average
value of laser intensity and pressure signal in the chamber, which is calculated and controlled at
the end of all measurements. In order to check the stability of the optical designs and the output
laser light, a reference measurement is done before starting the experiment.

38

(9)

(8)
(7)

(3)
(4)

(6)

(2)

(5)
(1)

r

se

la

Abbildung 4.3.9: The sketch of the experimental setup, the interaction of the pulsed supersonic molecular
beam with the laser light generated Rayleigh scattering, which is detected with PM. (1) Brewster window
(θB = 55.6°), (2) exchangeable baffle plate, (3) molecular beam axis (perpendicular to drawing plane),
(4) condenser lenses, (5) PMT, (6) collection optics, (7) exchangeable baffle plate, (8) Brewster window,
(9) beam dump.

4.4

Device configurations and electronics

The first attempt in this study is to optimize the experimental parameters which influence the
final reported values as the mean cluster size, see Figure 4.4.1. For this purpose, the Cobolt
Tor™ XS laser (PGL, HÜBNER Photonics, UK) with an average power of up to 50 mW and
pulse energy of up to 50 µJ, 532 nm wavelength, and [2 ns-3.5 ns] pulse duration is used as a
High-performance Q-switched diode-pumped laser. This laser was borrowed from the HÜBNER
Photonics company for two weeks to test the efficiency of the laser in this work and check the
experimental setup requirements. The green light laser is connected to a 5 V power supply and
is mounted and aligned through three optical mirrors into the vacuum chamber. To warm up the
laser to reach its thermal equilibrium due to the dark currents 10 minutes is required. To record
the Rayleigh signal via a photomultiplier tube detector and correctly evaluate the detected signal,
a highly precise time base is required. Two digital pulse-delay generators (Stanford Research
Systems, Inc., USA) provide a well-defined rubidium timebase with an accuracy of 1 ns and
resolution of 5 ps. Consequently, all the instruments are synchronized by these fast digital clocks.
Starting with the laser, the digital delay generator (DG 535 — Stanford Research Systems low
jitter digital delay/pulse generator), with the 5 ps delay resolution, triggers the operational time
of the pulsed laser, which itself triggers the DG 645 delay generator. Followed by this, the DG
645 (Rb atomic clock) triggers the operational time of valve opening by a 20 µs long transistortransistor logic (TTL) pulse. DG645 from Stanford Research Systems is used as a digital delay
and pulse generator characterized by a phase jitter of fewer than 30 ps and absolute accuracy
of 1 ns. As a result of the high accuracy and small delay, the delay/pulse generator does not
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significantly affect the uncertainty of the signal. The stagnation temperature and pressure of the
fluid reservoir, which is placed before the nozzle in the valve body, are controlled by Julabo FP50
and Teledyne Isco, respectively. Fluid temperature is maintained at room temperature all over the
study. Its pressure, however, changed according to the different experimental motivations, which
is explained in the results Section. Triggering the DG 535 digital clock leads to the synchronized
interaction of the pulsed laser and the pulsed beam in the interaction zone in the vacuum chamber.
As a result of this interaction, the Rayleigh signal is detected by the PMT in 90-degree collection
angle with respect to both laser light and CO2 molecular beam propagation axis. To assure that
the PMT output is proportional to the input laser intensity, the change of the PMT signal with
the change of laser intensity by means of different gray filters is studied and proved the linearity
function. The amplified Rayleigh signal is then recorded by the computer via the oscilloscope.
Since the Rayleigh scattering intensity is low, it is very important to reduce the background
noise level collected by the PMT. For this purpose, a photodiode (DET210 - high-speed silicon
detector, Thorlabs GmbH, USA) is mounted after the vacuum chamber, where the laser beam
exits the chamber through the second Brewster window. All optics are carefully adjusted to
minimize any reflection from the wall of the vacuum chamber. This is not only to block the
laser light but also to use the laser intensity as the reference value for the intensity fluctuation
during the experiment. The laser light enters the 0.8 mm2 active area of this photodiode, which
is connected and read via an oscilloscope. The photodiode estimates the amount of photocurrent
and converts this photocurrent to a voltage by adding an external load resistance for viewing on
the oscilloscope, which is then recorded by the lab computer.
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Abbildung 4.4.1: Total experimental configuration - oscilloscope analog method - pulsed laser.

The pressure inside the chamber is a determining factor for the evaluation of the Rayleigh
signal. For this purpose, measuring and recording the cluster source chamber pressure is done
during the experiment via a cold cathode gauge (Pfeiffer IKR270), and the voltage output of
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the cold cathode gauge is fed to a data acquisition device (DAQ), which is also connected to
the lab computer and the averaged signal for all 100 sweeps are calculated and recorded in the
computer.
Figure 4.4.2 notes δt as the delay time between the valve trigger and the detected Rayleigh
photons. Pulsed lasers differ from continuous wave (CW) lasers because instead of outputting
light continuously, they output short pulses with an associated pulse width at a specific pulse
repetition rate (PRR). The pulse width can be very short and can have very high pulse energy.
A CW-laser and a pulsed laser with the same average power over time will not have the same
peak power because the pulsed laser has no output between pulses. So, if the average power
remains constant, the pulse energy increases in shorter pulses. These pulsed laser parameters, in
addition to the wavelength, will affect the final detected signal. Therefore, an external trigger
mode of the pulsed laser accepts an external input signal from the digital delay generator (DG
535) to synchronize the exposures with laser pulses for more controlled measurements. The use
of an external trigger has the advantage of synchronizing each exposure to the start of a laser
pulse. This eliminates the partial pulse issue encountered in Auto-Trigger mode. Besides, PMT
uses dynodes to convert and amplify collected lights from the interaction of the laser beam and
the molecular beam, which is ultimately read by the oscilloscope. Collecting, amplifying, and
detecting these photons also require some time. On the other hand, the delay generator (DG
535) also triggers the delay generator (DG 645), which itself has the role of triggering the valve
driver. In the Even-Lavie valve, there is also a mechanical delay of about 45 µs, before the fluid
appears at the nozzle exit. Considering the mechanical delay of the pulsed valve and the nozzle,
there is a total time difference between the valve trigger and the detected photons. By changing
the triggering signal width between the delay generator DG 535 and delay generator DG 645, δt0 ,
by the 2 µs step size from 2 µs until 250 µs the beam profiles of CO2 are studied. Results of this
study are used to optimize the experimental setup and the effect of different parameters on the
final reported mean cluster size, which is described in the following. Although the averaged power
of the pulsed laser is 50 mW in this study, no Rayleigh signal is detected at lower stagnation
pressures than 60 bar. It should be mentioned that this initial attempt is tried without any
condenser lenses and other optical elements on the optical table to condense the laser light into
the interaction region in the vacuum chamber, which is improved in the next step.
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Abbildung 4.4.2: Rayleigh signal detection via a pulsed laser measurement.

Even though the experimental setup developed for this study provides concentration measurements with high spatial resolution, it is easy to imagine experiments for which improves
the signal-to-noise ratios or higher spatial and temporal resolution would be required. Earlier
analysis has shown that the most critical factor limiting the Rayleigh light scattering technique
is the relative weakness of the scattering and the resulting noise in the detected signal. In order
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to obtain the optimum quality of the information from such a measurement, compromises concerning spatial and temporal resolution are made since the signal-to-noise ratio decreases as the
observation volume and averaging time decrease. High stagnation pressures permit an increased
beam intensity and thus a significantly enhanced signal-to-noise ratio. However, to detect the
signal also at low stagnation pressures, increasing the intensity of light reaching the interaction
region would provide sufficient spatial resolution. This can be accomplished by providing some
optical elements within the interaction region in the chamber and improving the transmission
and efficiency of the collection and filtering optics. Due to the technical and internal hardware
issues, the Cobolt Tor™ XS laser is not used for the rest of the experiment. Initially, the goal
was to make the CW-laser into a pulsed function laser using either a mechanical chopper or a
Kerr cell shutter. Due to the required working conditions of 3.0 Hz frequency and the laser pulse
duration of less than 0.5 ms and higher than the valve opening time, the required diameter of
the mechanical chopper to provide these criteria is so large that it is impossible to be designed
in this experimental setup. On the other hand, applying Kerr cell, an electro-optical shutter, is
also not possible because of emitting the circularly polarized light, which differs from the principle of linear polarization for detecting the Rayleigh signal. The light beam emerges from the
cell circularly polarized because the two components travel with different speeds and thus have
a phase difference. Consequently, the beam will be partially transmitted by the analyzer. The
CW-laser is used instead of a pulsed laser to prevent a sophisticated setup and gain more information. A pulsed laser can measure only a tiny part of the atomic or molecular beam dependent
on the pulse width of the used laser and also on the delay time of the clock. However, due to
the change of the Rayleigh signal and velocity dependence of the beam, the measurement of a
small period has a critical impact on the final results. CW-laser is measured the entire beam.
Even though more powerful CW-lasers are available commercially, the high cost and complexity of such lasers compared to the system necessitate the improvement of the sensitivity of the
experimental setup. The second trial is done employing a CW-laser (Edmund fixed focus DPSS
alignment laser, 37-028-RCD-05P, Edmund Optics GmbH, Germany) with the power of 10 mW,
Figure 4.4.3. It should also be noted that the laser must be operated in an environment with
low vibration to meet the power stability specifications. For this purpose, it is mounted and
fixed on the optical laser with a self-designed holder. It is possible to increase the laser power in
the scattering volume by using a multi-pass condenser lenses. By a precise design of the optical
system and the use of anti-reflection coated optical components throughout, this increase in the
light reaching the detector can be expected, see Figure 4.4.3. To use the CW-laser with the lower
power than the pulsed laser, the laser photons are aligned and condensed into the interaction
region with the atomic or molecular beam with different optical elements described in detail in
the former Section. A reflected part of the laser light with the horizontal polarization is detected
via a photodiode, which is then read via oscilloscope to be used as the reference signal of the laser
intensity for evaluating the data points. Triggering of the valve and the stagnation temperature
and pressure controlling systems are similar to the previous method. Digital delay generator (DG
645) synchronizes the valve trigger, chamber pressure measurement, and an oscilloscope, which
monitors the PMT signal simultaneously. The output signal of DAQ, as the pressure signal, is
recorded via the lab computer. A MATLAB script is written to synchronize the delay generator
with the PMT signal and control the measured signals and parameters simultaneously.
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Abbildung 4.4.3: Total experimental configuration - oscilloscope analog method - CW-laser, it should be
noted that in this configuration, the detected signal is normalized to the PMT gain.
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Abbildung 4.4.4: Total experimental configuration - photon counting digital method - CW-laser, it should
be noted that in this configuration, the detected signal is not normalized to the PMT gain.

To enhance the temporal resolution of the measurement, the photon counting method is
applied as the next step (Figure 4.4.4). In this technique, individual photons are counted using
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a single-photon detector. In this study, the single-photon detector, which is a PMT detector
connected to a DAQ PCI 6031E counting card, emits a pulse of signal every time a photon is
detected. The total number of pulses is counted, yielding the number of photons detected each
measurement interval as an integer number. The lab computer then collects the output signal in
the photon counting method. In the analog oscilloscope method, However, the output appears
as the amplitude of the Rayleigh photons, which is the average of all events. The proportionality
factor between the analog signal out and the number of photons varies randomly, hence photon
counting reduces gain noise. As a result, a photon-counting detector’s excess noise factor is unity,
and the achievable signal-to-noise ratio for a specific number of photons is typically higher than
if the same detector was operated without photon counting. Photon counting can also help with
temporal resolution. Multiple arriving photons cause overlapping impulse responses in a typical
detector, limiting temporal resolution to the detector’s fall time. However, if only a single photon
is detected, the centre of the impulse response can be analyzed to identify the photon’s exact
arrival time. PMT has been used to produce a temporal resolution of 1.024 µs. In the meanwhile,
photon counting method is typically limited to detecting one single photon at a time. Additional
photons may not be detected if they come during this time frame. In traditional detectors, which
can detect a high number of photons at once, this impact is less noticeable.
To increase the functionality of the diode-pumped solid-state laser (DPSSL), a custom-built
active thermoelectric cooling system is mounted around the CW-laser to stabilize and control the
laser intensity. A laser that is not warmed up properly would result in unacceptable experimental
data. The analysis without the application of any cooling system (Figure 4.4.5 ) shows that the
laser temperature is directly proportional to laser power due to the high beam absorption in
the case of higher laser power. The temperature control system is designed based on the Peltier
effect and can stabilize the laser intensity during the experiment Figure 4.4.6. Warm-up stability
is essentially a sub-set of stability over temperature. In other words, after turn-on, the laser
device warms up by a few degrees over 10 minutes to 30 minutes. Monitoring the output power
of the laser while it is warming up will show a variation in the output power. As it can be
seen in the warm-up time, the time it takes for the laser output to be stabilized is about 30
minutes. After this warm-up time, one ensures a state is reached. This is due to many factors
such as crystal temperature, pump temperature, temperature feedback control, etc. Typically,
variations in laser intensity that differ by no more than 5% over the short period (5 min) are
acceptable, which is calculated to be less than 2%. Furthermore, laser drift during warm-up can
also affect the accuracy of laser alignment with experimental optics. In such a scenario, the laser
beam may shift from its intended, aligned location after appropriate warming of the system.
These studies all focus on the beam pointing characteristics of a warm laser operating under
steady-state conditions. The designed thermoelectric (Peltier) device provides a simple, reliable
solution to precise temperature control of the laser device. This solid-state device can heat or
cool small thermal loads to more than 60°C from ambient and achieve temperature stability
better than 0.001°C. In this study, the averaged laser temperature remains constant at 20.5°C.
It transfers heat from one side of the laser to the other side, with the consumption of electrical
energy, depending on the direction of the current. The rest of the experimental setup is similar
to the oscilloscope method, which can be observed in Figure 4.4.4. The only difference is that
the detected reference light from the laser goes to the DAQ after the photodiode.
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Abbildung 4.4.5: Laser intensity fluctuations by passing time, without any cooling system.
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Abbildung 4.4.6: Laser intensity fluctuations by passing time, effect of the Peltier temperature controller
on the Edmund laser intensity during the experiment, which shows the stability of the intensity after
about 30 minutes.
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5. Analysis of the Laser-Induced
Rayleigh Scattering Signal
Experimental configuration of time-resolved measurements of the scattering light from a pulsed
supersonic beam of atomic or molecular clusters, which is irradiated with a linearly polarized
laser, is designed and explained in Chapter 2. The evaluation of the gained data points is explained
separately based on the detection methods of analog oscilloscope measurement and the digital
photon counting measurement. Critical for reporting some reasoning results of the scattering
experiments is an efficient data processing and the correct evaluation of the data recorded. This
Section focuses on different scripts, programs, equations, and algorithms developed and used
during this thesis to prepare the recorded scattering data.
As mentioned before, Rayleigh scattering is applicable when the radius of the scattering sphere
is much smaller than the wavelength of the incident light. The reliability of the results depends
on the number of assumptions for the Rayleigh scattering signal that will be described. The
reproducibility of the results depends strongly on the fluid jet parameters, cluster density, and
cluster size, controlled by the stagnation conditions. From Rayleigh signals, the absolute cluster
size and density cannot be determined separately, nevertheless, with some assumptions, a good
estimation can be applied, and the relative size is also possible.

5.1

Rayleigh Scattering Cross-Section

Small particles emit dipole radiation due to Rayleigh scattering. A cross-section for light scattering must, however, be derived based on a variety of assumptions. Consequently, a comprehensive
discussion of the relevant relations is discussed in this Section. As the cluster dimensions are much
smaller than the wavelength of the incident electric field (532 nm) in this study, the approximation of a uniform field penetrating the cluster is assumed. Therefore, the electric field of the light
wave illuminating the clusters is treated as a monochromatic plane wave, in which the radiation
has planar wavefronts moving in a specific direction at the speed of light, and only one frequency
component is present. Suppose that the waves are traveling in the z direction and have no x
or y dependence. These are called plane waves because the fields are uniform over every plane
perpendicular to the direction of propagation. We are interested, then, the electric field of the
light wave, E, of the form:
~0
E(z, t) = E 0 ei(k z−wt)
(5.1.1)
0
Where E is the amplitude of the oscillation, k~ is the wave vector, which is related to the
0

wavelength of the wave by the equation:

|k~0 | =

2π
λ

(5.1.2)

|k~0 | is the wave number, w is the angular frequency of electromagnetic waves, and t is the time.
The formed clusters as the role of dielectric particles expose to this electric field, leading to an
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almost instantaneous charge redistribution, resulting in an induced electric dipole moment, p,
which measures the system’s overall polarity. Ar the output signal is extremely weak and can be
assumed as in a linear approximation. The dipole moment is given by:
p = α0 E

(5.1.3)

in which α0 is the electric polarizability, which shows the tendency of the formed particles to
acquire an electric dipole moment in proportion to that applied photon beam. Assuming that
the formed clusters are isotropic particles, the induced dipole moment is parallel to the incident
electric field. This results in the scalar polarizability α0 . The following assumption is that the
result of the light interaction with the formed clusters is only elastic interactions, and any inelastic light-matter interactions are neglected, e.g., no light absorption. The accelerated charges of
illuminated clusters oscillate at the same frequency as the incident field, with an amplitude of
p0 is then:
p(z, t) = p0 ei(kz−wt)
(5.1.4)
When the distance z is much larger than the wavelength of the scattered radiation, 532 nm of
green light in this study, the electric field of the dipole is assumed to be a spherical wave that
is symmetric in the plane perpendicular to the dipole axis. Its magnitude E 0 for perpendicular
polarization, with respect to the dipole axis, is [213]:
E0 =

sinθ
p0
w2
4π0 c0 2
z

(5.1.5)

Where 0 is the vacuum permittivity (known as the permittivity of free space or the electric
constant) and its value is 8.8541878128(13)×10−12 Fm−1 ± 1.5×10−10 Fm−1 , c0 is the speed of
light in vacuum, which is 299792458 ms−1 , and θ is the angle of observation with respect to the
dipole axis.
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Abbildung 5.1.1: The signal intensity as a function of the observation angle and the light polarization,
the maximum intensity of the Rayleigh signal at 90 degrees of θ of perpendicular polarization.

For parallel polarization, however, the magnitude of the electric field of the dipole is zero,
while it cannot cause any Rayleigh scattering due to the collision with the dipoles traveling
horizontally in the direction of the electric field. This functionality of the perpendicular and
parallel (with respect to the dipole axis) polarization of the laser light on the Rayleigh scattering
signal can be observed in Figure 5.1.1. As one can see in this Figure, at 90 degrees of observation
angle, θ, of perpendicular polarization, the maximum intensity of the Rayleigh signal can be
detected.
The average power per unit area transported by an electromagnetic wave is called the intensity.
The intensity of this electric field is given by [213]:
I0 =

0 c0 0 2
E
2 0

(5.1.6)

Combining equations 5.1.5 and 5.1.6 results in the following equation:
I0 =

p0 2 π 2 c0 1 sin2 θ
20 λ4 z 2

(5.1.7)

Considering the initial dipole momentum of p00 = αE0 and based on equation 5.1.6, I =
0 c0 E0 2 /2, the intensity of the scattered light, I0 , can be expressed in terms of the incident
light intensity, I, as the following equation:
I0 =

π 2 α2 1 sin2 θ
I
20 λ4 z 2

(5.1.8)

Cluster models typically assume spherical symmetry for large clusters, and our analysis is also
based on this assumption of spherical symmetry clusters due to the large size of formed clusters.
48

By integrating this intensity over the surface of a sphere enclosing the particle, the total power
scattered from a particle can be obtained:



P =
A(V )

π 2 α2 1 sin2 θ
I dA
20 λ4 z 2

(5.1.9)

Solving equation 5.1.9 with considering spherical coordinates with an area element of dA =
r2 sinθ dθ dφ, results in:
 2π  π
π 2 α2 1
P = 2
sin3 θ dθ dφ
(5.1.10)
 0 λ4 0
0
P =

8π 3 α2 1
I
320 λ4

(5.1.11)

The cross-section in this study shows the probability that Rayleigh scattering will take place when
the laser radiant intersects a particle. To drive the Rayleigh scattering cross-section equation
5.1.12, the incident radiation assumes to be linearly polarized, with a field strength low enough
to justify the assumption of a linear response. Besides, clusters are approximated to be spherical,
isotropic, dielectric particles in the vacuum environment. The ratio of the total power scattered
from a particle to the incident intensity is the scattering cross-section, σ:
σ=

P
8π 3 α2 1
=
I
320 λ4

(5.1.12)

Considering the effect of an external field on the particles, the local electrical field of the particle
is not identical to the applied field from the outside. The relation between the external field
and the local field should be explained in order to understand the behavior of dielectrics on a
macroscopic scale. The local field E local is defined to be the field felt by one particle of the atomic
or molecular beam at its position. Since the superposition principle for fields always holds, we
express E local as a superposition of the incident external electric field E and the electric field
generated by the induced dipoles, E Lorentz .
E local = E + E Lorentz

(5.1.13)

E Lorentz is caused by the depolarization amounts for isotropic materials of cubic symmetry
(E Lorentz = 3p0 ) [214]. This relation of E Lorentz and its combination with equation 5.1.13,
p = N αElocal , and p = (r − 1)0 E results in:
Nα
r − 1
=
r + 2
30

(5.1.14)

N is the number of particles per unit volume, defined as the particle density.
Equation 5.1.14 that the emitted power relates to the scattering cross-section. The Clausius–Mossotti relation expresses the relative permittivity, r , of a material in terms of the atomic
polarizability α (a microscopic characteristic) of the materials constituent atoms or molecules.
Consequently, for macroscopic particles, this microscopic characteristic, polarization, is substituted by the relative permittivity, which is a characteristic of the bulk describes the permittivity
expressed as a ratio relative to the vacuum permittivity (equation 5.1.14).
03
Assuming cluster as a spherical particle with a radius of r0 and a volume of 4πr3 can be used to
express the polarizability as:
r − 1
α = 4π0 r03 (
)
(5.1.15)
r + 2
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Substituting relation 5.1.15 in equation 5.1.12 leads to the following equation:
σ=

128π 5 r06 r − 1 2
)
(
3 λ40 r + 2

(5.1.16)

The refractive index is defined by the ratio between the speed of the light in the medium, v 0 ,
0
and the speed of the light in the vacuum, c, (n = vc ). Based on the wave equation, the velocity
v 0 in terms of the permittivity, , and permeability, µ, of the medium is:
1
v0 = √
µ

(5.1.17)

1
 0 µ0

(5.1.18)

and, in particular, for the vacuum it is:
c= √

From (n = vc ) and the equations 5.1.17 5.1.18 and the definition of relative permittivity and
relative permeability the refraction index can be written as:
√
n =  r µr
(5.1.19)
Consider non-metals and non-magnetic materials, the index of refraction is given by:
√
n = r

(5.1.20)

Combining equation 5.1.20 with equation 5.1.16 yields:
σ=

128π 5 r06 n2 − 1 2
(
)
3 λ40 n2 + 2

(5.1.21)

It should also be mentioned that the detection of the scattered light at a distance much larger
than the wavelength of the incident light and an angle of 90° to the incident polarization axis is
essential in deriving the Rayleigh scattering cross-section.
As the calculations of the Rayleigh scattering cross-section are based on the macroscopic material
properties, i.e., the relative permittivity or the index of refraction, which results in assuming the
clusters to be solid particles with cubic symmetry and the additivity of the local electric fields,
microscopic properties of nanoscale clusters are not considered in the scattering cross-section
equations. These assumptions and approximations differ from the real practical clusters, i.e.,
amorphous or anisotropic particles or the rotational or vibrational transitions that change the
wavelength.

5.2

Effect of Cluster Size on Rayleigh Scattering

When N presents the number of clusters per unit volume (cluster density), and V is the sampled
volume, the number of irradiated particles is N V . The laser-induced Rayleigh scattering signal,
S, is then given by:
S = ησN V I + S0
(5.2.1)
in which S0 is the photon signal observed with laser radiation, but without the particles of
interest, i.e., the background signal, and η is the overall detection efficiency. The efficiency of
detection of Rayleigh signal is affected by different factors such as the angle of observation with
50

respect to the incident polarization axis, the solid angle of the imaging optics, the transmission
losses resulting from apertures, filters, lenses, and vacuum windows, and the quantum yield of
the detector. The atomic or molecular cluster size, NC , is the number of constituents in each
cluster. According to the equation 5.1.21, Rayleigh scattering cross-section, σ, is proportional to
the sixth power of the cluster radius, r. Substituting this in the equation 5.2.1 and considering
this fact that the cluster size, is proportional to the volume of the cluster, NC /a3 , results in 5.2.2.
As there are so many different influencing factors on the Rayleigh signal amount, this equation is
written for a fixed wavelength, laser irradiance, sample volume, and detection efficiency. Besides,
as mentioned before, the Rayleigh scattering cross-section depends also on the index of refraction
of particles. By this assumption that the index of refraction also is fixed for different cluster sizes.
All these assumptions considered, one can arrive at size as a function of experimental conditions,
e.g., stagnation temperature and pressure.
S − S0 ∝ N NC2

(5.2.2)

In practice, a small amount of stray light is also detected in addition to the light coming from the
probed volume. The stray light is, for instance, induced by the laser reflections from the chamber
walls, but as it is constant in time, it will not affect the reported relative mean cluster size.
As the laser irradiance is low, it is assumed in equation 5.2.2 that the multi-photon effects are
disregarded, and individual scattering events add up linearly. This incoherent scattering requires
statistically distributed particles.
The focus of this study is to measure Rayleigh scattering to determine how the mean cluster size
scales with the stagnation conditions. However, since the Rayleigh scattering depends on both
the cluster density and cluster size, it is impossible to determine the cluster size directly from the
measured signal with the signal method of Rayleigh scattering. Consequently, the N factor should
somehow be related to other measurable parameters in this experiment. For this purpose, the
number density of clusters is determined by the degree of condensation, χ, the number density
of fluid monomers in a pulse, N0 , and the cluster size. It should be also mentioned that the
degree of condensation here is defined as the ratio between the number of fluid monomers in the
reservoir and the number of clusters after expansion.
N∝

χN0
NC

(5.2.3)

So, equation 5.2.3 can be replaced in equation 5.2.2, which results in:
S − S0 ∝ χN0 NC

(5.2.4)

Since the condensation ratio is constant, due to the assumptions, one can conclude that for
specific sample volume, index of refraction, overall detection efficiency, and the detected signal
without the particles of interest, S0 , according to equation 5.2.5 the Rayleigh signal depends
on the number of monomers and the cluster size. As these parameters are not known well, the
absolute cluster sizes typically are not accessible. In practice, the degree of condensation strongly
depends on experimental conditions. Moreover, the assumption of a size-independent index of
refraction may be justified for narrow cluster size distributions.
S − S0 ∝ N 0 N C

(5.2.5)

In a constant opening time of the nozzle and a constant stagnation temperature, N0 is proportional to the stagnation pressure p0 in the reservoir. In addition, the stagnation pressure in the
reservoir is proportional to the pressure in the vacuum chamber p. Consequently, normalization
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of the Rayleigh signal to the pressure signal in the vacuum chamber results in a standardized
signal which is proportional to the mean cluster size, equation 5.2.6:
S − S0
∝ NC
p − pb

(5.2.6)

where pb is the background pressure.
More normalization to the laser intensity and the photomultiplier tube is done, explained in the
following Sections. The cluster size is the only unknown quantity in our measurements, and the
final normalized signal is reported as the relative mean cluster size in this study.

5.3

Evaluating the Mean Cluster Size from The Measured
Results: Integration of the Rayleigh Signal

Cluster-light interaction results in imaging the relative mean cluster size and a better understanding of the cluster growth processes. For this purpose, the detected signal from the PMT detector
should be analyzed and standardized to the variable parameters which affect the final reported
values. The evaluations of two different methods, the so-called analog and digital methods, are
discussed in this Section.

5.3.1

Analog Oscilloscope Signal Evaluation

This study examines the Rayleigh scattering of an intense laser with Gaussian temporal and radial
profiles from clustered fluids. Figure 5.3.1 (a) shows the detected scattering signal as a result of
the interaction of the formed argon clusters with the continuous laser light. As observed, some
nanoseconds after the valve are triggered, the formed clusters can be detected. The amplitude
of each point as the output of the oscilloscope presents the intensity of the Rayleigh scattered
light as the result of the interaction between that cluster and the laser light. This cluster-light
interaction for each cluster causes a point in the PMT signal that is detected and converted to the
voltage data points in the oscilloscope. The maximum intensity can be observed for the clusters
at the centerline of the molecular beam. The average of the sum of the results from the scattering
signal of 1000 samples in each measurement results in each point in the reported Plots. As a
result, to cover the total beam pulse, the integration of the detected signal is required. It should
be mentioned that generally, the width of the detected signal is not only the effect of the nozzle
opening time but also the mechanical delay of the valve. The oscilloscope system can accurately
reconstruct a waveform – referred to as signal integrity. Physical phenomena such as electrical
phenomena, e.g., the current related to the intensity of the scattering signal, can be converted
to a voltage by a sensor. The oscilloscope is analogous to a detector that captures signal images
that we can then observe and interpret. The oscilloscope draws a graph of the electrical signal,
which shows how signals change over time. The vertical (y) axis represents voltage, correlates
to the intensity of the amplified scattering signal, and the horizontal (x) axis represents time.
The bouncing peaks in the oscilloscope method also affect the output signal; however, due to the
time resolution restriction in this method, all peaks would be shown as one peak, and it is not
easy to deconvolute these artificial peaks from the main peak. This is the biggest disadvantage
of the oscilloscope method, forcing us to change the method to Photon counting to eliminate the
effects of bouncing peaks. The detected signal of CO2 clusters formed from the gas monomers
at the stagnation temperature of 301 K and the pressure of 70 bar can also be observed in 5.3.1
(b) for the pulsed laser. The narrow detected signal for the pulsed laser is due to the short laser
pulse duration. In Figure 5.3.1 (a) and (b) there are the contribution of two functions. The first
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is the Gaussian function of the cluster size distribution, and the second is the exponential decay
of the 1 MΩ resistance of the input. The effect of the PMT capacitance on the output signal is
too small, which can be neglected for the fit function. To consider the convolution of the normal
and exponential probability density functions, the exponentially modified Gaussian distribution
(EMG distribution) is defined that describes the sum of the independent normal and exponential
random variables. Based on the Gaussian model, this data-driven model to track clusters over
time is then used to compute the resulting Gaussian integral.
(a) Ar , T0 = 235 K , p0 = 28 bar, CW laser

(b) CO2 , T0 = 301 K , p0 = 70 bar, pulsed laser
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Abbildung 5.3.1: Selecting the appropriate beam segment in oscilloscope method, the intensity of the
scattering signal versus time from the formed clusters at (a) T 0 = 235 K, p0 = 28 bar, clustering from
Ar gas phase (b) T 0 = 301 K, p0 = 70 bar, clustering from CO2 gas phase.

As this Gaussian function can approximate the particle distribution, the integration, which
is calculated based on the mathematical description, presents the detected PMT signal without
the influence of the input resistance. It should be mentioned that in the previous Section, the
detected and evaluated scattering signal, Gaussian integration, is driven to be proportional to
the mean cluster size.
Equation 5.3.1 is used as the model for the description of the detected peak shape as the EMG
distribution.
r




1 σ 0 2 t − µ0
1 σ0
t − µ0
hσ 0 π
exp
( ) −
erfc √ ( −
(5.3.1)
f (t; h, µ0 , σ 0 , τ ) =
τ
2
2 τ
τ
σ0
2 τ
in which h is the amplitude of Gaussian, µ0 is the mean or expectation of the distribution, the
parameter σ 0 is its standard deviation, and τ is the exponent relaxation time (that is defined as
one divided by the rate of the exponential component). These reported integration values, which
are considered the relative mean cluster size of the measured fluid, are also in accordance with the
evaluated results from the maximum of the output signal, while in a Gaussian distribution, the
area is correlated to the maximum of the peak with a fixed factor. The maximum calculations
are also conducted for Ar, and CO2 clusters [215, 216] and the results of the integration and
maximum of the signal are in good agreement with each other. It should also be mentioned that
before the signal evaluation, the average intensity of the background stray light is distracted from
the output signal to eliminate the effect of unwanted scatterings inside the vacuum chamber.
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5.3.2

Digital Photon Counting Signal Evaluations

Photon counting is widely used in many fields of experimental physics, chemistry, biology, medicine, and applied sciences. This method is characterized by its extremely high sensitivity, good
linearity and a good signal-to-noise ratio [217]. A set-up for this type of measurement usually
consists of a detector, an amplifier, a discriminator, and a counter. In the case of measurements
on light, different types of photomultipliers are used as a detector. As the nozzle is a fixed parabolic nozzle, the cluster size and density of the generated clusters in this method depend on the
backing pressure and source temperature, ans also the fluid aggregation state before expansion.
The assumption of having a constant condensation ratio, neglects the effect of cluster growth after quitting surface on the output signal, and the total Rayleigh scattering signal is proportional
to the product of the cluster size (number of atoms per cluster) and cluster density (number of
clusters per volume). The low input impedance, and thus the low time constant of DAQ PCI card
in the photon counting method will lead to a fast response. It should be mentioned that due to
the high time resolution of this method, a more detailed output signal is detected compared to the
analog oscilloscope method. This makes it possible to detect even the bouncing peaks resulting
from the spring-loaded plunger for 22 µs valve opening time. These multiple valve bounces make
it more crucial for choosing the appropriate beam segment to analyze the Rayleigh scattering
signal from the PMT output signal. Experimental results, which will be explained in detail in the
following Section, show that the first peak is the main peak, which is the result of the Rayleigh
scattering signal, and the rests are the bouncing peaks. As demonstrated in Figure 5.3.2 the main
signal, which is caused by the collision of the laser photons with the jet beam, is experimentally
defined as the first detectable signal within 124 µs time after the valve trigger (dashed area) for
22 µs nozzle opening time (pulse duration). These bouncing peaks can be detected throughout
the whole stagnation conditions, but their amplitude compared to the main Rayleigh scattering
peak is different in clustering from the liquid and from the gas fluids, Figure 5.3.2 (a) and (b),
respectively.
As PMT detects background photons, the offset should always be considered and subtracted
from the main Rayleigh scattering photons. The offset region is defined as the range between
2.0 µs and 20.0 µs after the valve trigger in each spectrum. Zero is not considered as the offset’s
start point in order to eliminate any possible effects of the electric pick-up. The number of the
data points nROI contributing to the region of interest, which presents the main peaks of the
Rayleigh signal, is also defined as the detectable signal within the range of 25.0 µs and 124 µs
after the valve trigger.
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(a) CO2 , T0 = 280 K , p0 = 36 bar

(b) CO2 , T0 = 280 K , p0 = 52 bar
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Abbildung 5.3.2: Selecting the appropriate beam segment in the photon counting method, the intensity
of the scattering signal versus time from the formed clusters at (a) T 0 = 280 K, p0 = 36 bar, clustering
from the gas phase (b) T 0 = 280 K, p0 = 52 bar, clustering from the liquid phase.

Net count, Inet , is the weighted difference of region of interest counts IROI and offset counts,
Ioffset :
Inet = IROI − (nROI /nof f set ) × Ioffset
(5.3.2)
where noffset is the number of the data points contributing to the offset. Normalization of the
detected photons to the number of monomers per pulse and the laser photons during the experiment is applied by simultaneous measuring of the pressure inside the vacuum chamber and the
laser intensity. The average of a reflection from the laser light intensities is measured during the
experiment, which is explained in the experimental configuration Chapter. The net count of the
first peak is then divided by this measured value to eliminate any possible effect of variation of
the laser intensity during the experiment on the final result.

5.4
5.4.1

Normalization of the Rayleigh Scattering Signal
Non-Linear Mechanical Behavior of the Valve

According to the measured pressure inside the vacuum chamber, the control valve and thus the
orifice act non-linearly by increasing the stagnation pressure of the fluid in the reservoir. Several
factors are influencing the mechanical motion of the plunger. These factors include the masses
of the plunger and the return spring, the shape of the current pulse, the local saturation of the
magnetic properties of the plunger and plug, the closure of the air gap in the magnetic circuit
during the motion, the recoil velocity when the plunger hits the immobile plug, and the recoil
from the nozzle surface at the end of the motion cycle. Solving the equation of motion under
all of these variables is complicated. Experimentally, this mechanical motion can significantly be
affected by increasing the fluid pressure in the reservoir after a certain pressure, 54 bar for Ar at
300 K. This non-linear behavior after a certain pressure, Figure 5.4.1, is due to the more difficult
movement of the spring and thus the plunger. This can affect the reported relative mean cluster
size in this study. However, as all the detected signals are normalized to the pressure signal inside
the vacuum chamber, the non-linear functionality of the valve does not change the final results.
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Besides, as the linear function of the pulsed valve after 54 bar is changed, which eventually
decreases the number of monomers per pulse, the normalization of the scattering signal to the
evaluated chamber pressure neutralizes this effect on the final results.
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Abbildung 5.4.1: The measure pressure inside the vacuum chamber vs. the source pressure, the non-linear
behavior of the pulsed valve by increasing the stagnation pressure, Ar, 300 K.

5.4.2

Signal Normalization to the Number of Particles per Pulse: Pressure Signal Correction Model

The scattering signal is proportional to the average cluster size Nc and cluster density N . Normalization to the number of monomers per pulse is an essential step to consider the contribution
of the cluster density. Cluster density depends on the gas density and, therefore, on the vacuum chamber’s background pressure. Consequently, normalization of the signal to the number
of monomers per pulse enables reporting the relative mean cluster sizes. The total number of
monomers per pulse can be calculated by the pressure change during the expansion of monomers
from a valve into the vacuum chamber. The pressure change depends on the nozzle geometry,
the nozzle opening time, the expanding fluid, the source conditions (stagnation temperature and
pressure), the vacuum system consisting of a pump and a vacuum chamber, and the detection
system. These components affect each other. In many supersonic beam experiments, the number
of particles per pulse is required, and different methods are proposed to determine this number
by measuring the pressure increase in the interaction chamber. In the case of a continuous supersonic beam, the pressure change due to adsorption of the gas particles by the chamber walls
can be measured to calculate the beam intensity [218]. In the case of a pulsed molecular jet,
however, the pressure change in the vacuum chamber is correlated to the maximum number of
particles per pulse [219]. The maximum value of the pressure signal is affected by the time constant of the detector and the pumping system. The average of 330 sweeps of the pressure signal
is recorded employing a cold cathode pressure gauge for each measurement to achieve this goal.
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A short time after the valve is opened, the expanded gas particles collide several times with the
rough surfaces of the vacuum chamber. Thus, the time between the opening and the detection
depends on the flight distance of the expanded gas particles, which in our case is given by the
translation stage position of the nozzle and the position of the pressure gauge in the vacuum
chamber, Figure 4.2.1. In addition, while only the time of triggering the valve is known, the time
delay between the control pulse and the valve opening results in an extra delay of the detection
time. Furthermore, the injected gas is distributed homogeneously and is in thermal equilibrium
with the vacuum chamber walls. It should be mentioned that the pressure gauge does not detect
all gas particles at any one time.
As illustrated in Figure 5.4.2, by the opening of the nozzle, the pressure inside the vacuum chamber increases. This pressure raise will not show the real maximum pressure inside the chamber
due to two differential equations stemming from pumping rate and pressure gauge time constant,
which tend to decrease the output signal. To drive the corrected pressure signal in the interaction chamber, a fit function is defined, in which the two differential equations are de-convoluted
from it (the solid red line in Figure 5.4.2). For this purpose, the first step is to define these two
differential equations as below:
1. The effect of the pumping rate:
The decrease of the pressure in the vacuum chamber is caused by pumping, which can be described by an exponential decay [220]. This exponential decay can be fitted to determine the time
constant of the pumping system [221]. The pressure evaluation method in this Section is based
on the mathematical description of the particle flux depending on the pump and the detection
system [220, 222].
pc (t) = pexp exp




t
f (t) + pend
τp

initial condition : pc (0) = pend
(
1 t>0
f (t) =
0 t≤0

(5.4.1)

where pc (t) is the pressure in the vacuum chamber (pumping speed 910 L/s for N2 and a certain
chamber volume of 34 liter) and pend is the pressure inside the chamber after an infinite time.
It should also be mentioned that if the pend is equal to the pressure in the chamber, the pump
reaches the final pressure (pend ), and so the pump does not remove any more particles. In other
words, the rate of entering and removing particles is the same. The initial condition here will
serve this assumption that when the nozzle opens at time zero, there are some old and many
new particles in the chamber at this initial time.
To derive equation 5.4.1, one should start from the fluid flow rate. After a very long time without
valve operation, the pressure in the vacuum chamber reaches the final pressure (pend ) setting up
an equilibrium between the inlet fluid rate and the exhaust of the pump given by its throughput
rate. The change of the pumped volume V per time t, which is given by the vacuum chamber
without any installations and the pressure in the vacuum chamber pc , results in the fluid flow
rate Q that is given by:
Q=

d(V pc (t))
= Qin − Qpump
dt
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(5.4.2)
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Abbildung 5.4.2: The pressure signal inside the vacuum chamber by passing time after the valve trigger.

Some factors such as degassing, leaks, permeation, and evaporation affect the final achievable pressure by the pressure gauge. This is, however, limited by the installed pump. The final
achievable pressure of the Turbomolecular pump, which is used in this experiment, depends on
the compression ratio of the inlet and outlet pressure, which depends on the pumped fluid’s
thermal velocity. Based on the mass dependence of the thermal velocity, the heavier the fluid
monomers, the better the compression. The net fluid flow rate results from the subtraction of
the inlet fluid flow rate Qin and the throughput rate of the pump Qpump . The latter is calculated
by the pumping speed S 0 , which is given by the pumped volume per time:
Qpump = S 0 pc (t)

(5.4.3)

dV
(5.4.4)
dt
Turbomolecular pumps work on the principle that fluid molecules can have momentum in the
desired direction by repeated collision with a moving solid surface. Since only particles that are
hit by the rotating blades of the pump can be removed from the vacuum chamber, the effective
0
depends on the chamber geometry and the inlet area of the pump. If the
pumping speed Seff
mean free path of the gas particles in the chamber would be smaller than the blade spacing (at
high pressure), the transferred momentum can be lost due to collisions with other gas particles,
and the effective pump is reduced. However, we assume that the pump operates in the molecular
flow conditions so that the decrease of the effective pumping speed due to too high pressure is
negligible. It is also noticeable that the pumping speed is zero when the pump achieves the final
pressure. Approximately, the effective pumping speed is given by the pressure as:


pend
0
0
(5.4.5)
Seff
= Smax
× 1−
pc (t)
S0 =

0
in which Smax
is the effective maximum pumping speed. It should be mentioned that the ratio
of the pumped volume V and the effective maximum pumping speed Smax can be interpreted as
V
.
the time constant of the pumping system as τp = Smax
Combining Equations 5.4.2, 5.4.3, and 5.4.5 leads to the calculation of the pressure increase of
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one pulse as the following:
d(V pc (t))
d(V pin (t))
0
=
− Smax
(pc (t) − pend )
(5.4.6)
dt
dt
Presuming that compared to the time of the measurement, the nozzle opening time is short
enough, the pressure increase pin can be assumed to be instantaneously and with a negligible
width, which results in expressing the time dependency by the pressure increase due to the gas
expansion pexp and a δ(t) function:
dpin (t)
= pexp δ(t)
dt

(5.4.7)

Solving Eq. 5.4.6 and 5.4.7 with Mathematica description considering the initial condition starting from the final achievable pressure pc (0) = pend results in Eq. 5.4.1.
2. The effect of the pressure gauge time constant:
Another factor that affects the measured signal is the response time of the pressure gauge.
If the pressure gauge response is treated as a first-order linear time-invariant system, its output
as a function of time Ug (t) will be as follows:
dUg (t)
+ Ug (t)
dt


pc (t)
Uin (t) = K1 + K2 × log
K3
Uin (t) = τg ×

(5.4.8)

initial condition: gauge[0] = U0
where Uin (t) is the input pressure signal in voltage, τg is the response time of the pressure gauge
(if km is considered as the pressure gauge rate, the 1/km represents the exponential decay), t is
time, and Ug (t) is the output of the pressure gauge as a function of time. Our application uses a
cold cathode gauge in which the detection is based on gas ionization. In the cold cathode gauge,
ionization is caused by a circulating electron plasma trapped in crossed electric and magnetic
fields. The high voltage is between 2 kV and 6 kV, and the magnetic field is between 1 kG
and 2 kG. Ionization is induced by the random release of an electron at the cathode, which
can be caused directly or indirectly by a cosmic ray, field emission, a photon, radioactivity, or
some other event. Inside the ionization volume, a discharge gradually builds up to the point
where space charge repulsion prevents fresh electrons from entering the plasma. The discharge
is nearly a pure-electron plasma at pressures below 10−4 Torr. The electrons move in cycloidal
jumps around the anode, with enough energy during part of each jump to ionize gas molecules by
electron impact ionization. The probability of a collision is proportional to the density of the gas.
The cathode immediately captures the slow ions produced. In this method, the electrical current
resulting from the acollected positive ions created inside the gauge is used as an indirect measure
of gas density and pressure. The gas-dependent output signal is correlated with the required
gas ionization energy. In an ultra-high vacuum system, pressure gauges must cover an extensive
pressure range, so exponential amplifiers must be used. In that case, a transfer function from the
measured pressure to the output voltage of the pressure gauge is required, which can be found
in the manual of the gauge, in which K1 , K2 , and K3 are three constants for the logarithmic
transform of the measured pressure. K1 is a pressure unit dependent constant (8.6 for converting
Volt to Pascal), K2 is the pressure-voltage correction constant (0.8), pc (t) is the corrected and
converted pressure in Pascal, and K3 is the gas-dependent (0.8 for Ar and 0.74 for CO2 ) [223].
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In general, the pressure gauge output decreases exponentially over time. By applying the initial
condition gauge[0] = U0 , the equation can be solved, providing the vacuum chamber pressure U0
without any molecular beams (background pressure).
Combining equations 5.4.1 and 5.4.8 gives the output of the pressure gauge due to the expansion
of a pulse as below, where 2 F1 is the hypergeometric function:
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(5.4.9)

Fig. 5.4.2 shows the the maximum point is delayed and does not correspond to the true maximum
pressure as the result of the two time constants (the pressure gauge and the pump). Therefore,
a simple evaluation based on the maximum of the measured output signal may lead to an incorrect evaluation. Equation 5.4.9 represents the pressure change caused by a pulse. However,
the pressure increase caused by many pulses should also be determined. Increasing the measurement frequency causes a time overlap between a pulse and the exponentially decaying end of
the previous pulse, depending on the time constant of the pump and the detection system. As
a result, the minimum observable pressure pmin deviates from the final achievable pressure pend .
This effect can be described by extending the equation 5.4.1 by K 0 -pulses:
p

c,K 0

(t) = pend +

0
K
−1
X

pexp exp

i=0




t − K 0T
f (t − iT )
τp

(5.4.10)

in which T 0 is the period duration and is connected to the measurement frequency f 0 by T = 1/f 0 .
Solving equation 5.4.10 by Mathematica script results in:



t

T0
(
exp
+
1)
−
1
pexp exp −t
0
τp
τp
T

(5.4.11)
pc,k (t) = pend +
T0
exp τp − 1
Where bc is the floor function. The minimum observable pressure pmin is computed by the limit
of t in equation 5.4.11 as t approaches infinity Impulses ∞T 0 :
pmin = lim 0 pc,K 0 (t) = pend +
t→∞T

exp

pexp

T0
τp

−1

(5.4.12)

Equation 5.4.12 is compared with Equation 5.4.11 to estimate the number of pulses required
to reach the minimum observable pressure. For this purpose, the following expression should be
satisfied:

 


T0
t
−t 
exp
( 0 + 1) − 1 ∼ 1
(5.4.13)
τp
τp T
Assuming a long duration between two pulses, one pulse is necessarily sufficient to reach the
minimum observable pressure. However, if the duration between two pulses is short, which is
the case in this study, the second pulse starts from the minimum observable pressure rather
than the last achievable pressure. This measured pressure curve can be calculated by solving the
differential equation. 5.4.6 with the pressure given by Eq. 5.4.12 given initial pressure condition
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pc (0) = pmin as follows:
pc,∞ (t) = pend + pexp exp



1
−t 

0
τp
exp − Tτp − 1

(5.4.14)

The output pressure signal in equation 5.4.8 is then combined with equation 5.4.14 to numerically
calculate the contribution of the pressure gauge. Alternatively, the equation for one pulse, Eq.
5.4.9, can be extended to include k-pulses, resulting in the following:
Uin,k (t) = Uin,1 (t) +

0
K
−1
X

(Uin,1 (t − iT 0 ) − U0 )f (t − iT 0 )

(5.4.15)

i=0

The number of monomers per pulse can now be calculated using equation 5.4.15. The pumped
volume can first be calculated using the time constant of the pump if the effective maximum
pumping speed is known. Usually, only the maximum pumping speed for nitrogen is given by
the manufacturer (pumping speed 910 L/s for N2 in our case). The effective value can be calculated if the conductivity of the vacuum system is known. It also depends on the gas, which is
usually not easily accessible. It should also be mentioned that the pressure gauge detects only
a part of the gas particles distributed in the chamber and is not able to detect all gas particles
simultaneously. Furthermore, the injected gas is distributed homogeneously, thereby achieving
thermal equilibrium with the vacuum chamber. This estimation also assumes that the delay in
the peak value is caused only by the pressure gauge, which is only an assumption. The reason is
that the gas particles do not arrive at the detection area immediately after the nozzle is opened.
Therefore, the detection time and the time constant of the pressure gauge are strongly correlated
with the delay of the measurement. Even if the pumped volume were known, the effects of the
unknown volume and effective pumping speed and the dispersed gas would prevent an absolute
correlation between the pressure change and the number of monomers per pulse. However, since
in this study we report only the relative pressure change for one measurement frequency, the
pressure curve obtained from the equation 5.4.15 is sufficient.
Shortly after the valve opens, the expanding gas particles collide many times with the rough
surfaces of the vacuum chamber. As a result, the period between opening the valve and detecting
the monomers is controlled by the expanded gas particles’ flight distance, which is dictated in
our case by the nozzle’s translational position and the pressure gauge’s location in the chamber.
The signal varies depending on the nozzle’s translational location. The results reveal that the
gas particles are recognized later the longer the flight distance. The time delay is not due to the
pressure gauge’s time constant, which highlights the requirement for a displacement parameter
for the pressure inlet. In addition, only the valve trigger time is known. The detection period is
extended due to the time delay between the control pulse and the valve opening. A MaxwellBoltzmann distribution N (v) can be used to characterize the gas particle velocity distributions:
NM B (v) = 4π

r

ma
2kB TR

3

v 2 exp −

ma v 2 
2kB TR

(5.4.16)

in which kB is the Boltzmann constant, ma is the mass of one particle, TR is the room temperature, assuming the temperature of the vacuum chamber is in equilibrium with the room
temperature, and v is the particle velocity. To express the gas density seen by the detector at
any moment, the Maxwell-Boltzmann distribution in the time domain is required. The shifted
Maxwell-Boltzmann distribution N (t) in the time domain is calculated by replacing v = st into
Equation 5.4.16, where s0 is the average flight distance and can be calculated using the Jacobian
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determinant (| dv
dt | =

s0
t2 ),

and implementing a shift parameter t0 .
4πs

NM B (t) =

03

q

ma
2kB TR

(t − t0 )4

3
exp −


ma s02
t ≥ t0
4
2kB TR (t − t0 )

(5.4.17)

Based on Equation 5.4.6 the gas flow rate detected by the pressure gauge is given by:
V dpc
= kB n0 TR NM B (t) − Smax (pc (t) − pend )
(5.4.18)
dt
The ideal gas equation, which relates the total amount of particles each pulse n0 with the pressure
gauge signal, is used to make this estimate. Volume, pumping speed, and the quantity of particles
required per pulse are all interdependent. The dependency on the measuring frequency measured
signal is utilized to determine these variables. As a result, K 0 -pulses expand the shifted MaxwellBoltzmann distribution, Eq. 5.4.19:
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The pressure signal for 3 Hz and the recorded increase in the minimum pressure can be fitted
together once the detected pressure is transformed to the voltage dimension given by 5.4.8. In
the case of the minimum pressure fit, all parameters are considered to be independent of the
measurement frequency. By solving these two differential equations, 5.4.8, 5.4.1, and extending
this mathematical statement for higher frequencies T 0 , 3 Hz in this experiment, one can compute
the best fit function, which gives us the true∆p inside the chamber due to the injection of the
molecular beam.The amount of monomers per pulse is no longer correlated with other parameters
in the correlation matrix for both combined fits. To reduce the effect of background pressure
inside the vacuum chamber, the minimum computed pressure is removed from the true pressure
maximum. The final normalized scattering signal is obtained by dividing the net count of the
scattering signal Inet by this ∆p∆p. As a result of these efforts, the relative mean cluster size is
reported as the experiment’s result. It’s also worth noting that turbomolecular pumps work by
transferring momentum from spinning blades to gas particles, which increases thermal molecular
velocity by the blade velocity. As a result, the pumping speed is gas-dependent.

5.4.3

Photomultiplier Tube Gain (Current Amplification)

As mentioned before, a photomultiplier tube is a vacuum tube consisting of an input window,
a photocathode, focusing electrodes, an electron multiplier, and an anode usually sealed into an
evacuated glass tube. The light which enters a PMT is detected and produces an output signal
through the input window. For this purpose, the light passes through the input window; then, it
excites the electrons in the photocathode to emit photoelectrons into the vacuum (external photoelectric effect). Photoelectrons are then accelerated and focused by the focusing electrode onto
the first dynode, where they are multiplied using secondary emission. This secondary emission is
repeated at each of the successive dynodes. The anode finally collects the multiplied secondary
electrons emitted from the last dynodes. The output of the PMT can be processed electrically as
a constant current source. The light measurement methods of analog and photon counting method using a photomultiplier tube and the connection circuit must be optimized according to the
intensity of incident light and the speed of the event to be detected. In particular, when the incident light is very low, and the resultant signal is small, consideration must be given to minimize
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the influence of noise in the succeeding circuit. It should be mentioned that the photon counting
method is more effective than the analog technique. The primary characteristics of PMT are its
collection efficiency and gain (current amplification). There are various dynode types available,
and each type exhibits different gain, time response, uniformity, and secondary-electron collection efficiency depending upon the structure and the number of stages. The optimum dynode type
must be selected according to the required application. In this study, the metal package photomultiplier tube R9880U series is used, which has a 16 mm diameter and a 12 mm sealed length,
high gain, and fast response. The wide application range of between 230 nm to 700 nm, the Ultra
bialkali photocathode material, the window material of Borosilicate glass, the metal channel ten
dynodes, the 1100 V supply voltage between anode and cathode, and the 0.1 mA average anode
output current in total are the specific characteristics of PMT R9880U-210, which is used in this
study. The metal package PMT is operated by applying a high voltage. The functionality of the
PMT with the applied high voltage is shown in Figure 5.4.3. The higher the supply voltage, the
higher the gain of the PMT as an amplifier. On the other hand, as it can be observed in Figure
5.4.4, the functionality of the detector is linear just until a certain amount of the applied voltage,
approximately 150 mV, by considering the 50-ohm resistance in the analog method. After this
threshold, the PMT functionality is not linear anymore. However, it is most of the time required
to increase the supply voltage to the detector due to the low intensity of the detected signal and
the required higher amplification. As a result, normalization to the PMT gain is required in the
analog method with an oscilloscope to ignore the effect of PMT gain on the reported output.
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Abbildung 5.4.3: Photomultiplier tube gain as a function of supply voltage [212]

Based on the experimental results and the data point in the PMT manual [212], the relation
between the applied voltage to the PMT and the output value of the PMT is found out to be
defined as below:
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P̌ = −9×10−10 (V́ 6 )+4×10−7 (V́ 5 )−4×10−5 (V́ 4 )+0.0016(V́ 3 )−0.032(V́ 2 )+0.0967(V́ )−0.0643
(5.4.20)
in which P̌ is the PMT output and V́ is considered as the supply voltage. This step is, however,
skipped in the photon counting method since the supply voltage is considered fixed for all measurements in this method and the final value is reported as the relative mean cluster size so the
normalization to a constant value does not make sense in that case.
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Abbildung 5.4.4: The relative values vs. output current of photomultiplier tube, PMT linear and nonlinear functionality

5.4.4

Laser Intensity Fluctuations

After normalization of the integrated signal to the pressure signal and the PMT gain, one additional step is still required, which is the normalization to the laser intensity. As it is mentioned
earlier, the laser intensity is controlled via a cooling system. A self-designed thermoelectric (Peltier) device is applied to precisely control the temperature of the laser device. In this experiment,
the averaged laser temperature remains constant at 20.5°C. It transfers heat from one side of
the laser to the other side, with the consumption of electrical energy, depending on the direction
of the current. A part of the laser light reflected by a polarizer on the optical table is recorded
during the experiment and is then used as a reference for the whole laser light intensity normalization. The detected reference light from the laser goes to the DAQ after the photodiode and
is then read and recorded in the lab PC via a Matlab code.
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6. Characterization of the Supersonic
Beam via Oscilloscope Measurement
of Rayleigh Scattering Signal
This study’s first attempt to detect the formed clusters and measure their relative mean cluster
size is accomplished via oscilloscope measurements. For this purpose, the interaction region of the
supersonic molecular beam and the laser light is adjusted first to detect the maximum intensity
of the resulting Rayleigh signal.

6.1

Optimizing Scattering Signal at Interaction Region

Pulsed valves at ambient temperatures are routinely used to generate supersonic jets and cool
large molecules or atoms to remove vibrational spectral congestion with rotation temperature
down to approximately 2 Kelvin (from the initial gas phase). The cooling process happens due
to the total number of collisions experienced by the molecule until the so-called quitting surface
downstream that the cooling is terminated due to the ceasing of the collisions. The molecule or
atom gets cold enough to absorb the flow of gas atoms or molecules and form clusters. Controlling
the valve parameters, however, has a significant effect on the clustering process. One of the
effective parameters of the employed pulsed valve in this study is its position, which is explained
in this Section. The Even-Lavie valve is mounted on a precision xyz-translation stage which can
be adjusted in all three dimensions. In the scattering experiments, the beam intensity depends on
the experimental setup and, therefore, must be verified. If the beam is tilted, the measured signal
cannot be correctly normalized to the number of particles per pulse. The normalization, however,
is possible if the ratios of the particles’ intensities per bounce are known. Therefore, the nozzle’s
optimum position is determined to reach the maximum detectable signal in the centerline of the
formed molecular beam in the interaction region where the laser reaches the generated clusters.
For this purpose, the first step is to adjust the x-y axis of the nozzle. As a common method
of determining the maximum molecular beam intensity without the deviation of the nozzle, in
many supersonic molecular beam experiments [142, 224] the formed particles pass one or more
skimmers. This assures the x-y alignment of the beam path defined by the axis of the nozzle and
skimmers. After defining the x-y positions according to the correct alignment of the nozzle and
the centerline of the vacuum chamber, for assuring the correct description of the centerline of
the jet itself, different x positions are also studied to find the maximum detectable signal, which
supposes to happen at the center of the supersonic jet. To adjust the optimum x position in
this study, the evaluated output signals from PMT are plotted in Figure 6.1.1, which results in
defining 13.5 mm as the optimum x value of the translation of stage and matches the correlated
x to the center of the chamber. This 13.5 mm is considered the origin of the x axis in the rest of
the study. To assure the trustworthiness of the experimental results statistics, each measurement
is repeated 32 times.
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Abbildung 6.1.1: Rayleigh scattering signal as a function of x travel of translation stage of the nozzle,
Ar, 300 K, 40 bar.

The z axis along the beam direction should also be adjusted to determine the nearest distance
between the final formed clusters and the interaction region, without any interruption of laser
light with the nozzle edge, to detect the maximum intensity of the scattered light. This distance
can be varied through a translation stage which is shown in Figure 4.2.1 (6). The results of
CO2 beam scans clarify that at 7 mm position of the z translation of stage, by considering the
origin of the coordinates as the nearest possible interaction region of the molecular jet and the
laser light without any visible scattering from the nozzle, the highest Rayleigh signal is achieved.
After 7 mm, as can also be observed from the plot, the signal intensity is reduced due to the long
distance between the nozzle exit and the interaction region lowering the beam density as the
result of the beam expansion. The determined z position in this study is also proved to locate
after the so-called quitting surface, which is explained in detail in the next Chapter in the photon
counting method.
The second effective factor of the valve on the formed supersonic beam is its opening time. Pulse
Duration of the Beam is controlled via this opening time of the valve. The Even-Lavie valve
controller can adjust either the valve current or the valve opening time. A control signal of a
rectangular pulse shape and pulse width of δt0 applied at the valve driver gives reason to expect
the corresponding opening time of the valve, provided that this duration is defined via the full
width at half maximum (FWHM) of the pulse. Caused by the finite speed of the mechanical
movement of the plunger, the period allowing for constant flow is shorter. In particular, this type
of valve cannot achieve steady-state conditions for pulses that are shorter than 10 µs, which is
the rise time of the valve opening. Generally, for short pulse duration, the mechanical response of
the valve is almost as expected, with one notable exception: the true opening time of the valve,
δtv , might be appreciably more extended than the control pulse applied at the valve driver, δt0 .
This prolongation is mainly attributed to the self-inductance of the solenoid. In this study, the
pulse width of the signal from the valve control can be adjusted from 11 µs up to 22 µs. This
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time duration corresponds to the opening time of the valve.
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Abbildung 6.1.2: The relative mean cluster size as a function of valve-photon delay time, the effect of
the nozzle z translation stage on the CO2 beam profile, 80 bar, 305 K.

As one of the advantages of the Even-Lavie valve in this study, for such short opening times,
the residence time of the fluid within the source is sufficiently long to achieve thermal equilibrium.
Besides increasing the intensity, the opening time affects whether stationary flow conditions
are reached and the possibility of the valve’s reopening (bouncing). In addition, the maximum
solenoid current can be adjusted to change the opening behavior of the valve. The pulsed valve
can be operated with a repetition rate of up to 25 Hz. A rectangular pulse shape generated by
the delay and pulse generator triggers the valve driver. Since reporting the mean cluster size
makes sense only if the flow condition is steady, the duration of short jet pulses makes the issue
of quasi-continuous, stationary flow conditions increasingly important. Too short pulse durations
do not allow for the evolution of stationary flow and may lead to inaccurate beam properties
estimates. It is not possible to simulate supercritical fluid jet expansions numerically because of
the large particle number, so the value of sufficiently long has to be determined experimentally
in each case. In this study, the relative mean size of Ar clusters is measured and analyzed for
different pulse widths of the valve to explore the effect of the nozzle opening time on the pulsed
supersonic beams. The preliminary results for the pulsed laser are accomplished with 20 µs pulse
duration of the supersonic beam. At the given maximum valve current, the valve does not open
at all for gate control pulses of δt0 < 12 µs. On the other hand, considering the amplitude and
the rising edge of these distributions, the valve appears to be entirely open for gate control pulses
of δt0 ≥ 18 µs, corresponding to δtv ≥ 40 µs. These results are experimentally approved with
the analysis of the photon signal [24].
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6.2

Pulsed Laser-Induced Rayleigh Scattering Signal

This Section summarizes the measurements resulting from the application of Cobolt Tor XS
laser, borrowing from the HÜBNER Company as the pre-test of one of the Cobolt Tor lasers
to check its pulsed functionality for our project to conduct a comprehensive experimental study
of particles, which is a molecular level investigation of clustering process under well-defined
ultrahigh vacuum in the laboratory. For this purpose, one should focus on the highest possible
sensitivity of the experimental setup as the first and crucial step. As mentioned before, a valve
controller adjusted the valve’s opening behavior, including its pulse width, which was set to 20
microseconds on the valve controller for this measurement. Due to the low repetition frequency
of the valve (1.5 Hz to 3.5 Hz), the working pressure in the vacuum chamber was kept below
1×10−4 Pa. Using pressure and temperature controller, the stagnation pressure and temperature
were accurately controlled and maintained constant during the measurements. After applying
CO2 gas to the parabolic shape nozzle, the pulsed laser beam, which is perpendicular to the axis
direction of the molecular beam, interacts with the generated gas jet, resulting in the generation
of Rayleigh scattering photons. The current output of the PMT was converted to a voltage by
using an oscilloscope (LeCory9361) to record the temporal profile of the scattering signal. The
reflected lights from the vacuum chamber wall should be eliminated to minimize the background
noise. To achieve the maximum number of photons colliding with the particles in the interaction
region and decrease the stray light inside the vacuum chamber, optical equipment, including
concentrating plano-convex lenses and a special filter, is used. One of the effective features of
the laser for improving the stray light inside the vacuum chamber is its divergence. Since the
divergence of the standard Tor laser is not specified by the company, but it is around 8 mrad
(full width) according to the estimation from the statistics, and for the Tor XS there is even no
statistics released on the side of the company, knowing this value would be of our interest. The
laser light divergence lower than 1 mrad would improve the output signal, resulting in the higher
sensitivity of the experiment. Laboratory studies require accurate and defined source conditions
such as stagnation pressure and temperature to obtain reliable information about particle size
distribution in model systems. As a result, studying the pressure and temperature dependence
would be necessary for this project.

6.2.1

Pulsed-Laser Pressure and Temperature Dependence Measurements

Analyzing the output Rayleigh scattering resulting from the collision of laser photons with the
particles, which are smaller than the light wavelength, would result in the cluster size distribution. Consequently, the beam scan was studied for different pressures and temperatures. According
to the datasheet of Cobolt Tor XS [225], the pulse-to-pulse Jitter of the laser is less than 2 µs.
The limiting effect stems from this timing jitter should be improved to have a more stable laser
beam, which means that a lower timing jitter characterization and a higher stabilization of the
laser light is required. In all measurements, the laser is triggered on an SRS DG535 digital delay
generator with the repetition rate of between 1.5 Hz to 3.5 Hz.
The CO2 beam scans are studied under the source temperature of 315 K and stagnation pressures between 60 bar and 100 bar to observe the effect of stagnation pressure on the clustering
process. Due to the stray light inside the vacuum chamber and the low sensitivity of the experimental design, lower pressures could not be studied initially, which is improved by adding optical
elements in front of the laser light for the rest of the experiment. As it can be seen in Figure
6.2.1, the higher the stagnation pressure, the larger the area of the beam scan corresponding to
the Rayleigh scattering signal, which generally may be due to either the larger clusters size or
68

higher clusters density. However, as the Rayleigh signal is normalized to the pressure signal inside
the vacuum chamber, which is correlated to the monomer density, the final normalized signal is
proportional to the cluster size by assuming a constant condensation ratio. The corresponding
equations are explained in the Rayleigh scattering cross-section in detail. As a result, the larger
the integration of the Rayleigh signal, the larger the clusters at lower stagnation pressures.
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Abbildung 6.2.1: The relative mean cluster size as a function of valve-photon delay time, the effect of
stagnation pressure on the CO2 beam profile at 325 K.

The second and third peaks of the Rayleigh signal observed in higher density conditions may
be attributed to the bouncing functionality of the pulsed valve. Due to the limitation of the time
resolution in studying the Rayleigh scattering signal using an oscilloscope, the photon counting
method is employed (Chapter 7).
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Abbildung 6.2.2: The relative mean cluster size as a function of valve-photon delay time, the effect of
stagnation temperature on the CO2 beam profile at 70 bar.

The effect of the source temperature at a constant stagnation pressure, [295.0 K -315.0 K]
at 70.0 bar, is also studied. Figure 6.2.2 shows the dependence of photomultiplier tube output,
which is correlated to the particles size, on the source temperature. It is evident from this plot
that as the temperature increases, the observed signal area decreases. Generally speaking, this
inverse relation of the temperature and the Rayleigh scattering signal is also expected from the
theoretical predictions. According to the measurements, an abnormal trend can be seen for 301
K. As the measurements are implemented in the vicinity of the critical point of CO 2 , the abrupt
change in 301 K may be due to the phase transition in this condition. The artificial bouncing
peaks are observed in these measurements too, which should be considered for reporting the
main peak results. The CO2 beam scans show that at 301.0 K followed by 295.0 K, 300.0 K, and
301.5 K the scanned signal has the maximum height, respectively. This means that although the
temperature is lower at 295.0 K, the mean cluster size is larger at 301.0 K, which might be due
to the unusual behavior of fluids near the critical point.

6.3

CW-laser-Induced Rayleigh Scattering Signal

Applying pulsed laser in this study has some limitations which make the experimental setup and
the evaluation of the results complicated. One of the most important limiting steps is the laser
Jitter, which is related to the phase noise in the optical frequency components of the pulse train.
This deviation between the temporal pulse position and those of perfectly regular clock ticks
would cause time errors. As the time resolution of the experiment is significantly important in
this study, due to the definition of the main peak and requirement of a highly precise time base,
this time error would decrease the accuracy of the evaluated results. Besides, as it can be seen in
Figure 4.4.2, more complicated connections are required to synchronize the pulse laser with the
whole experiment. Another drawback of the pulse laser is that not all events can be detected,
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while the CW-laser can record all events during the experiment. These drawbacks combining
with some technical issues lead us to continue this study with CW-laser.

6.3.1

Effect of Stagnation Conditions on the Relative Mean Size of
(CO2 )N Clusters

The first attempt with the continuous laser is conducted with the formed CO 2 clusters to detect
a signal high enough to be able to adjust the optical setup of the experiment for the rest of
the study. To examine the effect of the stagnation conditions on the relative mean cluster size
via oscilloscope for CO2 , δt0 = 18 µs is selected as the valve opening time to attain a steadystate. The results for the normalized scattering signals were plotted in a coordinate system as a
function of the stagnation pressures for each stagnation temperature in Figure 6.3.1. Each point
for a specific stagnation pressure and temperature corresponds to an averaged integration of the
fit function of 32 measurements. To study the effect of time on the data points, the reference
points are studied as the first and the last measurements of the day, which are in accordance with
each other. At each temperature, the measurements are carried out over a pressure range of 22
bar to 100 bar with 32 repetitions. Additional measurements for the stagnation pressures of 60
bar and 62 bar are conducted as reference points. Measurements start from a stagnation pressure
of 22 bar. No significant changes in the mean cluster size can be observed up to a pressure of 46.0
bar. At 295.0 K, from pressure of 48.0 bar, there is a gradual increase in the scattering signals.
The growth process accelerates sharply from 60.0 bar to 62.0 bar from a mean value of 0.298
to 0.985. The cluster size continues to increase gradually until it reaches its maximum value at
around 74.0 bar. Then, the measured values are gradually reduced until they seem to stabilize
from pressure of 90.0 bar. At 60.0 bar and 62.0 bar, the measured values of the two series of
measurements are sufficiently far apart and do not contain any overlaps, which shows the phase
transition at this pressure range at 295.0 K. At stagnation temperatures of 300.0 K and 305.0
K, this phase transition can also be observed from the sudden jump of the evaluated signals.
Generally speaking, it is known that the stagnation pressures positively affect the cluster growth
process. As a result, the higher the pressure is, the larger the formed clusters are. However, a
reduction in the mean cluster size is recorded for temperatures of 295.0 K, 300.0 K, and 305.0
K, at a high-pressure range of around 74.0 bar and 100.0 bar. These S-curve plots at these
stagnation temperatures steam from the valve’s 18 µs opening time (the number of monomers
per pulse). This conclusion is reached from the measurements at different valve opening times,
which is discussed in detail in the next Section for Ar clusters. The rate of change in the relative
mean cluster sizes is more noticeable at lower temperatures. It should also be mentioned that
this range (higher densities at higher pressures and lower temperatures) also has the highest
fluctuations within the measured values.
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Abbildung 6.3.1: Relative mean cluster size as a function of stagnation pressure with 18 µs pulse width
of the valve control, for the formed CO2 clusters.

Since this experiment aims to provide an overview of the possible regularities of the cluster growth within the stagnation conditions selected in this work, the first step would be the
assurance of achieving reliable outputs. For this purpose, not only the limiting influence of the
number of monomers per pulse (due to the valve opening time) should be eliminated, but also
the known stagnation conditions (T0 and p0 ) for a known gas (e.g., Argon) should be first studied
and compared with the well-known theoretical predictions (Hagena’s scaling law).

6.3.2

Probing Supersonic Beams from Ar gas Phase

To probe the effect of stagnation pressure on the relative mean cluster size using an oscilloscope,
selecting an appropriate valve opening time is the first step. As the valve appears to be entirely
open for the gate control pulses of δt0 ≥ 18 µs, this minimum valve opening time is selected
to achieve a steady-state. Based on the well-known Hagena’s scaling law for Argon clusters, an
increase of the cluster size (as a power function) is expected to be observed with enhancing
stagnation pressure. This increase, however, is just applied to a specific range of pressure for
different stagnation temperatures in Figure 6.3.2. The surprising results of an unusual trend
after specific monomer densities (decreasing the relative mea cluster size at higher pressures)
prevent logical and acceptable evaluations. We argue that with this valve opening time of 18
µs proportional to the pulse duration of the valve control signal, in lower monomer densities, a
sufficient amount of monomers are provided in one pulse for forming the final cluster size. For
example, at 290.0 K, this power scaling law stands until 60.0 bar stagnation pressure. Based on
the results, it can first be ascertained that the Rayleigh scattering method provides reliable results
for determining the mean cluster size in the present study because the results for the low-density
gases follows from the previous findings [123, 180, 185–188]. It seems, however, after specific
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normalized relative mean cluster size

monomer densities, there are not a sufficient number of monomers to generate the finalized cluster
size at that specific stagnation conditions, and the scaling trend deviates from its origin and
decreases even more at higher stagnation pressures. To prove this claim, the effect of stagnation
pressure on the relative size of Ar clusters is studied with 20 µs opening time of the nozzle, with
this idea of the longer the pulse width of the nozzle, the higher the source densities, allowing
for the convenient generation of large clusters from compressed gases, supercritical fluids, and
liquids.
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300.0 K
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0.6
0.4
0.2
0.0

24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120

stagnation pressure [bar]
Abbildung 6.3.2: Relative mean cluster size as a function of stagnation pressure with 18 µs pulse width
of the valve control.

Measuring and evaluating the results of the fit function integration of the PMT output main
peak with 20 µs opening time of the nozzle clarify that the predicted scaling law for Ar cluster
size as a function of stagnation pressure is valid for a broader range of pressures compares to the
shorter opening time of the nozzle. In Figure 6.3.3, the acceptable pressure range according to
the theoretical predictions for the increase of the cluster size by increasing the pressure is applied
until about 90.0 bar at 290.0 K. As the goal of this project is to cover a wide range of stagnation
temperatures and pressures in order to study the relative mean cluster size from the liquid, gas
and supercritical region, a longer nozzle opening time of 22 µs is also studied and the results of
all three valve opening times can be observed in Figure 6.3.4. As this longer time provides more
number of monomers per pulse, the finalized cluster can be formed even at higher pressures. It
is obvious from the resulting plot that the pressure increase for Ar clusters is applied until 60.0
bar, 90.0 bar, and 100.0 bar for the nozzle opening times of 18 µs, 20 µs and 22 µs, in sequence.
The 22 µs nozzle opening time is considered for the rest of the measurements to cover a broader
range of stagnation conditions. The longer valve opening times cannot be provided due to some
device limitations.
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Abbildung 6.3.3: Relative mean cluster size as a function of stagnation pressure with 20 µs pulse width
of the valve control.
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Abbildung 6.3.4: Relative mean cluster size as a function of stagnation pressure; the effect of nozzle
opening time on the formed Ar clusters, 40 bar, 290 K.

Van der Waals bound atomic or molecular clusters are formed in the adiabatic expansion of
gas jets into the vacuum. The stagnation pressure in the reservoir has an important role in the
cluster formation process. The average cluster size (the mean number of the atoms or molecules
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per cluster) is generally estimated by the semi-empirical Hagena’s parameter [25], which shows
that the mean cluster size depends on the condensation parameters, i.e., the gas, the backing
pressure, the fluid temperature before expansion, and the parameter for the nozzle geometry. The
Mach number (the ratio between the molecular beam velocity and the speed of sound) increases
in the cold flowing gas, and the dropping temperature mainly causes the increase. Hagena et
al. introduced scaling law for both noble and molecular gases. According to this theory, as also
for
mentioned before, the size of the Ar clusters scales with the backing pressure as NC ∝ p2.35
0
low backing pressures. In case of higher backing pressure, however, Dorchies et al. [41] proposed
a corrected Hagena’s law with a weaker scaling of NC ∝ p1.8
0 . In the present study, we compare
data obtained with different backing pressures from 20.0 bar to 96.0 bar, which is shown in
Figure 6.3.5 for stagnation temperatures from 230.0 K to 410.0 K. The green symbols in Plot
6.3.5 demonstrate the results of Ar clusters formed from Ar fluid at supercritical conditions in
the reservoir before expansion. The red ones show the relative mean cluster sizes of Ar clusters
generated from the gas-phase Ar in the reservoir. There is not a considerable difference between
the measured pressure and temperature scaling powers in these two regions for Ar clusters. The
more detailed explanations are expressed using the photon counting method in Chapter 7.

normalized relative mean cluster size
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Abbildung 6.3.5: Relative mean cluster size vs. source pressure, the pressure power law of the generated
Ar clusters for 22 µs pulse width of the valve control.

of:

The non-linear regression is applied to the graphs shown in Figure 6.3.5 with the equation
N C = β × pm
0

(6.3.1)

in which β corresponds to the proportionality constant. Due to the pressure signal normalization
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of the PMT output, and based on equation 5.2.6, the following relation exists between the
stagnation pressure and the normalized scattering signal (Sn ):
(6.3.2)

Sn ∝ pm+1
0

The logarithmic data is used to identify the linear behavior of the signal integration as a function
of stagnation conditions. The evaluated results indicate that m values for Argon clusters from
230.0 K to 410.0 K remain relatively constant for lower pressures. The measured and calculated m
value of 2.6 ± 0.1 shows the effect of the stagnation pressure on the Ar mean cluster size. However,
as it can be observed in Figure 6.3.6, this scaling law is not valid for stagnation temperatures
lower than 250.0 K and pressures higher than 72.0 bar. As this study is continued with another
method with a better time resolution, Chapter 7, and it is proved that the pressure power is
more or less constant for all stagnation temperatures in the photon-counting method, therefore
it is found out that the deviation in the oscilloscope method is not due to the higher densities.
As explained in detail in the analysis of the signal Section, the evaluation of the measured signal
in this method is done by integrating the relevant fit function. However, as demonstrated before
via the pulsed laser, some bouncing peaks undoubtedly affect the fit function going through the
data points. The higher m values compared to the theoretical prediction can also be attributed to
the effect of dumping peaks as the nozzle bounces, especially in low temperatures. The bouncing
peaks are sharp and have even higher amplitudes than the main peak of the signal in high-density
conditions, which leads to different power and temperature powers.
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Abbildung 6.3.6: The measured pressure power, m, as a function of stagnation temperature for Ar
clusters.
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Abbildung 6.3.7: Comparison of the measured pressure power, m, as a function of stagnation temperature
in high and low ranges of stagnation pressures for Ar clusters.

In addition to the studied dependence of the relative cluster size concerning the stagnation
pressure, the dependence on the stagnation temperature should also be considered to understand
the clustering process better. The studied pressure and temperature ranges are plotted in Figures
6.3.8, which shows the normalized scattering signals obtained as a function of the stagnation
temperature. The non-linear regression was also plotted for the measured data point for each
pressure, with the form:
NC = β 0 × T0n
(6.3.3)
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Abbildung 6.3.8: Relative mean cluster size vs. source temperature, temperature power law of Ar clusters
at 22 µs pulse width of the valve control.

in which β 0 corresponds to the proportionality constant. In Figure 6.3.8, the relative mean
cluster size is plotted as a function of the fluid temperature in the reservoir. From the logarithmic
scale of these evaluated results, it is concluded that the scattering signal is linear but different in
two pressure ranges in high-density conditions, the first goes from 20.0 bar to 72.0 bar, and the
second starts at 76.0 bar and runs to 96.0 bar for the whole range of studied temperature. For
the non-linear regression at each stagnation pressure, by considering the data in the range of 20.0
bar to 72.0 bar, the averaged n value of -4.8 ± 0.1 is reported. This power function, however, is
not applied for higher pressure ranges, which is observed in Figure 6.3.9.
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Abbildung 6.3.9: The measured temperature powers, n, as a function of stagnation pressure for the
generated Ar clusters.
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7. Characterization of the Supersonic
Beam via Photon Counting
Measurement of Rayleigh Scattering
Signal
Parts of the results present in this Chapter are currently in preparation for articles.

7.1
7.1.1

Improve the Detected Signal by Optimizing the Experimental Parameters
Optimizing the Photon Counting Parameters

Photon counting can cover the signal range of a few photons to more than hundreds of photons
per second, which gives the instrument a wide dynamic range, excellent stability, and a superior
signal-to-noise ratio. However, photon counting could be the best method for applications such
as Rayleigh scattering detection that need to push the envelope of sensitivity low enough. In the
photon counting experiment, the light incident on the photomultiplier tub converts and amplifies
the detected photons into the electrical impulses recorded by a counter, generating a statistical
distribution of the photon counts. A photodetector is used to count the number of photons that
arrive within a given time interval. Rayleigh scattering of low intensity can be differentiated from
the corresponding statistical distributions produced in the detection process. In this procedure,
each pulse corresponds to a single photon reaching the photocathode and is counted. The number
of photons per unit time can be recorded by getting a high number of counts, providing valuable
information on the nature of the detected light.
One of the significant advantages that photon counting offers is its stability. The high applied
voltage to the PMT and the threshold level of the discriminator are pre-setup to the optimal
level. Since only pulses above a certain amplitude (4 mV in this study) are supposed to be counted
via this method, small fluctuations in that amplitude have minimal effect on the stability of the
photon-counting system. As a result, parameters such as high-voltage stability and temperature
stability that concern a conventional design can be virtually ignored by a photon-counter designer.
Besides, the signal-to-noise ratio is also improved in photon counting measurement. The primary
source of the noise in PMTs is the statistical fluctuation in photon arrival rates and the generation
of secondary electrons in dynodes. The former is known as the shot noise and consists of three
main components: shot noise of the photo-generated signal of interest, shot noise due to the
photo-generated background light, and shot noise resulting from the thermally generated signal
in the photo-cathode known as dark current or dark counts. An ideal detector would consist of
only these noise sources. There is, however, a statistical fluctuation in the generation of secondary
electrons at the dynodes (as mentioned above). This source of noise is the noise added to the
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signal by the multiplication process of the PMT. All in all, the photon-counting mode provides
a better signal-to-noise ratio compared to the conventional method. This difference results from
the pulse-height discriminator, which only counts pulses from the photocathode. Therefore, the
photon-counting mode effectively reduces the dark noise to only photocathode emissions.
Photomultiplier tube is widely used in photon counting systems because of its gain and low
light sensing capability in discrete photon regions. The discriminator threshold, the PMT gain,
and the PMT operating temperature significantly impact the photon counter’s output. Incorrect
parameter selection results in inefficient and highly unstable counts. Before carrying out the
actual measurements, the effects of the applied high voltage to the PMT and the threshold level
of the discriminator on photon counting output (except the PMT temperature, which is fixed at
the room temperature) have been experimentally studied and discussed. Here, the effect of the
discriminator threshold on photon counts is studied using photon statistics. A large number of
photon-counting data is acquired using a developed program for analyzing the photon statistics,
and most probable counts were considered to predict the effect of control parameters. For this
purpose, different threshold values (in the range of 0 mV to 5 mV) are set for different applied
voltages (in the range of 780 V to 840 V) at stagnation temperature of 245 K and stagnation
pressure of 40 bar with Ar gas, which can be observed in Figure 7.1.1. The threshold level of
the discriminator determines the minimum acceptable intensity of the detected and amplified
signal, and the high voltage determines the gain of the PMT. It can be observed that with the
increase in the discriminator threshold value, photon counts start decreasing drastically because
the high threshold skips the photon pulses having relatively lower amplitude. Apart from the
discriminator threshold, the output pulse generated by the PMT is also affected by the PMT
supply voltage, which modifies the gain for constant low input light. Even when the input optical
signal is constant, the higher the PMT gain, the higher the output pulse height. Typically, the
signals would be saturated if the threshold value is too high or too low. This means that either no
signals are measured or all signals, including the unwanted signals, are interpreted as the primary
signal. According to the results in Figure 7.1.1, however, none of these cases can be observed.
Therefore, it was decided to work at a voltage of 820.0 V and a threshold value of 4.0 mV as one
of the central values. Besides, the change in PMT gain (η) concerning the PMT supply voltage
(V 0 ) is expressed as:
η = κV́ εã

(7.1.1)

where κ is a constant and ε is a coefficient determined by the structure and material of the
dynodes, while ã is the number of dynodes employed in the construction of PMT [212]. According to Equation 7.1.1, the photon counts variate with the increase in PMT supply voltage at
fixed discriminator threshold and PMT temperature. With the gradual increase in PMT supply
voltage, photon count varies, which can be classified in different regions. The rise in voltage
causes a gradual increase in photon counts in the lower PMT supply voltage regime. This is
due to insufficient PMT gain at lower supply voltage, which limits secondary electron emission,
reducing the ultimate pulse amplitude, and hence reducing the count by the counter. Photon
count varies almost linearly with increasing PMT gain and saturates for higher PMT voltage.
Because the gain is dependent on the supply voltage, the increase in photon counts is attributable to electron amplification through a series of high-voltage dynodes. The PMT supply voltage
should be adjusted to the point where the photon counts variation tends to saturate in order to
get stable counts, which applies for 820.0 V. As it was explained in the evaluation Section of the
analog method, the PMT gain was adjusted according to each individual detected signal from
PMT, and made is necessary to normalize the signal to the gain of the detector. This evaluation
step, however, is omitted in the photon counting method due to the application of a constant
gain for the PMT for all studied stagnation conditions.
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Abbildung 7.1.1: optimizing the photon counting parameters at 245 K and 40 bar, Ar.

7.1.2

Effect of the Nozzle Opening Time on the Jet Expansion (Suitable Tagging of the Beam Segment)

Unfortunately, pulsed valves tend to bounce the higher the valve current and the longer the pulse
duration. The valve current, however, is set constant for the whole study. This characteristic is
illustrated in Figure 7.1.2 for different control signals, making use of a long-lasting electronic
excitation. For the short gate control signals of the valve, individual jet pulses, without any
bouncing, can be generated. However, for these valve parameters, no stationary flow is possible.
Also, adiabatic cooling is very inefficient. On the other hand, long pulse duration involves multiple
valve bounces and requires some kind of tagging, be it by electronic, optical, or mechanical means,
in order to select the appropriate beam segment. To validate the main peak definition, different
nozzle opening times are studied, which is revealed in Figure 7.1.2. Both source temperature and
pressure can affect the valve’s spring constant, which also affects the adequate opening time and
causes the bouncing of the plunger. Due to the valve’s longer opening, more collisions occur,
resulting in a colder beam compared with a smaller opening time. As expected, it is evident that
the larger the pulse width of the valve control signal δt0 is, the pulsed valve tends to bounce larger
and more. This characteristic is shown in Figure 7.1.2 for different valve control signals. In this
experiment, we arrive at a 22 µs valve opening time to reach the required pulsed duration because
clustering from high densities is the focus of this research, and according to our measurements,
shorter opening times will lead to having a smaller number of particles per pulse. Thus the
ultimate cluster sizes would not be achieved at high densities for smaller valve opening times.
Figure 7.1.2 (a) and (b) illustrate this effect of the valve pulse duration on the output signal
from the PMT at two different stagnation conditions of the source temperature of 300 K and the
source pressure of 72 bar and 60 bar, which correlates to clustering from liquid and gas phase,
respectively. As observed, the number of repeated openings increases with the opening time of
the valve for both cases. However, the Rayleigh scattering signal that stems from the collision
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of laser light and the molecular beam is larger than the bouncing peaks for clustering from the
liquid phase (Figure 7.1.2 (b)). On the other hand, it is smaller than bouncing peaks for clusters
generated from the gas phase (Figure 7.1.2 (a)), which is probably due to the different cluster
formation mechanisms from the gas and liquid phase, which are going to be explained in the
following Sections of this Chapter. To summary, at long opening times, the valve may bounce
and nozzle flow is throttled; the latter results in an effectively smaller nozzle diameter, a fact that
has to be considered if scaling laws for determining the mean cluster size are used. To define the
appropriate segment for the prominent peak in this work, as it can be seen in Figure 7.1.2 (a) and
(b), the first peak is consistently placed within 124 µs for the opening time of 22 µs. After-pulse
giant clusters were also identified in previous researches [226] when the main pulse was already
over after expansion from the liquid phase. Rupp and et al. attributed these giant clusters to the
closing poppet in the pulsed valve, leading to additional compression after the main expansion.
The hypothesis regarding these giant bouncing peaks in clustering from the gas phase may be
the attribution of these artificial peaks to the extra cooling of the atomic or molecular beam due
to re-opening of the valve, which increases the cluster growth after bouncing. This theory does
not apply to the multiple bounce artifacts discovered in this work for the jet expansion from
the liquid phase, which may be due to the different generation mechanisms of clusters from the
liquid phase (more details are discussed in Model Description Beyond Ideal Gas Approximations
Section). By artificially selecting only a single-bounce signal, the agreement of the experiment
with the theoretical predictions is improved.
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Abbildung 7.1.2: The net counts of the detected PMT signal as a function of time after valve trigger,
the effect of the nozzle opening time on the bouncing of the Rayleigh signal of CO2 clusters formed from
(a) gas phase at 300 K, 60 bar (b) liquid phase at 300 K, 72 bar.

7.2

Spatial Distribution of Particles: A Model for Determining the Quitting Surface

The quitting surface model posits that particles leave in molecular flow from a spherical surface of
radius centered at the sonic point, as mentioned before in the introduction. The expanding jet can
be characterized by a last-collision surface known as the quitting surface into two regions [227]: a
continuum isentropic regimen followed by a free molecular collision regimen in which the relative
velocity of clusters in the rest frame of other particles remains frozen along the molecular jet
axis (or: the velocity component along the cluster’s direction of motion is constant), which
results in a collision-free beam propagation. The significance of determining the distance of this
quitting surface from the nozzle exit is that the position of this surface enables us to analyze the
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ultimately formed cluster because the collision rate within the expansion drops to zero. Figure
7.2.1 illustrates that by tracing back the straight trajectories of the expanding atoms or molecules
in the atomic or molecular flow regime, one can find an area of most minor confusion, close to
the nozzle exit plane, where the atom trajectories pass through a minimum cross-section. The
quitting surface represents the region where the atoms or molecules cease to collide and move
into the molecular flow regime. In reality, this will be a blurred boundary. However, the sudden
freeze approach, applied in our theoretical model, is treated as an abrupt transition.
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Abbildung 7.2.1: The schematic representation of a supersonic expansion, the virtual source concept,
and the definition of the quitting surface, Reprinted (adapted) with permission from [228]. Copyright
2014 American Chemical Society.

One of the fundamental assumptions of this study is to treat the expansion beyond the nozzle
as spherical symmetric so that the flow properties depend only on the distance from the source.
Thus, the streamlines start from some effective source and are straight lines in the radial direction. In the expansion, the random thermal energy of the gas is converted into directed kinetic
energy. Thus, the temperature is reduced, and the molecular velocity distribution becomes narrow. Because of the collision frequency decrease among the molecules, this process will gradually
cease, and the temperature approaches a constant value. For large distances, the perpendicular and parallel velocity components concerning a given streamline will behave differently (see
Figure 7.2.2). Molecules with a large perpendicular velocity component will leave a given volume element moving with a streamline faster than those with a small perpendicular component.
Particles, which enter the volume element at a larger distance from the nozzle, originate at the
freezing zone and therefore have a smaller velocity component perpendicular to the streamline as
shown in Figure 7.2.2. On entering an adjacent volume element, their vertical velocities for the
new radial streamline will be smaller. As a result of both effects, the temperature of the vertical
velocity distribution decreases with increasing distance. The parallel velocity components are not
influenced by this geometry effect [229].

86

freezing zone,
apparent source
sphere

streamline

Abbildung 7.2.2: The schematic diagram of parallel and perpendicular velocity distributions in a free jet
expansion, Reprinted from [230], with the permission of AIP Publishing.

In this Section, CO2 cluster beam profiles are measured at specific stagnation conditions of
320.00 K ± 0.02 K and 96.00 bar ± 0.01 bar as a function of the distance between the nozzle
and the laser interaction along the propagation direction of the molecular jet (horizontal) axis.
Figure 7.2.3 shows the experimental setup of the valve three directional precision translation
stage. The whole module of the valve is mounted on a xyz precision translation stage: the beam
axis is aligned to the center of the skimmer in y-direction, and the xz variation of 0 mm –200
mm. The x stage also permits the movements of ± 12.5 mm with a resolution of 10 µm for the
accurate alignment of the valve with respect to the interaction region. The origin of coordinates is
selected as the nearest possible interaction region of the molecular jet and the laser light without
visible scattering from the nozzle. For the spatial molecular jet distribution study, the y position
remains constant, whereas x and z are varied.

0 – 200 mm

y

x
z

0

virtual point
quitting surface
laser light

Abbildung 7.2.3: The travel of the translation stage, in which the dashed curve shows the quitting surface.
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The beam distribution information, which can be observed in Figure 7.2.4, directly impacts
all the subsequent evaluations of the data points. Mapping the beam leads us to define an
approximated location of the quitting surface relevant to ceasing the cluster growth process. The
scatter plot in Figure 7.2.4 shows the measured beam profiles in different z-travel of translation
stages, and the solid line shows the Gaussian fits. Uncertainty calculations are based on the
statistics, including measurement repetitions, pressure signal stability of less than 2 percent,
laser intensity stability of less than 2 percent, the definition of region of interest of the Rayleigh
peak, and devices uncertainties.
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Abbildung 7.2.4: The relative mean CO2 cluster size vs. x distance from the nozzle, the signal spatial
distribution of CO2 clusters.

The cluster growth will continue up to a plane from which the particle collisions cease, the
so-called quitting surface. After this regimen, regardless of the minor cluster evaporation, the
cluster size remains constant. To determine this surface, as the first step, the areas under the
particle beam distributions, which are correlated to the contribution of both cluster size and
density of the beams, are calculated. The beam’s center line intensity is computed by integrating
across all particles leaving the nozzle and arriving at the detector. In both continua isentropic
and free molecular regimens, the cluster density falls as 1/z 2 , which z is the distance from the
nozzle. This functionality results in the decreasing of the signal along the horizontal beam axis.
On the other hand, the cluster size tends to increase the signal intensity before quitting surface,
which stems from the cluster formation process in this zone. The contribution of these two
factors, cluster density and cluster size, to the signal distribution can be seen in Figure 7.2.5 as
the normalized area of the Gaussian fits for all measured signal distributions, which shows an
increasing trend during the first 6 mm distances and the subsequent decrease. This phenomenon
is likely due to a combination of two different effects: the cluster density contribution to the
detected signal intensity compared to the cluster size is higher at wider beam profiles at farther
distances from the nozzle. In contrast, the effect of the cluster formation process surpasses the
cluster density initially. The cluster velocity relative to each other in the beam direction remains
constant after the quitting surface. Therefore, there is a negligible energy transfer due to the
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normalized area of signal distribution

collisions, allowing the final cluster sizes to be measured. To determine the finalized stage of
the cluster growth, the effect of the cluster density is deconvoluted from the measured signal
distributions. The deconvolution of cluster density for all the streamlines of the beam profile from
the calculated Gaussian fit areas results in Fig. 7.2.6, which clearly indicates the two different
mentioned regimens. As this work is examined at the 7 mm travel of axial translation stage from
the origin of measurement, it is claimed that all the measured values are reported without the
effect of any disturbances from collisions with other particles or residual gas.
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Abbildung 7.2.5: The normalized integration of the CO2 cluster beam profiles as a function of z distance
from the nozzle.
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Abbildung 7.2.6: The deconvoluted area of the signal distribution as a function of z distance from the
nozzle.

7.3

Probing the Free Expansion of the Supersonic Ar Fluids

The scattering behavior of the argon clusters was studied employing the digital photon counting
method, which results in Figures 7.3.1 and 7.3.4. Graphs and non-linear regressions were created
using Sigmaplot and mathematical scripts. The wide range of the stagnation pressure between 20
bar and 96 bar and the stagnation temperature between 230 K and 410 K is studied via photon
counting method to measure and calculate the relative mean cluster size of Ar in high densities
of the fluid in the reservoir more accurately. The mean size of the clusters formed from Ar fluid
in the gas and supercritical region of the phase diagram is probed and compared to the known
theoretical predictions and other practical measurements.

7.3.1

Probing the Pressure Dependence of the Rayleigh Scattering Signal at High Particle Densities

After the standardization of the obtained scattering signals, the following diagram, Figure 7.3.1,
could be plotted. Results indicate that much larger clusters can be formed by the condensation
process for source conditions more favorable to the condensation, such as higher source pressures
and/or lower source temperatures in this study. As mentioned before, empirical parameters for
correlating the mean cluster size with source conditions have been proposed already decades
ago [1]. The analysis given here is motivated when it was noted that the measured mean cluster
size of different gases in the specific ranges of the stagnation conditions seems not to be correlated
satisfactorily by the widely used scaling parameter suggested for the rare gases by Hagena [149].
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Abbildung 7.3.1: The effect of the fluid pressure in the reservoir on the formed Argon relative mean
cluster sizes.

The least-squares fits to these plots give a pressure-dependent scattering yield of NC ∝
(2.35±0.1)
(2.5±0.2)
for all individual source temperatures, which is comparable with the NC ∝ p0
p0
predicted by Hagena [25]. According to the results after the critical pressure of 48.7 bar for Ar,
the relative mean cluster sizes are increased in the same manner as before this critical pressure
as a function of stagnation pressure. This is attributed to the gas-like supercritical behavior in
the phase diagram of Ar of the fluid in the reservoir in this study. The phase diagram of Ar
is plotted in Figure 7.3.2. According to the textbook definitions [231], there do not exist any
different physical properties between liquid and gas beyond the critical point, and hence only a
single fluid phase is defined. There are, however, some thermophysical quantities, reaching their
maxima which define a line emanating from the critical point, know as the Widom line [100] in
the case of the constant pressure specific heat, C p . The fluid pressure temperature (p-T ) phase
diagram includes a subcritical region with two phases (liquid and gas, separated by the liquidvapor coexistence line) and a single-phase supercritical region. Many fundamental and applied
research fields rely heavily on the structural and dynamical investigations that attempt to extend
the understanding of the fluid phase diagram well beyond the critical point. In Figure 7.3.2 the
Widom line is obtained from C p data of Ar in supercritical region [232]. Since we could not
study the stagnation temperatures lower due to the technical restrictions, the liquid-like section
of the supercritical region is not supported for Ar in this study. Although, it provides a good
motivation for us to study the cluster formation behavior of CO2 in the vicinity of its Widom
line in the phase diagram, which is going to be reported and discussed in more detail in the next
Sections.
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Abbildung 7.3.2: The Ar p − T phase diagram and the effect of studied stagnation conditions on the
cluster size power law.

Hagena predicted and also practically measured the relationship between the mean cluster
size of Ar and showed that it obeys a particular relation with the pressure inside the reservoir
in the range between 0.13 bar and 15.9 bar. To the best of our knowledge, other researchers also
reported the validity of this scaling law for just a limited range of the stagnation pressures of 0.15
bar ≤ p0 ≤ 50 bar [146]. This study, however, proves that the known scaling Hagena’s prediction
is valid for Ar clusters for higher stagnation pressures up to 96 bar, even in the supercritical
region with the gas-like fluids in the reservoir (below the Widom line). This is probably due to
the fact that the behavior of Ar fluid in the reservoir is similar to the ideal gas, and as Hagena’s
prediction is based on the ideal gas properties, this prediction applies even for higher densities of
Ar. The specific heat for an ideal monoatomic gas is considered γ = 1.66, which is similar to the
specific heat for Ar among all stagnation conditions in this study [232]. That is the reason that Ar
clusters are forming with similar functionality to the stagnation pressure and also temperature,
which is going to discuss more in the next Section, as Hagena’s prediction.
To prove that the idea that was mentioned in the oscilloscope method, that the change of pressure
power might be due to the effect of bouncing peaks, especially in high-density conditions, the net
counts of all peaks (and not only the first peak) in the photon counting method is also studied
and plotted as a function of stagnation pressure. The results of these kinds of evaluations are
plotted in Figure 7.3.3, which shows that the pressure power is again increasing at low stagnation
temperatures. This behavior was also observed for Ar clusters in the oscilloscope method in
Figure 6.3.7. The results of all peaks in the photon counting method strengthens the hypothesis
of the effect of the sharp bouncing peaks through the whole range of stagnation pressures. From
the principle of the equivalent jets, the temperature and pressure dependency of the cluster
distribution, and hence also NC , is fully contained in Γ∗ . This implies that although the constants
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appearing in Equation 2.2.1 were determined at a particular nozzle temperature, the exponent
m must be independent of the source temperature, which is the case of our study too.
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Abbildung 7.3.3: The measured pressure power, m, as a function of stagnation temperature for Ar clusters
in photon counting method, considering the whole peaks in each signal.

7.3.2

Probing the Temperature Dependence of the Rayleigh Scattering
Signal at High Particle Densities

In supersonic molecular beams, temperatures are very low (usually less than 5 K). At these low
temperatures Van der Waals molecules are stable and can be formed. As the fluid temperature
in the reservoir is further increased, the size of Ar clusters keeps decreasing. The measured
temperature power scaling among Ar clusters:
(−6.1±0.1)

N C ∝ T0
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(7.3.1)
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Abbildung 7.3.4: The effect of the fluid temperatures in the reservoir on the formed Argon relative mean
cluster sizes.
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Abbildung 7.3.5: Argon density changes in the studied stagnation conditions.
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As far as we know, the temperature dependence of the atomic or molecular clusters has not
been studied widely due to the setup difficulties and experimental limitations. The experimental
results of this study reveal that the temperature power n for Ar clusters is −6.1 ± 0.1, which is
in good agreement with Hagena’s prediction of n = -6.3 for Ar clusters based on the ideal gas
law.
Figure 7.3.4 plots the results of the temperature for all studied fluid pressures before the jet
expansion, which demonstrates a similar trend of the cluster growth process among the studied
source temperatures for all stagnation pressures. According to the Ar phase diagram, 7.3.2, among
all the studied stagnation conditions, Ar fluid behaves as gas or gas-like superfluid, which is in
harmony with what is also seen for CO2 clusters in the following Sections. Because the cluster
density distribution in a clustered-gas jet is related to the gas density distribution, understanding
the gas density distribution can assist clarify the effect of the cluster density distribution on
the detected signal. As a result, studying the gas density in a clustered-gas jet can improve
the understanding of the clustering mechanism. The gas density at the center of the jet is the
highest, and the highest density increases linearly with the gas backing pressure. Along the
gas jet, however, the linear dependence gradually becomes weak. It is mentioned before that a
decrease in the density gradient is observed at around 54 ba for Ar beam, which necessitates
the normalization process. Considering these density effects, it is suggested that as Ar, based
on the heat capacity data points for the studied range of pressures and temperatures, behaves
more like an ideal gas, and as the density decreases slightly by increasing the temperature 7.3.5,
the experimental results obey the theoretical predictions as well. These findings might be a
convincing reason for accepting Ar as the reference gas in this study, proving the experimental
setup’s validity and the reported findings. The significant change of the initial fluid density
functionality, as we claim later on for CO2 clusters, would result in the change of the behavior of
the formed clusters too. In the case of Ar clusters, however, as this density functionality shows
the same behavior for all the studied stagnation conditions, the cluster formation mechanism and
the cluster growth process remain the same. As mentioned before, the accuracy of such estimates
is questionable, as evident from the fact that different scaling laws differ by a factor of two or
more [233]. This study is in favor of Hgaena’s scaling law for even a more comprehensive range
of his predictions for the stagnation conditions for near-ideal fluids and indicates that the Γ∗
formalism is valid for Ar within the explored experimental range of conditions.

7.4

the Influence of the Stagnation Conditions on the CO2
Relative Mean Cluster Size

It is critical to move beyond the ideal gas model and integrate the real gas molecular interactions into the clustering process. The advanced models of real gases are required in order to
anticipate their practical qualities with higher precision. Universal laws, such as van der Waals
or corresponding state laws, cannot satisfy the ever-increasing demands for model precision in
technology gases. It is essential to consider the specific properties of molecular interactions in
clusters.

7.4.1

Probing CO2 Clusters at Phase Transition from Gas to Liquid
Phase

As previously described, the counted photons as the results of the colliding clusters with the input
laser photons are considered as the relative mean cluster size in terms of the relative number of
atoms or molecules per cluster (N C ) after normalization to the number of particles per pulse
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and the laser intensity with passing the time. These relative mean cluster sizes are plotted in
Figure 7.4.1 (a) as a function of stagnation pressures from 20 bar to 96 bar at a constant source
temperature of 270 K. In this Figure, the experimental data points are demonstrated by green
dots, clusters from the gas phase in light green and clusters from the liquid phase in dark dots,
and the fit function is plotted as the solid line. According to the CO2 aggregation state based on
the equation of state (EOS), at 270 K, the CO2 phase changes from gas to liquid at 32.033 bar.

(b) magnification of phase transition
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Abbildung 7.4.1: Probing CO2 phase transition via relative mean cluster size.

To map the clusters’ behavior in the phase transition, the pressure step size was reduced to
0.1 bar which is apparent from Figure 7.4.1 (b). Based on the experimental analysis, N C changes
abruptly from 32.0 bar to 32.1 bar at 270 K, which confirms the sensibility of our experimental
setup for studying the phase transition. The line drawn through the data points of Figure 7.4.1
is the power-law fit function in the gas and liquid phases. Here, this nonlinear increase in relative
mean cluster size with p0 , the backing pressure, is observed. The scaling factor of m is calculated
as 3.04 ± 0.21 based on the measured data points for 270 K and the pressure range of between
20 bar and 32 bar, which is attributed to the generated clusters from the gas phase. This value of
the pressure scaling factor is higher than the predicted exponent of Hagena’s scaling law which
is reported as 2.23 for CO2 clusters. As far as we know the studied pressure range for CO2
clusters cover the range of pressure between 1 bar and 15.9 bar [156, 163, 164] which is out of the
range of the studied pressure range in this project. According to the results, it can be noted that
Hagena’s scaling law, which is considered as the guide-line for the expected nonlinear dependence
of cluster size on the backing pressure, is unsuitable for the clusters which are formed from the
high-density fluids and are far from the ideal behavior.
N C ∝ p3.04±0.21
0

(7.4.1)

To compare the Rayleigh scattering photons through the phase transition of the fluid in the
reservoir from gas to liquid, Figure 7.4.2 is plotted as the normalized PMT output of clusters
generated at 290 K from gas and liquid fluids before the expansion, which is in good agreement
with the NIST REFPROP database [234]. Figure 7.4.2 indicates that CO2 grows into very large
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clusters, as the stagnation pressure increases from 20 bar to 32 bar. However, the Rayleigh scattering experiment indicates a somewhat different trend for the impact of the backing pressure
on the cluster sizes in different fluid aggregation states. The fitted results of the experimental
data for CO2 clusters at 270 K and after 32.0 bar show the relative mean cluster size changes
with changing the stagnation pressure of the particles generated from the liquid phase. it is quite
clear that power scaling is not obeying Hagena’s power law in this range.
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Abbildung 7.4.2: The relative mean cluster size by passing time, detected PMT signals in CO 2 phase
transition at 290 K stagnation temperature.

This procedure is applied for different stagnation temperatures from 230 K to 300 K to cover
the generated clusters’ behavior through all the phase transition temperatures before the critical
point. Figure 7.4.3 presents the N C ∝ pm
0 relation in the double-log diagrams covering the entire
studied pressure ranges. The pressure power in the mentioned scaling law as the correlation between the relative mean cluster size and the CO2 gas backing pressure p0 indicates that the value
of m remains constant among all the clusters generated from the gas phase (N C ∝ p3.04±0.21
),
0
where m reported as the mean value for all studied stagnation temperatures), and changes suddenly with entering into the cluster regions formed from the liquid phase. In Figure 7.4.3, it is
conspicuous that this sudden jump in N c can be observed for all changes of the states. Clearly,
the transition of the source fluid from the gas to the liquid phase before expansion results in
the formation of larger clusters after expansion. This significant difference in the relative mean
cluster size gets smaller by increasing the stagnation temperature. The current thesis focuses on
the size of the formed clusters at the phase transition, and no mathematical model for the CO 2
clusters after the transition of the fluid from gas to liquid is suggested, except the calculated
scaling laws.
It can be observed from the results that after this phase transition, the effect of the stagnation
pressure on the growth process of the clusters is significantly smaller than before phase transition
conditions, which is because increasing the pressure will not change the density of the particles
in the liquid phase significantly (see Figure 7.4.9). The thermodynamic state of the fluid before
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its expansion determines two different formation mechanisms of clusters after expansion. The
variation in the exponents m is considered to be correlated to the different cluster formation
mechanisms from gas and liquid phases. The former is the particle agglomeration caused by monomer collisions, which can be seen in Figure 7.4.4 (a). Before the expansion, the mean velocity
of the gas is zero in the reservoir, which means that the fluid has a random thermal motion.
After the opening of the valve, a high-density source of fast but cold molecules is generated. The
collisions between these monomers result in the supersaturation, nucleation, and ultimately the
van der Waals cluster growth. The growth process is favored by increasing the particle density
(increasing the stagnation pressure (p0 and decreasing the stagnation temperature (T 0 ) [235],
which clearly can be observed in Figure 7.4.3.
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Abbildung 7.4.3: The detected PMT signals in CO2 phase transition at different stagnation temperatures.

The cooling process continues in the vacuum chamber due to the evaporation of the monomer
from the jet surface into the chamber. This decrease in temperature before and after the expansion
is considerably low compare to an expansion from the gas phase which the temperature decreases
significantly during the free expansion process. Figure 7.4.4 (b) illustrates the clustering from the
liquid phase occurs due to the liquid breakup when the CO2 jet forms a free surface with specific
surface energy where it is injected from the high-pressure reservoir to the vacuum chamber. This
process stems from the liquid surface instability because of the different disturbances such as
surface tension and the effect of the intermolecular forces on the surface and bulk molecules.
As the surface molecule of the liquid in the entrance of the vacuum chamber is surrounded by
approximately half of the bulk molecule neighbors, the net force on the surface molecule drags
it to the bulk of the liquid. This surface tension is considered one of the main reasons for some
surface waves. The development of these small perturbations on this free surface of the fluid will
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lead to the beginning of the fragmentation process in the jet [236, 237]. Because of their surface
tensions, liquids seek to reduce their surface area, which causes some of these instabilities. The
presence of small perturbations in the stream is the first step in explaining this instability. No
matter how calm the stream is, these are always present (For example, due to friction between
the nozzle and the liquid stream, there is vibration on the liquid stream in a liquid jet nozzle).
When the disturbances are broken down into sinusoidal components, some expand with time
while others decay. Some grow at a higher rate than others among those who grow through time.
The rate at which a component degrades or grows, as well as how long it takes for a component to
degrade or grow. Some of the individuals that grow throughout time grow at a higher rate than
others. The wavenumber (a measure of how many peaks and troughs per unit length) and the
radius of the original cylindrical stream determine whether a component decays or expands and
how fast it grows. A single component is exaggerated in the diagram to the right. By assuming
that all feasible components have similar amplitudes at the start, the size of the final drops can be
anticipated by identifying which component rises the fastest based on wavenumber. With time,
the component with the highest growth rate will come to dominate, and it will be the one that
pinches the stream and turns it into drops in the end.. The intermediate stage of a jet breaking
into drops. Due to the challenges in measuring these physical instabilities experimentally, the jet
breakup has received much attention in the form of numerical simulations, and models to find
out more about this cluster formation mechanism [238–240], which is not the focus of this study.
The highlight of this Section is the ability to distinguish between two different cluster formation
mechanisms, agglomeration and liquid breakup, by the change in the pressure scaling parameter
m and the sudden jump in the relative mean cluster size.
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Abbildung 7.4.4: The cluster formation mechanisms: (a) from the gas phase, (b) from the liquid phase.

7.4.2

Model Description Beyond the Ideal Gas Approximations: High
Density Fluids

A wide range of the stagnation temperatures from 230 K to 410 K for different fluid pressures in
the reservoir is studied to get information about the unique cluster response with the given fluid
temperature before the jet expansion. Figure 7.4.5 clearly shows that generally, increasing the
stagnation temperature of CO2 fluid at 48 bar before the cluster formation process results in the
decreasing of the relative mean size of the formed clusters after the jet expansion. One can see
the abrupt decrease from the larger to smaller clusters at the phase transition to focus on more
details (Figure 7.4.5 (b)). According to the thermodynamic properties of the fluid systems of the
U.S. National Institute of Standards and Technology [232], at 48 bar fluid pressure, the CO 2 gas
molecules transit to the CO2 liquid phase at 285.75 K, which can be seen in Figure 7.4.5 as the
significant cluster size difference before and after the phase transition. As discussed earlier, this
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may be attributed to the different cluster growth mechanisms from the gas and liquid fluids.
The nonlinear decrease of the relative mean cluster size as a function of stagnation temperature
in both gas and liquid phases is observed by the lines drawn through the data points of Figure
7.4.5.
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Abbildung 7.4.5: The effect of the stagnation temperature on CO2 relative mean cluster size at 48 bar.

This study is extended for a broad range of fluid pressure in the reservoir from 20 bar to
96 bar and the results are indicated in Figure 7.4.6. As expected, the measured data points
suggest that the mean cluster size decreases with the temperature for all the stagnation pressures
regardless of its aggregation state. However, different cluster formation mechanisms from gas and
liquid phases can be distinguished initially with a sudden jump in the mean cluster size for all
stagnation pressures, and secondly by the different slope of mean cluster size change with the fluid
temperature in these two regions. Experimental results in Fig. 7.4.6 show that the mean cluster
size NC is scale as Nc ∝ T0−7.7±0.1 for CO2 clusters formed from the gas phase (agglomeration
mechanism). Ramos et. al. [164] found m = 2.23 ± 0.15 for CO2 clusters for the stagnation
pressures up to 5 bar and temperature of 294 K. Later on, Harnes et. al. [156] calculated r as
γ
2−γ
-3.05 (in which r = −[ γ−1
− q( 2(γ−1)
)]) based on the Hagena’s empirical scaling law for carbon
dioxide clusters, which, with the combination of Ramos’s result, leads to the n = -6.80 ± 0.15.
This is not in good agreement with our experimental growth of the clusters in high densities.
So, this experimental trend differs from that prediction of the empirical scaling law by Hagena.
To proof the incompatibility of our experimental results with this Hagena’s theory, a function is
going through the data points, which the pressure power is then dragged out of the calculations
and is different from the measured m in this study. This proves the deviation of the temperature
scaling law with the known scaling law. This may be attributed to the different heat capacity of
CO2 compare to the ideal gas, which is the base assumption of Hagena for his calculations and
predictions. The temperature power law in the range of clusters formed from CO 2 fluid is not as
simple as Ar. To define the non-linear fit function with Mathematica script for the temperature
scaling law as a function of the heat capacity, the heat capacity change with the stagnation
temperature is read from NIST REFPROP database [234]. According to Hagena’s theoretical
calculations [1, 241]:
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(7.4.2)

NC ∝ T0n
Where n is defined as:
n = mr = −m[

2−γ
γ
− q(
)]
γ−1
2(γ − 1)

(7.4.3)

As mentioned before, q is a specific factor between 0 and 1, and is found out to be 0.6 for CO2 .
Therefore, the correlated fit function is defined as Equation 7.4.4:
γ

γ

2−γ

2−γ

f (m, T ) ∝ T −m[ γ−1 −0.6( 2(γ−1) )] = b0 + c0 T −m[ γ−1 −0.6( 2(γ−1) )]

(7.4.4)

in which b0 and c0 are the correcting parameters in the defined fit function. Considering the heat
capacity change with the source conditions, this fit function (f (m, T )) is valid for the measured
data points. The temperature scaling relation can be expressed as Equation 7.4.4 to extend Hagena’s prediction based on the ideal gas to the real fluid behavior by contributing the effect of
the ratio of the specific heats. The numerical results of this Equation, however, show a different
m for both the gas and the liquid phases for CO2 clusters compared to the measure m, which
proves the non-compliance of the practical results with these known predictions. As this semiempirical law was derived without any detailed consideration of parameters such as the heat from
the condensation, any additional constraints of flows, or boundary layer effects, the real cluster
sizes may largely deviate from the calculated results of Hagena’s prediction, which is the case of
this study for CO2 clusters. Moreover, the scaling law does not give any information about the
expansion dynamics as well as the distribution of the gas, which would also affect the cluster
growth rate. The experimental data of Hagena’s measurement with the p0 − T0 coordinates for
different cluster beams were fitted according to the consideration of the ratio of specific heats of
7
5
3 for the rare gases and 5 for N2 with the conical nozzle. It was mentioned that for CO 2 the temperature variation of the ratio of the specific heats should also be taken into account to provide
a good correlation between the theoretical predictions and the experimental data [1]. This point
is also taken into account in this study, and all the temperature fit functions, Equation 7.4.4, in
Figure 7.4.6 are considered the temperature variation of the ratio of the specific heats based on
the NIST REFPROP database [234]. It seems that contributing the effect of γ changes with the
stagnation conditions can be used to predict the temperature scaling law for ideal gas molecules
(in which r is changed for each stagnation condition). However, the underestimation of Hagena’s
prediction for the pressure scaling law of real gases makes it not appropriate to report the exact
powers, while the n temperature power is the product of both m and r values.
Figure 7.4.7 shows the Contour plot of the measured relative mean cluster size as the function
of two variables of temperatures and pressures to obtain the p0 − T0 coordinates for the cluster
beams. The signal intensity distributions of the scattering CO2 clusters for the source conditions
of T0 = [230.0 K - 410.0 K] and P0 = [20.0 bar - 96.0 bar] in this signal intensity Contour
plot, demonstrates the considerable difference of the mean cluster size due to different cluster
formation mechanisms from the initial gas and liquid fluid before expansion. This Contour plot
as the summary of the effect of the stagnation conditions on the final cluster size is drawn utilizing the SigmaPlot program, in which it predicts the intervals in between the studied points
by polynomial fits. The Contour plot also demonstrates the supercritical results, which will be
explained in detail in the next Section.
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Abbildung 7.4.7: The contour diagram of CO2 , the effect of both stagnation temperatures and pressures
on the relative mean cluster size.
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7.4.3

The Condensation Process in the Vicinity of the CO2 Critical
Point and supercritical region, Determining CO2 Widom Line

In the studied range of CO2 clusters, the critical point and the supercritical region in the phase
diagram of the initial fluid in the reservoir can also be observed, which leads to some interesting findings in the experimental results. Based on the NIST REFPROP database [234], CO 2
critical temperature and critical pressure are 304.13 K and 73.8 bar, respectively. Above this
critical point, carbon dioxide molecules can adopt properties midway between a gas and a liquid.
Supercritical carbon dioxide (SC-CO2 ) has different applications in many different industries.
The main properties of CO2 that allow the SC fluid to be adjusted to various applications are
its gas-like viscosity and liquid-like density. Furthermore, SC-CO 2 has a very low surface tension, which is a significant property of this matter. Consequently, the formed cluster from these
working fluids has also attracted the attention of researchers. To the best of our knowledge,
the behavior and formation mechanisms of clusters from the SC-CO2 are not studied via mean
cluster size measurements using the Rayleigh scattering experiment. As it can be observed from
Figure 7.4.8, a sudden increase in the relative mean cluster size and also a change in the cluster
growth process happen as the stagnation pressure increases at temperatures of 300 K and 310
K, where it is expected to be the critical temperature. Higher stagnation conditions than the
critical temperature and pressure result in clustering from the supercritical. Results show that
clustering from the stagnation conditions in the supercritical region behaves in two different
ways; the gas-like behavior (the light green dots in Figure 7.4.8) and the liquid-like behavior (the
dark green dots in Figure 7.4.8). For CO2 , the suggested explanation for the observed change
is the different clustering mechanism in these two regions: the formation of the cold clusters by
the fragmentation of a super-heated liquid and the production of the super-cooled vapor form by
condensation. Thus no energy would be released due to condensation in supercritical conditions
where the cluster formation mechanism is the liquid breakup, severely limiting the cooling during
the supersonic expansion.
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Abbildung 7.4.8: The effect of the stagnation temperature on CO2 relative mean cluster size at supercritical region
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Abbildung 7.4.9: Carbon dioxide density change in the studied stagnation conditions
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Abbildung 7.4.10: Carbon dioxide viscosity change in the studied stagnation conditions

In Figure 7.4.9, the density as a function of the source temperature for each studied stagnation pressure is plotted. These density information and also the viscosity information, Figure
7.4.10, are authorized under The National Institute of Standards and Technology Act [234]. The
density, which presents how closely the CO2 monomers are packed, and the viscosity, which is
the resistance of the fluid to deformation at a given rate, are shown in Plots 7.4.9 and 7.4.10, in
sequence. The density and temperature relationship is inversely proportional. As it can be observed, Change in the density will be reflected in a change in temperature and vice-versa. Viscosity
also depends strongly on the temperature. In liquids, viscosity typically reduces as temperature
rises, whereas in most gases, viscosity rises as temperature rises. As a result, liquids flow more
freely when heated, and gases flow more slowly. To analyze the properties of fluid clusters, such
as the viscosity and number density when expanding into the vacuum after passing through a
nozzle, these data points for the studied range of stagnation conditions are plotted for two different phases of gas and liquid for CO2 clusters. As it can be observed in Figure 7.4.9, the power
curve of density by increasing the stagnation temperature shows that when the density changes
as a concave down function with the negative slope, the liquid or liquid-like clusters will form
with the liquid breakup mechanism. On the other hand, the exponential decay of the density
function with the concave up and the negative slope, in which the curve gets flattered and flatter,
shows the gas or gas-like clusters formed with the agglomeration process. It is worth mentioning
that for Ar clusters, Figure 7.3.5 also shows how the density function decays exponentially with
the concave up and negative slope, indicating the formation of gas or gas-like clusters throughout
the agglomeration process. These two different cluster formation mechanisms can also be distinguished from the initial viscosity of the fluid, in which decreasing the viscosity with increasing
temperature results in the formation of CO2 clusters with the liquid breakup mechanism. In
contrast, the agglomeration cluster formation mechanism happens when the viscosity increases
with a shallow slope (see Figure 7.4.10). Finding a relationship between the initial properties of
a fluid, density, and viscosity, and its final cluster properties, mean cluster size, can significantly
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improve the comprehensive study of the theoretical predictions and a better understanding of
these formed clusters. A significant energy release is expected to occur on condensation to clusters from the gas phase. On the other hand, near the critical point unusual behavior might be
conceivable due to the large density and also viscosity fluctuations (Figures 7.4.9 and 7.4.10).
To clarify the two different regions of the formed clusters from the supercritical region, Figure
7.4.11 shows the results of clustering from different aggregation conditions of gas and gas-like
SCF (at T0 = 320 K), gas and liquid-like SCF (at T0 = 310 K), and gas and liquid (phase transition at T0 = 300 K). Figure 7.4.11 (b) shows similar clustering and growth process from gas-like
SCF at 320 K to the agglomeration clustering from the gas phase, while the liquid-like SCF at
310 K proceed the fragmentation process after expansion, which is similar to the clustering from
the liquid phase (e.g., at 300 K).
The difference in the clustering process is observed through the clustering from the whole studied supercritical region, which is the guideline for determining the Widom line and is shown
in CO2 phase diagram in Figure 7.4.12. As mentioned earlier, the Widom line can be distinguished via the proposed method. This line is defined as the line in the pressure-temperature
plane where the correlation length has its maximum. Supercritical liquid–gas boundaries in the
pressure-temperature (pT ) diagram delimit more liquid-like and more gas-like states of a supercritical fluid. The liquid-like phase clusters behave similarly to the liquid phase. In other words,
the source pressure has a similar effect on the cluster growth process as clusters formed from
the liquid phase with the same scaling law. The same explanation also applies to the gas-like
clusters. Plotting the phase diagram of CO2 (Figure 7.4.12) and comparing the experimental
results with each other in the phase diagram results in the impressive achievement of being able
to determine this so-called Widom line via the suggested experiment. It is well known that many
thermodynamic functions demonstrate maxima in the vicinity of a critical point. Among these
values are, for example, heat capacity, isothermal compression, heat expansion coefficients, etc.
Among these suggested properties for determining the Widom line, one of the most convenient
is the isochoric heat capacity.
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Abbildung 7.4.12: CO2 pressure-temperature phase diagram, determining the CO2 Widom line via the
mean cluster size measurements

In this study, the experimental findings are compared with the theoretical calculation of the
Widom line, which is precisely in excellent agreement with each other. The theoretical values of
the Widom line, the solid green line in Figure 7.4.12, are calculated based on the maximum of
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the heat capacity of fluids in each temperature and pressures from the NIST REFPROP database [234]. In this study, we propose that CO2 supercritical fluids can exist in two states which
differ in microscopic dynamics. These states are separated by the so-called Widom line, which
can be determined by the mean cluster size scaling law difference. As CO 2N clusters are comprehensively generated from supersonic expansions of CO2 from the vapor, liquid, and supercritical
fluids, the phase alteration from the initial to terminal status affects the mean flow density of
the cluster beam and the cluster sizes.
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Abbildung 7.4.13: Probing CO2 temperature-entropy phase diagram via measured relative mean cluster
size

Figures 7.4.13 and 7.4.14 depict the relevant section of the temperature−entropy diagram of
pure carbon dioxide and argon respectively, obtained from the NIST REFPROP database [234].
We have identified that one of the relevant source parameters is the initial entropy (Si ) that
is depicted in these plots for CO2 and Ar, in sequence, in which the bubble sizes represent
the measured and computed relative mean cluster sizes produced by the liquid and gas fluid
phases. The vapor and supercritical states of the fluid are included in the experimental source
conditions, which are expected to result in jet expansions to the left or right of the critical
point. As a result, either the liquid or vapor side of the metastable area will be crossed. The red
dots show the gas or gas-like scaling law, and the blue ones demonstrate the liquid or liquidlike scaling law. The results show the extremely large CO2 clusters formed from liquid and
supercritical (liquid-like) fluid in the reservoir. CO2 clusters bubble plot clearly demonstrate
that the Widom line can be determined via the change of the scaling law in Rayleigh scattering
measurement. At high entropies, the (CO2 )N clusters condense from the pure gas-phase jet
expansions. On the other side, at low entropies, the (CO2 )N clusters were generated mostly
from the evaporation/fragmentation mechanism of liquid droplets. In particular, the gas-like
and liquid-like fluids can also be distinguished from the formed clusters from jet expansion as
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temperature [K]

a function of stagnation conditions. Normalization of the relative mean cluster sizes of CO 2
clusters to the Ar maximum mean cluster size results in larger CO2 clusters of about ten orders
of magnitude, which was expected because of the CO2 clustering from liquid phase under the
same stagnation conditions. In the visualization of the temperature–entropy phase diagram,
isentropic expansions are characterized by vertical trajectories. Any expansion paths, such as
’A’ and ’B,’ begin at pressures and temperatures beyond the critical pressure pc = 73.8 bar and
critical temperature Tc = 304.13 K. The supercritical state is the genesis of both routes ’A’ and
’B.’ The fact that expansion ’A’ crosses the critical point on the liquid side and expansion ’B’ on
the vapor side distinguishes them. Free jets originating from stagnation conditions identical to
’A’ and ’B’ have been seen to have dramatic differences in cluster size [115, 179, 242, 243], which
is attributed to the clusters coming either from droplets created by the disintegration of the
superheated liquid (’A’) or droplets formed by condensation of the supersaturated vapor (’B’).
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Abbildung 7.4.14: Probing Ar temperature-entropy phase diagram via measured relative mean cluster
size
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8. Conclusion and Outlook
Several unresolved issues regarding environmental aerosols necessitate detailed studies of clusters.
Parallel to the synthesis of clusters of relevant fluids, different analytic techniques can be applied
for their characterization, which is essential for defining their desired properties. In this thesis, a
comprehensive study of the supersonic jet expansion of Ar (as a reference sample) and CO 2 was
reported, employing ultra-high precision scattering measurements of neutral clusters. Moving
from Ar as a simple model system, the characterization of (CO2 )N clusters of large size range
formed from liquid and supercritical fluid, especially near the Widom line, was undertaken. The
experimental condition covered a wide range of the phase diagram and enabled the scanning
of different cluster generation mechanisms from different aggregation states. By comparing the
experimental findings through a wide range of source temperatures (230 K ≤ T0 ≤ 410 K) and
pressures (20.0 bar ≤ p0 ≤ 96.0 bar), several important conclusions can be made. They shall be
listed here.
• At short pulses of the nozzle opening time, reaching a steady-state condition is mandatory
when the logical values of the mean cluster size are required to be compared with the
theoretical predictions. Too short jet pulse duration misleads the evaluated experimental
results due to a non-stationary flow condition and thus leads to the wrong estimates of
beam properties. Besides, due to the large particle size and density in high-density fluids
sufficiently long valve opening time was required to allow the jet expansions to generate
the finalized potential clusters. The advanced control of both criteria confirmed a quasiequilibrium segment in a sufficient long pulse of 22 µs, which was explained in detail
in Chapter 6. Ar and CO2 clusters in this thesis could be detected even at high source
temperatures and low source pressures, meaning that the improved settings allow for better
control of the cluster beams.
In this study, the 22 µs pulse duration was the maximum of the defined range, which
would not cause any damage to the nozzle. Higher pulse duration results in the possibility
of studying a more comprehensive range of stagnation pressure and temperature, which
leads to probing more systems, which should be considered in the future for studying more
atomic or molecular cluster systems in the broader range of stagnation conditions.
• To optimize the experimental setup, defining the quitting surface position plays an important
role in correctly evaluating the finalized mean cluster sizes. A model based on the constant
mean cluster size in the collisionless region after this surface was proposed and experimentally proved in this thesis, which considered a 6 mm distance from the nozzle exit as the
position of the quitting surface in this study.
• The comparative relation of oscilloscope measurements, which was discussed in Chapter 6, and
the theoretical prediction for Ar clusters [1] showed that Ar obeys the predicted Hagena’s
scaling law for the wide stagnation condition ranges of 250 K ≤ T0 ≤ 410 K and 20 bar
≤ p0 ≤ 72 bar with a small deviation. In other words, aggregation states of Ar gas and
supercritical did not change empirical scaling law to control the size distribution of clusters
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as a function of source temperature and pressure. This means that when Ar beam started at
low and even high densities, as the fluid expanded through a given geometry of the nozzle,
the clusters were aggregated proportional to the pressure to the power of 2.6 ± 0.1, meaning
that the terminal size of the clusters can be referred to the source density. According to
the NIST REFPROP database [234], the specific heat values of Ar are near-ideal gas (γ
= 1.66) among the whole range of studied pressures and temperatures, which implies the
basic assumption of Hagena’s prediction [1]. The temperature power function through the
measured data points also revealed that the relative mean cluster size decreased by the
power of -4.8 ± 0.1 as the stagnation temperature decreases, which applied for both gas
and supercritical fluid states. These scaling laws did not apply for higher source pressures
and lower source temperatures in the analog method, which was found to be due to the
artificial bouncing peaks in the detected signal in high densities due to the mechanical
limitations of the valve. In these high-density conditions, the fluid specific pressure power
m was higher than the predicted power by Hagena [1] which resulting also in the more
negative n due to the probable effect of those bouncing peaks.
Due to the lower time resolution of the detected signal on the oscilloscope in this method,
these artificial bouncing peaks could not be distinguished with the main peak concluded
from the Rayleigh scattering as the result of the cluster-photon interaction. To detect the
bouncing peaks via this method, the sensitivity of the detection should arise, which can be
achieved using a more accurate laser with higher power with a narrow beam that is emitted
in a specific direction which is placed exactly at the entrance of the vacuum chamber. Other
possibilities to increase the detection sensibility would be the more decreasing of the stray
light inside the vacuum chamber, increasing the number of detection samples (which makes
the experiment longer), etc., which should be considered in future work.
• The comparison between analog oscilloscope (Chapter 6) and digital photon counting (Chapter
7) methods resulted in a more reliable evaluation in the latter, which proceeded from the
higher time resolution of photon counting due to the high detection sensitivity of this
technique. As a result, the effect of the artificial bouncing peaks, which was caused due
to the nozzle mechanical limitations, could be omitted to evaluate the scattering signal in
the photon counting method. Furthermore, Ar and CO2 clusters could be found even in
the jet expansion from higher source temperatures and lower source pressures compared to
the conventional analog method, meaning that the less complicated setup of this method,
including a constant PMT gain for all signals and no need for any extra normalization, led
to better control of the cluster beam-laser detection.
This digital photon counting method could be even more efficient by enhancing the counting
efficiency, which should be improved more carefully in future studies by several factors that
affect it, such as the distance from the source of radiation, the absorption or scattering
of particles by the medium between the source and the surface of the detector, and the
detector efficiency in counting all radiation photons and particles that reach the surface of
the detector.
• The discussion presented in Chapter 7 about the experimental results of the photon counting
method of Ar clusters proved that there is not a distinguishable difference between the effect
of stagnation conditions on the measured relative mean cluster size for clusters formed from
the gas and supercritical fluid (gas-like region) fluids in the reservoir with the low and high
densities, respectively. The pressure and temperature powers are found out to be 2.5 ± 0.2,
and -6.1 ± 0.1, sequentially, which found to be in a better agreement with the theoretical
values of Hagena for Ar clusters [1] (and probably near-ideal gas behavior fluids) compare
to the analog oscilloscope method results. This stemmed from the different evaluation of
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the detected scattering signal in photon counting, which was exclusive just to the main
scattering peak of light-cluster interaction, without considering the bouncing peaks. NIST
REFPROP database [234] also showed that the density of the fluid in the reservoir before
the expansion was not changing considerably from gas to supercritical aggregation state.
The equal scaling powers for Ar clusters did not result in distinguishing the formed clusters
from different aggregation states of the gas and supercritical in the phase diagram via these
findings. It is probably possible to probe Ar cluster properties through its phase diagram
in the case of extending the studied range of stagnation pressures and temperatures, which
requires the experimental equipment to be able to work under lower temperatures and
higher pressures until the phase boundary is achieved, which can be considered as a future
study as a second system, aside from CO2 , which its phase diagram including the phase
boundaries and different aggregation states may be determined via this method.
• By having adopted photon counting as the detected method, the measurement was extended
from Ar as the near-ideal gas model to CO2 as the real gas system.
• The characterization of the formed carbon dioxide clusters thorough a wide range of its phase
diagram was possible with detecting and evaluating Rayleigh scattering of CO 2 clusters via
photon counting method from the vapor, liquid, and supercritical phases. This was feasible
due to the sudden change of the mean cluster size at phase transition region and also dissimilar power laws in different aggregation states, which is summarized in the bubble Plot
8.1 to provide an overview of the cluster sizes concerning the phase transitions within the
studied pressures and temperatures, in which the bubble sizes represent the measured and
calculated relative mean cluster sizes generated from liquid and gas fluid phases. Although
the formed clusters from the liquid phase with liquid-like (SC) fluid and gas with gas-like
(SC) fluid were not distinguishable, their similar trend in the cluster growth process led
to some knowledge regarding the two different types of supercritical fluid behavior. The
results reveal a sharp transition on crossing the Widom line demonstrating how the supercritical region is divided into two regions that, although not connected by a first-order
singularity, can be identified by different dynamical regimes: gas-like and liquid-like. The
saturation line, the critical point, and the Widom line of carbon dioxide have also been
distinguished via the measurement results.
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Abbildung 8.1: Probing CO2 pressure-temperature phase diagram by means of the measured relative
mean cluster size; see also Figures 7.4.7 and 7.4.13.

As the Widom line attracts significant attention due to its unique features, to strengthen the
claim of determining the Widom line with the proposed method, more fluid temperatures
and pressures in the vicinity of this region should be studied for the upcoming examinations.
• The comprehensive study of the source conditions for detecting the Rayleigh scattering signal
as the result of the interaction of CO2 clusters with laser light via the photon counting
method is summarized in Figures 8.2 and 8.3 as the main focus of this study (objective
3). The Rayleigh scattering experiment of CO2 clusters indicated a different trend for the
impact of pressure on the cluster sizes in different fluid aggregation states. The value of
m was higher than the predicted exponent of Hagena’s scaling law for CO2 clusters [1].
It can be concluded that Hagena’s prediction, which is considered as the guide-line for
the expected nonlinear dependence of cluster size on the backing pressure, is unsuitable
for the clusters which are formed from high-density fluids and are far from the ideal gas
behavior (See Fig. 7.4.3). It is conspicuous that the sudden jump in NC was observed for
all changes of the states. Clearly, the transition of the source fluid from gas to the liquid
phase before expansion resulted in the formation of larger clusters after expansion. After
this phase transition, the effect of the stagnation pressure on the growth process of clusters
was significantly smaller than before. This may be due to the fact that increasing pressure
will not change the density of the particles in the liquid phase significantly. It was also
suggested that the fluid density and viscosity as the functions of source temperatures could
lead to the distinction between the liquid breakup and the agglomeration process (Figures
7.4.9 and 7.4.10). It is pretty clear that CO2 as a real gas system was not obeying Hagena’s
power law in the liquid region.
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Abbildung 8.2: All studied stagnation conditions for determining CO2 relative mean cluster size via
photon counting method, pressure perspective (see Plot 7.4.1).
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The empirical scaling equation by Hagena [1] covers a limited range of experimentally
studied atoms or molecules, which opens up the discussion of whether this prediction applies
for all fluids or not. Clustering from a fluid at the phase transition region should also be
studied for other molecular systems to consider this approach as a determining method.
Propane C3 H8 (with the critical temperature of 369.9 K ± 0.2 K and critical pressure of
42.5 bar ± 0.1 bar) can be a good candidate in future cluster studies at phase transition
and from different aggregation states.
• As an essential finding of this work, the nonlinear decrease of the relative mean cluster size
as a function of stagnation temperature in both gas and liquid phases was obtained to
be a function of heat capacity. This cluster size distribution model, according to Hagena’s
theoretical calculations [1], was proved here experimentally, using the known heat capacity
for fluids as an applicable prediction for the mean cluster sizes. As was discussed in detail
in Chapter 7, the thermodynamic state of the fluid before its expansion determines two
different formation mechanisms after expansion (Figure 7.4.4). It was also identified that
probing the CO2 via the mean cluster size suggests different formation mechanisms of these
clusters, an agglomeration mechanism from the initial gas and the liquid breakup from the
liquid in the phase transition region. These two cluster formation mechanisms could be
discriminated in this study due to the abrupt decrease in the measured cluster size at the
phase transition and the pressure scaling law in the phase transition region.
The results obtained in this work can provide a basis for further studies to better understand the
properties of atmospheric aerosols. Nevertheless, it should be mentioned that the conventional
Rayleigh scattering method alone may not provide sufficient information on the cluster properties, especially on the absolute values, while both cluster size and cluster density are unknown
and the absolute values cannot be abstained. To overcome the limitation of the Rayleigh scattering method, additional complementary techniques such as Interferometry could be applied to
be able to measure both absolute mean cluster size and number density in future studies.
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