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These niemals möglich gewesen.
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Abstract

This thesis targets two different, highly-significant issues in current aerosol science. First, physical
properties of aerosol nanoparticles carried in helium instead of air are analyzed in both ways, theo-
retically and experimentally. Second, the performance of two different, cutting-edge instruments
aiming for correct size distributions is tested and compared.
Research on both, distribution and growth of aerosol particles with diameters below 10 nm, is
inevitable in order to acquire information on potential subsequent growth to cloud condensation
nuclei (CCN). Retrieved knowledge further allows assertions on cloud formation processes and
possible impact on climate. Corresponding size distribution measurements are often conducted
utilizing information of the analyzed aerosol particles’ charging state and other quantities, e.g.
carrier gas pressure and temperature. Particle sizing is then possible via application of a Dif-
ferential Mobility Analyzer (DMA), whereas subsequent counting typically happens by using a
Condensation Particle Counter (CPC) or a Faraday Cup Electrometer (FCE).
All of these instruments, however, require certain amounts of sample flows, which is why re-
sulting measurements are of ex-situ character. Utilization of the SAXS-technique is believed to
retrieve desired size distributions without any major system disturbances. In order to maximize
signal-to-noise ratios in related experiments helium-carried particles are analyzed. Two things are
consequently inevitable: First, testing and calibrating the above instruments for correct operation
when sampling helium. Second, information on charging state of analyzed particles as well as
theoretical quantities of helium must be known and implemented into subsequent computations
in order to achieve correct size distributions.
The first part of this thesis applies to the complete theoretical background and all concurring
experiments introduced in the second paragraph. The second part focuses on the comparison
of the DMA-train and the nano-SMPS. The former utilizes six DMAs operating in parallel at
fixed voltages, respectively, thus providing related concentrations every second. The latter yields
size distributions via continuously scanning voltages applied on the DMA, thereby minimizing the
necessary cycle time. The overlapping sizing region of both instruments, i.e. around 6 nm, shows
no perfect conformity, which is why closer investigation is of interest.
Experimental results of part I showed good agreement with theoretical computations regarding the
calibration of the utilized DMA operating with particle-laden helium. Moreover, a new technique
aiming for the quantification of corresponding size-dependent charging probabilities via applica-
tion of an ion-trap proved to perform flawlessly. Part II highlights the benefit of the DMA-train’s
operating principle and the need for high-time resolution measurements of particles smaller than
10 nm.
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Kurzfassung

Die vorliegende Arbeit behandelt zwei aktuelle Themen der Aerosolwissenschaft. Zunächst wer-
den physikalische Eigenschaften von heliumgetragenen Aerosolpartikeln sowohl theoretisch und
experimentell untersucht. Im Anschluss wird die Performance zweier aktueller Messinstrumente,
welche jeweils Messungen zu Anzahlgrößenverteilung durchführen, getestet und verglichen.
Forschung an Größenverteilung und Wachstum von Aerosolpartikeln mit Durchmessern kleiner
als 10 nm ist unabdingbar, um Information über daraus resultierenden Wolkenkondensationsker-
nen (CCN) zu erhalten. Erhaltenes Wissen erlaubt im Folgenden das Treffen von Aussagen zu
Wolkenbildungsprozessen und somit auch klimarelevante Prognosen. Bei hierfür notwendigen Ex-
perimenten macht man sich oft Information bezüglich des Ladungszustandes der analysierten
Partikel und anderer Größen, so zum Beispiel Druck und Temperatur des Trägergases, zunutze.
Dadurch ist die Charakterisierung der Partikel nach ihrer Größe mittels eines differenziellen Mo-
bilitätsanalysators (DMA) möglich, wohingegen anschließendes Zählen durch Verwendung eines
Kondensationskernpartikelzählers (CPC) oder eines Faraday Cup Elektrometers (FCE) stattfindet.
Sämtliche genannten Instrumente benötigen jedoch einen bestimmten Probestrom, weshalb re-
sultierende Experimente immer ex-situ-Messungen sind. Unter Anwendung der SAXS-Technologie
könnten die erwünschten Größenverteilungen jedoch ohne größere Störungen des untersuchten
Systems erhalten werden. Zur Maximierung des Signal-Stör-Verhältnisses werden in diesbezügli-
chen Experimenten heliumgetragene Partikel analysiert. Dies macht jedoch zweierlei Dinge un-
umgänglich: Erstens müssen sämtiche obigen Instrumente bei Operation mit Helium getest und
kalibriert werden. Zweitens muss sowohl Information bezüglich der Ladungszustände der analysier-
ten Partikel, als auch theoretischer Größen von Helium vorhanden sein, und diese in darauffolgende
Berechnungen zur korrekten Größenverteilung implementiert werden.
Der erste Teil dieser Arbeit widmet sich dem kompletten theoretischen Hintergrund und sämt-
lichen vorkommenden Experimenten, welche in dem vorangegangen Absatz vorgestellt wurden.
Im zweiten Abschnitt wird der Schwerpunkt auf den Vergleich des DMA-train und des nano-
SMPS gesetzt. Das erstgenannte Instrument besteht aus sechs DMAs, welche parallel bei jeweils
festgelegten Spannungen operieren und im Folgenden das Messen zugehöriger Konzentrationen
jede Sekunde ermöglichen. Das nano-SMPS liefert Größenverteilungen, indem die an den DMA
angelegte Spannung kontinuierlich erhöht wird, wodurch die notwendige Laufzeit minimal ist.
Der Überlappungsbereich beider Instrumente, welcher in etwa bei 6 nm liegt, weist keine perfekte
Übereinstimmung auf, weshalb genauere Untersuchungen von Interesse sind.
Experimentelle Ergebnisse aus Teil I bezüglich der Kalibration des DMAs bei Verwendung von
Helium als Trägergas zeigen gute Übereinstimmung mit theoretischen Berechnungen. Des wei-
teren erwies sich eine neue Technik zur Quantifizierung der größenabhängigen Ladungswahr-
scheinlichkeit durch Zuhilfenahme einer Ionenfalle als einwandfrei. Teil II hebt sowohl den Vorteil
der instrumentellen Technik des DMA-trains, als auch die Notwendigkeit für hoch-zeitauflösende
Messungen von Partikeln, deren Durchmesser kleiner als 10 nm sind, hervor.
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1. Introduction

Aerosols are omnipresent in the earth’s atmosphere and span size ranges from 1 nm to 100 µm.

Physical and chemical reactions between particles and gaseous constituents have high impact on

cloud formation, and hence the hydrological cycle and climate. Therein comprised mechanisms

and potential consequent outcomes are therefore of great interest and are subject to ongoing

research. These processes either occur through primary/direct aerosol particles, i.e. sea spray,

sulphates or carbonaceous emission, e.g. emanating from biomass burning, or secondary/indirect

contributors. The latter particle type evolves from nucleation through gas-to-particle conversion

(new particle formation - NPF) (Kulmala et al., 2013) and subsequent particle growth (Tröstl

et al., 2016) that lead to the formation of cloud condensation nuclei (CCN) between 50 nm and

100 nm. This evolution, starting at molecular sizes account for roughly half of all existing CCN,

whereas the other half is attributed to primary emissions (Merikanto et al., 2009).

Figure 1.1: Radiative forcing contributions of most important compounds. Aerosols and their pre-
cursors are very likely to cause negative forcing, thus have a cooling effect. SOA-particles are not
included due to lack of information on their contribution. source: http://www.ipcc.ch/pdf/assessment-
report/ar5/wg1/WG1AR5 Chapter08 FINAL.pdf
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It is evident, that distinction of aerosol particles is not only a matter of size, but also a question of

origin, chemical composition and concentration. Consequently, precise analysis of complex aero-

sol dynamics and their impact on climate requires consideration of multiple components and yet

entails various ambiguities. This becomes apparent when examining Aerosol-Cloud interactions

and the related error bar in terms of radative forcing in figure 1.1, obtained from the IPCC-report

2013. It is worth noting, that aerosol-driven direct radiative forcing arising from scattering me-

chanisms of electromagnetic waves is included, however, due to lack of knowledge about their

contribution, effects of secondary organic aerosols (SOA) are not taken into account. Another

reason for such huge error bars is given by Carslaw et al. (2013), who found natural aerosols to

be the major cause for high deviations of indirect radiative forcing, i.e. impact of cloud albedo.

Reconsideration of the above-mentioned processes regarding NPF and CCN, as well as ensuing

uncertainties of radiative forcing give rise to closer scrutiny. Among others, this involves know-

ledge of both, size and concentration of aerosol particles. If continuously obtained and combined,

these two quantities provide time-resolved size distributions, which allow even deeper insight into

the complex dynamics of nucleation processes (Mäkelä et al., 1997), particle growth (Qi et al.,

2015), and atmospheric physics (Jacobson, 2001). Especially investigations of freshly nucleated

nano-particles smaller than 10 nm are continuously carried out. (McMurry et al., 2000), (Shi

et al., 2001).

Various methods to achieve this data for further calculus, e.g. through analysis of the particles’

electrical mobility (Liu, 1975, p.739-762) do exist and are in use, however, continuous impro-

vement is needed. The combination of Differential Mobility Analyzers (DMA) and Faraday Cup

Electrometers (FCE) or Condensation Particle Counters (CPC) allow physicists to attain con-

centrations of particles at one specific diameter. This is done by means of analysing their corre-

sponding electrical mobility via an electric field (DMA) and integrating over the current which

is directly proportional to the carried electric charges (FCE) or growing the particles up to sizes

that can be detected with optical laser systems (CPC).

However, due to the stepwise decrease of the applied voltage, DMAs often lack of the crucial

high time resolution, especially if measurements in rapidly changing environments are desired.

Scanning mobility particle sizers (SMPS) reduce this shortcoming in time resolution by conti-

nuously increasing the electric field, yet they entail the drawback of subsequent data inversion

(Wang and Flagan, 1990). Another approach is the continuous sampling of differently sized par-

ticles with multiple DMAs as done by Stolzenburg et al. (2017). Due to significantly enhanced

time resolution thus obtained concentrations provide improved statistics, and consequently more

precise size-distributions and subsequent computations on particle growth. Since both SMPS and

DMA train operate in different size ranges the combination of both instruments allows coverage

of the full size range which is needed for quantitative analysis of NPF. However, inspection of

concentrations obtained close to the overlapping sizing region shows, that no perfect accordance

in signal is given. Part II of this thesis targets this discrepancy and aims for possible explanations.

One major disadvantage of all mentioned measurement methods is their remote character, i.e.

the necessity of drawing specific sample flows out of the system of interest into the measurement

devices. Optical particle counters (Rosen and Hofmann, 1986) are able to work in-situ and analyse

physical particle properties via detection of scattered light. Since particles smaller than 100 nm
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do not scatter electromagnetic radiation sufficiently “optical” detection below this size is usually

not possible.

In order to minimise this lower detection threshold the need of electromagnetic radiation with

comparatively short wavelength is evident and investigated. X-rays have been used in various

medical (Brooks and Chiro, 1975) and physical research methods (Als-Nielsen and McMorrow,

2011) for decades, theoretically fulfil the needs of appropriate wavelengths and have already been

deployed in particle concentration measurements (Ghosh et al., 2010). However, it is worth no-

ting that experiments related to the latter publication have been conducted under non-ambient

conditions, i.e. lower pressures (<200 Pa) and higher concentrations (1011 cm−3) . Due to large

scattering background arising from carrier gas molecules, SAXS measurements on aerosol particles

under ambient conditions do not yield reasonable signal to noise ratios, out of which convenient

size distributions could be computed. By using helium instead of air more promising outcomes

are achieved when utilizing the SAXS-technique, however, other theoretical and experimental

challenges have to be taken into account.

Challenges of experimental character occur when adapting instruments, which commonly are used

for measurements on nanoparticles carried in air, to the operation when particle-laden helium is

under observation. Theoretical issues are caused by the different physical properties of helium

compared to air, e.g. viscosity or mean free path. Part I of this work scrutinizes the mentioned

problems and aims for the correct evaluation of the number size distribution of helium-carried

particles.
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2. Fundamental Background Informati-

on and Motivation

2.1 Aerosols - an Overview

An aerosol is a two-component system, which consists of a gas, wherein solid or liquid particles

are suspended. Particles are found in different size ranges starting at single-digit nm and ending at

several µm, therefore spanning ∼5 orders of magnitude. However, aerosol particles are classified

by numerous other parameters, which are discussed in more detail later on in this section. An

exemplary list of numerous frequently used categories is given below:

• particle number concentrations in units of cm−3 and mass density in µg m−3 (Kannosto

et al., 2008)

• size dependent concentrations, typically denoted as dN/dln Dp (Kleinman et al., 2012)

• molecular aerosol particle composition (Hoffmann et al., 1998)

• primary/secondary and biogenic/anthropogenic character of aerosol particles and classifi-

cation in terms of origin (Sun et al., 2016)

• direct/indirect contribution to radiative forcing (Charlson and Schwartz, 1992)

The first two categories typically are considered when analysis regarding air pollution is carried

out. For instance, Wang et al. (2014) found the number concentration to increase for all particle

sizes, if (photochemical) haze was present in Shanghai. Especially particles in the size range of

100nm have higher chances of deposition in the human lung, thus causing various health issues

(Jaques and Kim, 2000). The third and fourth point have been studied for decades and their

variations play a significant role in the radiation budget of the earth and affect the formation

of cloud condensation nuclei (Cruz and Pandis, 1997) (Novakov and Penner, 1992). Therefore,

aerosol particles contribute to both, direct (Charlson and Schwartz, 1992) and indirect (Jones

et al., 1994) radiative forcing.

As indicated in the previous section, studies on the nucleation of aerosol particles by means of

trace condensable vapours of both, biogenic and anthropogenic sources may play a significant

role in climate. The study of fundamental nucleation mechanisms thus constitutes an active field

of research which is oftentimes carried out in various laboratory and chamber environments.

One of the world-leading chamber experiments in this respect is currently conducted at the
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CLOUD (Cosmics Leaving OUtdoor Droplets) facility located at the proton synchrotron CERN,

Switzerland. There, nucleation and NPF can be investigated under best controlled and cleanest

conditions ever. A unique feature of this experiment is the possibility to study effects of galactic

cosmic rays on NPF (Kirkby, 2011). A detailed explanation is given in the following section.

2.2 Overview of the CLOUD-project

The CLOUD-project involves 17 research groups from 9 different countries1 and targets the ana-

lysis of various significant and climate-relevant processes, which contribute to new particle- and

cloud formation. In the following a short summary on the participating reactions is outlined.

Earlier studies on atmospheric nucleation processes already emphasized the key role of sulphuric

acid, (SA), which emerges from the oxidation of sulphur dioxide (Sihto et al., 2006). Despi-

te of that, binary reactions of SA with water are no sufficient explanation for further particle

growth, but other contributors, e.g. ammonia or organic compounds, must be considered (Wang

et al., 2010). Initial CLOUD-experiments thus focused on these interactive effects and found that

SA-particle nucleation intensively depends on standard ambient ammonia mixing ratios (Kirkby,

2011). Furthermore, it was shown that galactic cosmic rays (GCR) lead to somewhat enhancing

impacts on NPF-events as well.

Succeeding studies included, among others, effects of amines on early particle growth, since con-

tributing effects to nucleation processes were expected (Facchini et al., 2008). It was consequently

investigated, that dimethylamine preserve freshly formed SA-clusters from evaporation by base-

stabilization mechanisms (Almeida et al., 2013). Further on, oxidized organic compounds were

found to play an important role in nucleation processes with water and SA from the beginning.

For instance, Riccobono et al. (2014) showed that oxidation products of pinanediol participate in

both, production of clusters of lower evaporation rates as well as enhanced subsequent growth.

Consideration of these contributors even allows reproduction of corresponding nucleation rates in

the lower atmosphere.

Dunne et al. (2016) again outlined the significant impact of amines as well as organic compounds

on NPF and highlights, that most of all nucleation events in the troposphere are of ternary cha-

racter. It was also found that solely organic vapours alone might initiate NPF as well, and their

contributors to early particle growth are of extremely low volatilities (Tröstl et al., 2016). Conse-

quently, global aerosol models also allow insight on particle formation caused effects to radiative

forcing (Gordon et al., 2016).

The centre-piece of all experiments is the CLOUD-chamber. Therein prevailing physical proper-

ties regarding both, gas and particle phase, are permanently monitored and/or controlled. An

exemplary list of obtained parameters as well as the scheme of the CLOUD-chamber (figure 2.1)

are given as follows:

1Source: http://cloud.web.cern.ch/content/institutions
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• temperature, pressure and relative humidity

• size-dependent aerosol particle concentrations, nucleation- and growth rates

• wide mass-to-charge ratio analysis of ion properties

• sulphuric acid concentration

• wide-range volatile organic compounds concentrations

• NOx, O3 and SO2 concentrations

Figure 2.1: Schematic setup of the CLOUD-chamber (blue). Permanently sampling measurement in-
struments (red) necessitate controllable (trace-)gas input (green). Applied ’cosmic rays’ provided by the
Proton Synchrotron (PS) are detected by beam hodoscopes.

Since sampling instruments continuously draw air out of the chamber the gas system compensa-

tes for this air efflux and provides controllable concentrations of N2, O2, O3, SO2, O3 and diverse

organic compounds, such as α-pinene, β-caryophyllene or naphthalene. Higher ion concentrati-

ons, corresponding to those in the upper troposphere, are simulated by a π-particle beam, which

is generated by the proton synchrotron (PS), and its energy detected by a beam hodoscope.

An applicable high-voltage clearing field removes all charged particles, thus enabling analysis of

effects contributed by neutral particles only, but also allows the removal of larger particles for

new, subsequent measurement runs. Furthermore, sunlight simulating UV-systems are installed,

and their wavelength dependent intensity considered as well (Kupc et al., 2011).
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Reconsideration of the above-mentioned contributors to processes concerning nucleation and par-

ticle growth in the cloud chamber causes interest in highly time resolved analysis of low nm-sized

particle concentrations. Two instruments, i.e. the nano-SMPS and the DMA-train (Stolzenburg

et al., 2017), fulfil these requirements in different size ranges. However, non-negligible discrepan-

cies in terms of particle concentration between the overlapping detection limits gives rise to

questions regarding the correctness of obtained data. It is thus of great interest to find the re-

ason for this mismatch and therefore initial experiments, as well closer insight into the working

principles of both instruments are given in chapter 8.
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2.3 Charging Mechanisms

Information on the aerosol particle’s state of charge is absolutely necessary if investigation on their

mobility equivalent diameters is conducted by means of differential mobility analysis (see section

3.1). Although the formation of particles itself leads to a certain charged fraction no reproducible

or satisfying experimental results are thus achievable, since for subsequent data evaluation the

corresponding charging probabilities must always be known. In the ideal (and simplest) case these

size-dependent values do not change throughout the whole experiment.

Charging of aerosol particles may proceed via different processes, some of the most important

ones are given in the list below. The two last-mentioned methods are explained in detail further

on, since these processes are present in consecutively utilized charging devices:

• Flame charging (Burtscher, 1992)

• Spray electrification (Vaaraslahti et al., 2002)

• Corona discharge (Chang et al., 1991)

• Field charging and

• Diffusion charging.

Field charging mechanisms happen by means of an existing electric field. As a consequence of

distorted field lines, which are caused by the neutral fraction, accelerated ions collide with these

uncharged particles and subsequently transfer their charge. The induced field line distortions

depend on both, the particle’s material and their initial state of charge. The latter point has the

consequence, that already charged particles are less likely to obtain an additional one (Hinds,

1999, p.325).

In contrast to field charging mechanisms diffusion charging processes are not caused by an electric

field, but happen due to random collisions between unipolar ions and particles, and are observable

in the earth’s atmosphere. Consequently, parts of the previously neutral fraction are charged and

vice versa. Since this process is dependent on Brownian motion of the ions, it correlates with

their velocity, which in turn follows the Boltzmann distribution. It is thus less likely for the already

charged fraction to acquire an additional charge, since the needed ion has to move with a higher

velocity. Otherwise it is unable to overcome the existing particle’s repulsive effect. However, since

the Boltzmann distribution has no upper velocity limit, the charging rate never reaches zero

(Hinds, 1999, p. 364).

Neutralization processes are occurring if ions of both polarities are present (bipolar diffusion

charging). Originating equilibrium charge states are called Boltzmann, or steady-state, equilibrium

charge distributions.

However, according to Fuchs (1963), kinetic methods are inevitable if correct computations on

steady-state probabilities of particles smaller than 100 nm are desired. Furthermore the Boltzmann

equilibrium charge distribution does not comply at all with experimentally obtained charging

probabilities for lower size ranges (Kallinger and Szymanski, 2015) (Reischl et al., 1996). Fuchs’

charging theory bases on the quantification of interactions between particles and ions by means of
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a steady state ion flow towards limiting spheres. Each of these spheres encompasses one aerosol

particle, and ions are solely attracted/repelled when entering this boundary. A complete overview

of Fuchs’ charging theory is given in Reischl et al. (1996) and Fuchs (1963).

Even though only mass and electrical mobility of the charge-providing ions must be known if

concrete calculations are required, computations of Fuchs’ charging theory are labour-intensive.

Simplification is achieved using the approximated function and included parameters given in

(Wiedensohler, 1988). Utilization provides continuous information on the probabilities caused by

bipolar diffusion charging in the size range of 1 nm to 1 µm for neutral or singly charged particles

(i=±1, i=0) and from 20 nm to 1 µm for the doubly charged fractions (i=±2). Conduction of

the corresponding calculations, and implementing two corrected coefficients as given in Flagan

(2008), result in figure 2.2. Considering the black line, it is evident that aerosol particles <100 nm

most likely do not obtain a charge at all. Moreover the probability for negatively charged particles

(blue) always exceeds the one for the positively charged fraction (red).

As mentioned above, comprehensive knowledge on the charged particle fractions is inevitable for

analysis by means of an external electric field. Since charge transfer mechanisms heavily depend

on properties of the carrier gas all given functions in figure 2.2 only hold true for airborne particles

and are thus deviating if other gases are present. Charged fractions of different size consequently

have impact on further computations of number concentrations. As a consequence measurements

on charging probabilities of helium-carried particles represent a main theme of this thesis and are

explained in great detail in chapter 3.5.
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Figure 2.2: Calculated charging probabilities according to Wiedensohler (1988) and corrected coeffi-
cients as stated in Flagan (2008). The black line indicates the neutral fraction (i=0), the blue and red
curves denote negatively (i<0) and positively (i>0) charged particles, respectively. Solid and dashed
lines state, whether the considered particles are singly (i=±1) or doubly charged (i=±2).
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3. Experimental Methods

A multitude of instruments targeting the generation and subsequent analysis of aerosol nano-

particles is used throughout this study. Knowledge of their physical bases as well as their wor-

king techniques are thus of great interest, especially if other carrier gases than air are involved.

Differences in gaseous compounds not only give rise to inevitable experimental adaptions, but

additionally have impact on the numerous conversion of the full size distribution out of raw data.

Typical experimental setups include the

• Vienna type DMA, which allows the classification of aerosol particles by means of their

electrical mobility,

• CPC and FCE, which permit continuous information on number concentrations,

• X-ray charger and 241Am alpha-ray ionizer, both yielding particles in equilibrium charge

distributions,

• aerosol particle generators, i.e. WOx-generator, hot-wire generator, nebulizer and electro-

spray

• and the ion trap, i.e. a filter for charged particles up to one specific electrical mobility.

Parts of these instruments, i.e. the X-ray charger, DMA and CPC are used in the nano-SMPS and

DMA-train. Both of these particle sizers allow high-time resolution concentration measurements

of aerosol particles in different size ranges (see section 8).

3.1 Differential Mobility Analysis

The differential mobility analysis is a powerful method to study the size distribution of airborne

particles. It can be used to retrieve size information over 3 orders of magnitude: studies below

10nm (Stolzenburg et al., 2017) exist as well as investigations of up to 1 µm (Kulmala et al.,

2012). Over all this range the resolution as well as the principle of measurement do not change,

however, size dependent particle losses (Kousaka et al., 1986) and charging efficiency have to be

taken into account and are discussed in detail later on.

The concept of the differential mobility analysis is the classification of aerosol particles according

to their electrical mobility Z, which is indirectly related to their mobility equivalent diameter

Dp. This connection, as well as more information on the mentioned electrical mobility, is given

10



in section 3.1.2. The above-mentioned classification is achieved by utilizing a differential mobi-

lity analyzer (DMA) (E. O. Knutson, 1975). Its apparatus corresponds to a capacitor, i.e. two

electrodes of different electrical potential generate an electric field. Various types are in use, e.g.

parallel plate DMAs (J.P. Santos et al., 2009), radial DMAs (Brunelli et al., 2009), or cylindrical

DMAs as described by Winklmayr et al. (1991), who proposed the so-called Vienna type DMA.

Throughout this study the latter type is used and its structure, working principle and theoretic

background are thoroughly discussed in the following subsections.

3.1.1 Structural set-up of the Vienna type DMA

The schematic structure of a Vienna type DMA is given in figure 3.1, in which two different

types of parameters are comprised, namely those of geometrical kind as well as the operating

conditions, i.e. the volume flows:

• geometrical parameters

R1: inner radius of the outside electrode

R2: outer radius of the inner electrode

L: axial distance between aerosol-inlet and -outlet

• flow conditions

Qsh: clean and dry sheath air flow

Qa: aerosol particle-laden air flow

Qs: sampled/classified aerosol particle-containing air flow

Qex: excessing particle-laden air flow

The flow Qa, which contains the particles of interest, is overlaid with clean and dry sheath air Qsh,

providing a laminar gas flow moving in axial direction inside the DMA. Herein the charged aerosol

particles move in radial direction towards the inner electrode caused by the present electric field,

whose intensity changes depending on both, the voltage V applied to the mentioned electrodes

and the momentary distance r to the passing object. This correlation is evident in equation (3.1),

which quantifies an electric field inside a cylindrically shaped capacitor.

E(r) =
Q

2π · r · L · ε0εr
(3.1)

Q is the object’s electrical charge, ε0 the vacuum permittivity, εr the relative permittivity and

E(r) the corresponding electric field intensity. Furthermore, considering standard conditions for

pressure and constant temperature, the two flows entering the system must be equal to those

exiting it, see equation (3.2).

Qa +Qsh = Qs +Qex (3.2)
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Figure 3.1: Schematic of a coaxial-cylinder Vienna type DMA. The radii R1 and R2 are the outer
radius of the inner electrode and the inner radius of the outer electrode, respectively. L denotes the
separation-length. Qa and Qsh denote the ingoing aerosol- and sheath-flow, Qs and Qex the outgoing
sample- and excess-flow.

3.1.2 Functional Relation between Voltage, Diameter and Flow Ra-

tes

Theoretical derivation of the functional relation between the voltage V , which is applied on the

DMA, and thus selected aerosol particles with diameters Dp necessitates the consideration of two

acting forces: electric field intensity and drag from the carrier gas.

As mentioned before, Dp corresponds to the particles’ electrical mobility Z, which is why it

is formally called electrical mobility equivalent diameter. Considering an ion, which propagates

through an electric field (with a given intensity E), the electrical mobility determines its final

drift velocity vd according to equation (3.3).

vd = Z · E (3.3)

Electrical mobility Z is determined by (3.4) wherein i equals the number of elementary charges

on the particle and B is mechanical mobility. As can be seen Z is directly proportional to both

quantities. Based on this relation Millikan experimentally found, that all states of charge are

multiples of the elementary charge e0 (Millikan, 1913).
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Z = i · e0 ·B (3.4)

It is obvious that the ion’s field-caused acceleration not only depends on its state of charge, but

also on its mechanical mobility B, see equation (3.5), whose determining factors are discussed

further on.

B =
vd
FS

(3.5)

When a particle with known diameter Dp penetrates through the DMA, constant drag acts on

it. The corresponding force FS is quantified by Stokes’ equation (3.6), which assumes spherical

particles. The comprised η denotes the carrier gas’ viscosity, and v the particle’s velocity.

FS =
3π ·Dp · vd · η

C(Dp)
(3.6)

The Cunningham slip-correction factor C(Dp), see equation (3.7), corrects for the drag on par-

ticles caused by potential non-continuum gas behaviour (Cunningham, 1910). The corresponding

constants are obtained from the studies of Allen and Raabe (1985).

C(Dp) = 1 + a1 ·
λ

Dp

+ a2 ·
λ

Dp

· exp
(
−a3 ·

Dp

λ

)
(3.7)

a0 = 2.284

a1 = 1.116

a2 = 0.4995

These values should be treated with caution since ambiguities in terms of their correctness exist.

Presenting a theoretical approach describing the transport of aerosol particles in gases Li and

Wang (2003) provide numerous experimental results for the above coefficients. C(Dp) increases

with decreasing Dp, therefore becoming essential for calculus concerning particles with diameters

close to the mean free path of the carrier gas molecules. Hence, the correction factor additionally

varies with the composition of the gaseous medium. This behaviour is clarified in picture 3.2,

where the size- and gas-dependency of C(Dp) is illustrated for air and helium. For larger particles

(≥ 10 µm) C(Dp) equals 0, irrespective to the carrier gas composition.

Including equation (3.6), the mechanical mobility can now be written as follows:

B =
vd
FS

=
C(Dp)

3π ·Dp · η
(3.8)

Putting 3.4 and 3.8 together yields equation 3.9. If only one state of charge exists, e.g. when
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Figure 3.2: The Cunningham slip correction for particles between 1nm and 100nm for air
(blue) and Helium (red) as carrier gases. Implemented values for the viscosities are taken from
http://www.engineeringtoolbox.com/gases-absolute-dynamic-viscosity-d 1888.html

i=1 for all particles, only one corresponding value for Z exists. However, it should be kept in

mind, that this situation may not be true as particles of one diameter are likely to carry different

numbers of elementary charges.

Z =
i · e0 · C(Dp)

3π · η ·Dp

(3.9)

Differential mobility analysis utilizes this equation and relates it with the penetrating volumetric

flows. In order to achieve this relation the flow pattern inside the DMA is assumed to be cylindri-

cally symmetrical. Based on this physical circumstance , equation 3.10, derived from Ohm’s law,

indicates, that the drift velocity vd depends on the distance to the cylinder axis alone. Further

extension results in equation 3.11, wherein the electric-field strength, which is present between

the electrodes, is substituted.

vd(r) = Z · E ⇒ dr

dt
= Z · |E(r)| (3.10)

dr

dt
= Z · V

r · ln (R2/R1)
(3.11)

More detailed information concerning the working principle of the DMA can be obtained from

figure 3.3. Herein the direction of flow is from left to right, as the arrows, which represent v(r),

suggest. The dashed red line indicates an exemplary trajectory of a selected particle.
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Figure 3.3: Detailed schematic of the cylinder-symmetrical flow, indicated by the right-pointing arrows,
inside the DMA. v(r) implies the drift velocity depending on the relative position to the electrodes.
The dashed red line marks a possible trajectory of one classified particle, which is represented by white
circles.

By multiplying the term dx
dt

with both sides of equation 3.11 yields

dx

dr
=
dx

dt
· dt
dr

=
ln(R2/R1)

Z · V
· r · vd(r) ⇒

∫ x2

x1

dx =
ln(R2/R1)

Z · V
·
∫ r2

r1

r · vd(r) · dr (3.12)

The arising differential equation is solved by separation of the variables x and r. If the coordinate

origin is set to the lower left corner of figure 3.3 the first expression corresponds to the length of

separation L. Multiplication with 2π
2π

and adjusting leads to

Z =
1

V
· ln(R2/R1)

2π · L
·
∫ r2

r1

2πr · vd(r) · dr (3.13)

By examination of this equation it is evident, that the expression 2πr results in a unit of area

when integrated. Thus the complete integrand equals the volumetric flow present between the

DMA’s electrodes. The latter integral is solved by splitting it into three further integrals, see

equation 3.14, which allows an easier solution method. Close scrutiny of image 3.3 shows, that

if a particle possessing the mean electrical mobility Z∗ is existing it may follow the red dashed

line, starting at Qa/2 and ending at Qs/2. This assumption leads to∫ r2

r1

2πr · vd(r) · dr =

∫ R2

R1

2πr · vd(r) · dr−
∫ r1

R1

2πr · vd(r) · dr−
∫ R2

r2

2πr · vd(r) · dr. (3.14)

Considering equation 3.2 the solution of equation 3.14 can be written as

Z∗ =
1

V
· ln(R2/R1)

2π · L
· Qsh +Qex

2
. (3.15)

As a consequence a functional relationship between the adjustable carrier flows and a resulting

mean electrical mobility Z∗ at any given voltage V is achieved. If compared with equation 3.9
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this leads to

i · e0 · C(Dp)

3π · η ·Dp

=
1

V
· ln(R2/R1)

2π · L
· Qsh +Qex

2
. (3.16)

This equation allows the determination of the (only V -dependent) selected particle’s electrical

mobility equivalent diameter, if the DMA-characteristics, flow rates and carrier gas properties are

known. However, it is worth noting that solving this problem requires iterative computation due

to its transcendental character. Various studies aiming for simplification of the functional relation

between Z and Dp in equation 3.9 are presented in Mäkelä et al. (1996), including the author’s

own convenient approximation given in equation 3.17.

Z = 2.2458 · 10−22 ·D−1.9956p (3.17)

Therein, diameters Dp and electrical mobilities Z have to entered in m and m2/Vs, respectively. It

is worth noting, that this approach is only valid for particles in the range 0.5 nm and 5 nm.

3.1.3 The Transfer function

The transfer function Ω (E. O. Knutson, 1975) is an important instrument function that describes

the fraction of out- and ingoing concentrations of electrical mobility equivalent particles (Z=Z∗)

moving through the DMA, wherein an electric field is present caused by an applied voltage V .

This function can be written as

Ω = Min

(
1,
Qs

Qa

)
. (3.18)

It is obvious, that Ω cannot exceed 1, since this would be equivalent to the situation of more

particles exiting than entering the DMA. Neglecting diffusional losses the presumption of the

transfer function equalling 1 may hold true, however, it does not if further particles with small

deviations (Z=Z∗ ±∆Z) regarding their electrical mobility enter the instrument.

Among other things, especially due to diffusional broadening, this is also caused by the non-

infinitesimal character of inlet- and outlet-slit providing the aerosol flow Qa and drawing the

sample flow Qs, respectively. This issue is illustrated in figure 3.4, where two particles of different

electrical mobilities are shown. The red one barely is selected, penetrating from the top left corner

down to bottom right exit slit, thus possessing the maximum Z equalling Zmax. However, the

blue one almost is drawn from the outstreaming Qex, consequently having the smallest possible

Z identical to Zmin. The indicated pathways drawn as dashed lines of corresponding colours

solely serve the purpose of guiding the eye and clarifying the situation explained above, indeed

the particles’ actual trajectory is of no importance.

For further calculus the mentioned minimum/maximum electrical mobilities Z∗ are transformed

so that notations just in terms of flow rates are possible, leading to Z∗′. Considering equation
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Figure 3.4: Schematic of selected particles possessing the maximum (red) and minimum electrical
mobility in order to contribute to Qs. The corresponding trajectories are merely of exemplary character.

3.9 yields

Z∗′ = Z∗ · V · 2π · L
ln(R2/R1)

(3.19)

where the latter factor is constant and Z∗′ can be written as

Z∗′ =
Qsh +Qex

2
. (3.20)

In order to achieve the flow rates Z ′max and Z ′min the expression 2πr · vd(r) · dr is integrated

once again, whereby the required boundaries are obtained observing figure 3.4: In respect to

the 4 existing volumetric flows the initial particle positions define the lower limits, the endpoint

determines the upper ones, respectively. This yields:

Z ′max = Qsh +Qa Z ′min = Qsh −Qs (3.21)

Considering particles with mobilities Z ′↓max somewhat lower than Z ′max as well as Z ′↑min being

slightly higher than Z ′min consequently leads to effective selection either way. However, as sugge-

sted in figure 3.5, the former particle’s trajectory would end concisely above the transparent red

one’s, the latter closely below the transparent blue trajectory’s final position. Each case results

in an additional flow Qx, which quantifies the outlined situation in the following way

Z ′↓max < Z ′max ⇒ Z ′ = Qsh +Qa −Qx = Z ′max −Qx

Z ′↑min > Z ′min ⇒ Z ′ = Qsh +Qa −Qx = Z ′max −Qx

(3.22)

Recalling equation 3.18 the sample flow Qs is now the divisor of Qx in equations 3.22.
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Figure 3.5: Schematic of selected particles with mobilities slightly lower than Zmax (red) and a bit
higher than Zlow (blue). Each of these non-extreme cases raises another flow Qx as implied at the
bottom right corner.

As a conclusion the complete transfer function is given in equation 3.23.

Ω = Min

(
1,
Qa

Qs

,
(Qsh +Qa)− Z ′

Qs

,
Z ′ − (Qsh −Qs)

Qs

)
(3.23)

Approaching this situation with Z ′ = 0 and thenceforward constantly increasing, the fourth

expression causes a rise of Ω as soon as Z ′ equals the subtrahend, thus exceeding 0 and becoming

the overall minimum. After a linear increase a plateau is reached at

Ω = 1 if Qa > Qs and

Ω = Qa/Qs if Qa < Qs,
(3.24)

what is evident if the first and second terms are examined. However, if starting with Z ′ > Z ′max

and subsequent decrease, the third expression must be taken into account. Similar to the case

exemplified before an increase of Ω is observed when Z ′ decreases below the minuend, thus

becoming the minimum again.

The above explanations, which initially may seem confusing, are also illustrated in figure 3.6.

Therein, the entire possible constellations, namely

(a) Qa > Qs,

(b) Qa = Qs and

(c) Qa < Qs

(3.25)

are given.
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Figure 3.6: The transfer function Ω for (a) Qa > Qs, (b) Qa = Qs and (c) Qa < Qs. Only in the
favoured case (b) the function has no plateau, but just a global maximum.
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3.1.4 The Resolution Power of the DMA

By means of the previous chapter pertaining to the transfer function the resolution power of a

DMA is attainable. Taking figure 3.6 into account the lowest full width half maximum (FWHM) is

displayed in the symmetrical case (b), where Qsh = Qex and Qa = Qs. Thereupon the resolution

power equals to

dZ

Z
=
FWHM

Z ′
=

Qa

Qsh

. (3.26)

In order to describe this quantity with Dp-dependency one can write

dDp

Dp

=
d ln(Dp)

d ln(Z)
= Ψ(Dp) ·

Qa

Qsh

(3.27)

where Ψ(Dp) arises when substituting 3.9 into the second expression of equation 3.27 and sub-

sequent computation:

Ψ(Dp) = −C(Dp)

(Dp)
2 ·

d
(
C(Dp)

Dp

)
dDp

−1 (3.28)

Figure 3.7 exhibits both, the dependency of Ψ on Dp and on two different carrier gases, i.e.

air and helium. It is remarkable, that Ψ converges to 0.5 if Dp is small. This trend causes the

resolution power to increase by a factor of 2 if particles .10nm are analysed.
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Figure 3.7: Ψ-function as a function of Dp and C(Dp, λ) for air (blue) and He (red) computed with
equation 3.7. For small particles a convergence towards 0.5 is clearly evident. For micrometer sized
particles the function approaches 1. The different curve shapes are due to distinct η and λ, which
results in a steeper slope of the graph valid for helium.
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3.2 Generation of Nanoparticles

Throughout this work 4 different methods for generation of aerosol nanoparticles are used, de-

pending on the desired size (or size range) and carrier gas:

• Tungsten-oxide - generator

• Hot-wire - generator

• Nebulizer

• Electrospray

The tungsten-oxide - generator (Grimm Nano Aerosol Generator Model #7.860) produces air-

borne nano particles by means of a tungsten coil. If heated, tungsten oxide sublimates into a

low flow of carrier air (denoted ’WOx air’) and, through subsequent coagulation, yields particles

in the size range of 1.25 nm and 10 nm (Steiner et al., 2006). Subsequently, the aerosol flow is

mixed with filtered and dried particle free ’Carrier air’. The complete flow schematic is given in

figure 3.8. If lower concentrations are required an optional dilution flow (’Diluting air’) can be

added.

Figure 3.8: Flow schematic of the WOx - generator. Tungsten oxide particles sublimate from a heated
WOx coil and grow by means of coagulation processes. Subsequently the produced particles are moved
outside by the flow denoted as ’WOx-Air’. Additional ’Carrier Air’ ensures sufficient flow in order to
transport all particles to the aerosol outlet. By means of another flow, i.e. ’Diluting Air’, a decrease in
concentration is attainable. (Grimm, 2005)

The hot-wire - generator is a non-commercial product which operates in a similar way as the

tungsten-oxide - generator: By applying current to an arbitrary metal coil, corresponding particles

sublimate. Again, through subsequent coagulation aerosol particles in the size range of 1 nm and

15 nm are produced. Its schematic can be seen in figure 3.9.
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Figure 3.9: Schematic of the Hot-Wire - generator. Applied voltage and current on a wire causes
sublimation, subsequent coagulation, and thus formation of aerosol nanoparticles. The resulting size
distribution strongly depends on both, electrical settings and penetrating gas flow. The latter carries the
produced particles out of the instrument, therefore providing an aerosol stream for further investigations.

Contrary to the previous generator it is necessary to adjust the flow rate before the filament cham-

ber, wherein this gas stream carries the aerosol particles outside. Furthermore, rapid changes of

applied current might lead to rupture of the coil and thus should be avoided. However, careful

application and permanent cooling of the generator’s housing yield constant particle output, no

matter which carrier gas is used. This is a major advantage compared to the tungsten-oxide -

generator which malfunctioned when operated with helium. This circumstance might be ascribed

to the lack of oxidation, and thus the sharp decrease of sublimating particles.

The nebulizer allows the generation of sub-micron sized aerosol nanoparticles by atomizing dro-

plets. The working principle is depicted in figure 3.10. Pressurized air between 1 and 3 bar leads

to a liquid upflow from a reservoir caused by the Bernoulli’s principle. The solution/suspension,

in which the particles of interest are dissolved/suspended is nebulized by a fast air jet emanating

from a small slit and arising from the applied pressure as well. Droplets of larger sizes fall back

down and exit the nebulizer through the excess, either back into the primary reservoir or a separa-

te one. Smaller aerosols leave the instrument via an opening at the opposite, yielding a constant

output, e.g. the suspension of polystyrene latex (PSL) spheres in air. (Schmid et al., 2002).

The electrospray is a powerful tool if monodisperse aerosols smaller than 100nm are of interest

(Hogan and Biswas, 2008) (Kallinger and Szymanski, 2015). Its theoretical basis was described

by Taylor (1964). The working principle is as follows (see picture 3.11): A high voltage platinum

wire as well as a capillary with a diameter of 25 µm dip into the sample solution/suspension if

the pressure chamber bottom is plugged into the instrument. The wire charges the liquid, which

subsequently is pushed through the capillary by means of an applied differential pressure. When

reaching the capillary tip an electric field forces the liquid outside, forming a Taylor Cone (Taylor,

1964) if all parameters, i.e. pressure, voltage and CO2/air flow, are adapted the right way: From

the tip of the Taylor cone highly charged droplets are released towards the counter electrode and

get airborne. Subsequently, the highly charged primary droplets are neutralized (see section 2.3)

which is accomplished with a radioactive Po-210 - ionizer, and the remaining liquid vaporizes,

leaving solely the aerosol particles excessing the chamber for further experimental research.
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Figure 3.10: Schematic of the Nebulizer. Applied pressure yields both, an upflow of the particle contai-
ning liquid, and a fast air jet. The latter nebulizes the suspension/solution, producing aerosol particles,
which subsequently move into another chamber. If small/light enough the atomized sub-micrometer
sized products move to the outflow, therefore providing an aerosol flow.

Figure 3.11: Schematic of the TSI Electrospray Generator 3480 obtained from its manual. The platinum
wire charges the liquid sample. Subsequent transport through the capillary is achieved by applied diffe-
rential pressure. An electric field causes a Taylor cone, resulting in outgoing primary droplets. Additional
CO2 eases the achievement of this voltage-, pressure-, and solution-dependent shape. The implemented
Po-210 ensures a steady state charge equilibrium of the nanoparticles.
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3.3 Detection of Aerosol Nanoparticles

3.3.1 Measurements with the Condensation Particle Counter (CPC)

If not explicitly mentioned all following investigations are performed using an ultrafine CPC

(UCPC, TSI 3776) with butanol as working fluid. Necessary characterisations (Hermann et al.,

2007) and countless practical laboratory and field measurements (Kulmala et al., 2012) have

already been performed with this well-established instrument.

Figure 3.12 shows the flow schematic of the CPC. At the sample inlet a specific sample flow of

0.3 l/min (low flow mode) or 1.5 l/min (high flow mode) is drawn. Irrespective which mode is

used the flow is split up into an aerosol flow (0.05 l/min), a sheath flow (0.025 l/min) and, if the

high flow mode is on, an additional bypass flow (1.2 l/min). The critical orifice at the top of the

schematic sets the 0.3 l/min, the necessary subdivision happens by adjusting the variable orifice

at the bottom left part. The latter flow depends on the setting of the variable orifice in the top

left corner.

Figure 3.12: Flow schematic of the CPC (TSI, 2006). Either 0.3 l/min or 1.5 l/min are drawn at the
sample inlet. Subsequent branching yields 0 l/min or 1.2 l/min bypass flow, respectively, thereby always
maintaining 0.3 l/min through the measurement zone. The latter is split up into sheath flow (0.25 l/min)
and aerosol flow (0.05 l/min). The former is saturated with working fluid, heated, and subsequently
reunified with the other one, resulting in a laminar flow. An abrupt temperature drop along the tube
causes super saturation followed by heterogeneous nucleation and condensation of butanol vapor on
the sample particles. Consequent droplet growth to sizes around 10 µm allows detection and particle
counting by optical means.
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Since the counting happens by optical means, the investigated aerosol nanoparticles have to be

enlarged first. This is achieved by heating and saturating the sheath flow in the saturator and

remixing it with the aerosol flow in the condenser, where the butanol vapor condenses onto the

particles of interest due to the present supersaturation.

It is worth noting that for measuring accurate number concentrations with the CPC correct flow

adjustments, and thus pressures, must be guaranteed. Equally important are the temperatures

of saturator and condenser. The investigated particles need to be activated, but homogeneous

nucleation of the vapour itself must not be present under all circumstances, since previous non-

existent particles contribute to the scattered light signal otherwise.

3.3.2 Measurements with the Faraday Cup Electrometer (FCE)

Determination of number concentrations in an FCE happens by measurement of an electric

current, which is directly proportional to the charges carried by the particles. This happens by

collecting the particles of interest on a filter inside a Faraday cage. Contrary to CPCs, number

concentrations are measured in terms of current produced by the charged particles which relates

to number concentration via

N =
I

Q · e0 · i
(3.29)

where N is the particle concentration, I the measured current, Q the volumetric flowrate, e0 the

elementary charge and i the charges on the particles. However, it is worth mentioning that this

method requires that every particle carries solely one charge. Especially considering particles larger

than ∼50 nm this assumption is not any more valid since the steady state charging probability for

carrying two negative elementary charges from this size on increases above 1%, and is hence not

negligible anymore. As a consequence, this phenomenon leads to the necessity of data inversion,

see section 3.4
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3.4 Retrieval of the Number Size Distribution

Number size distribution dN
d ln(Dp)

is typically measured by a DMA in combination with an ap-

propriate particle detector (CPC or FCE). The measured raw data N0 at a given size obtained

by the detector needs to be corrected for several effects such as charging efficiency, diffusional

losses/transfer function and detection efficiency. Retrieving the number size distribution thus re-

quires proper data inversion.

The basic setup which allows such measurements is illustrated in figure 3.13. The sample flow,

e.g. provided by a generator (see section 3.2) or just ambient air, initially is penetrating through

a charger (see section 2.3). Subsequently, the aerosol particles move through an analyzing DMA

(see section 3.1) where they are characterized according to their electrical mobility. The resulting

sample flow is drawn by a particle counter.

Figure 3.13: Basic experimental setup for measurements of the generated particles’ size distribution.
Charging (Charger), electrical mobility based classification (DMA) and subsequent counting (FCE or
CPC) yields the size-dependent number distribution of the aerosol particles.

3.4.1 Inversion Factors

Every instrument is thoroughly discussed, including its by-effects, e.g. applicability ranges or limits

of operation. All of these have to be taken into account, as well as sources for potential particle

loss, in order to compute the correct number size distribution:

• The charger yields a steady state charging probability α(Dp, i). Considering this allows

the calculation of the total concentration as the DMA-selected fraction is known. For

instance, for singly charged particles of Dp=20nm the corresponding charging probability

equals α = 11%. Hence, only 11/100 of the originally present particles are detectable. As

a consequence, multiplication of the measured concentration by the inverse leads to the

original concentration.

• The sheath flow Qsh and aerosol flow Qa enter the DMA, the former overlaying the

latter. Due to the subsequent mixing procedure the aerosol particles are diluted in the ratio

of β = Qa/Qsh. Again, the measured raw data have to be multiplied by the inverse of this

fraction.

• Since concentrations as a function of Dp are desired the a priori Z-dependence must be

transformed. Consequently the Ψ-function must be taken into account the same way as

the quantities before.
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• Particle losses ηdiff caused by diffusion processes are inevitable (Okazaki and Willeke,

1987), especially if particles smaller than 100nm are analysed. It is evident that these

diffusional losses depend on the length of the sampling line L, the volumetric flow rate Q

and the diffusion coefficient D. Numerical calculus of ηdiff , as given in Hinds (1999), is

possible using equations (3.30) to (3.32). Therein µ is a dimensionless deposition parameter,

L the length of the sample tube, Ū the average flow velocity penetrating through the tube,

and D the diffusion coefficient. The latter can be computed using equation (3.33), which

is the Stokes-Einstein-equation weighted with the Cunningham slip correction C(Dp)

µ =
4 ·D · L
π ·D2

p · Ū
=
D · L
Q

(3.30)

ηdiff = 1− 5.5 · µ2/3 + 3.77µ for µ < 0.009 (3.31)

ηdiff = 9.819 · exp (−11.5 · µ) + 0.0975 · exp (−70.1 · µ) for µ ≥ 0.009 (3.32)

D =
kT · C(Dp)

3π · η ·Dp

(3.33)

Examination of equations (3.30) to (3.32) shows an increase of ηdiff as Dp decreases and

D increases. The latter causes a lower ηdiff if carrier gases, e.g. helium, with higher mean

free paths λ, and thus exceeding C(Dp) for all particle sizes, are present.

Again, the crude data must be multiplied by the inverse quantity of ηdiff .

• When using a CPC as particle counting instrument its activation efficiency ηact must

be considered as well. For instance, if the CPC has a cut-off diameter of Dp,50=2nm just

50% of particles at 2nm are detected. As a consequence the real concentration is equal to

the product of the inverse activation efficiency and the data obtained with the CPC.

Figure 3.14 depicts all inverted quantities for particles between 1nm and 100nm. The inverse

charging efficiency spans over 2, the inverse efficiencies ηdiff and ηact over 1 order of magnitude,

respectively. In contrary, the inverse parameters β and Ψ show scarce change in Dp. The charging

efficiency α(Dp, i = −1) is taken from Wiedensohler (1988).
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Figure 3.14: The Dp-dependency of all following factors for particles between 1 nm and 50 nm: The
charging efficiency (red) is obtained from Wiedensohler (1988) for the case i=-1. The flow correction
β=1.5/25=0.06 is representative for settings used further on. The Ψ-function (black) varies only by
about 10%. The diffusion correction ηdiff (blue) is attained using the equations given in Gormley and
Kennedy (1949) inserting L=1m and Q=1.5 l/min. The parameters of the implemented activation
efficiency ηact are taken from line 5 in table 1 in Hermann et al. (2007).

In conclusion, assuming just singly charged particles contributing to the CPC-Signal the number

size distribution, according to Stolzenburg and McMurry (2008), can be written as

dN

d lnDp

= N0(Dp) · F (Dp) (3.34)

where

F (Dp) = 1/ [α(Dp)i=1 · β ·Ψ(Dp) · ηdiff (Dp) · ηact(Dp)] . (3.35)

3.4.2 Retrieval of the Full Size Distribution Function

Particles larger than 20 nm have non-negligible probabilities for being multiply charged. This

results in fractions obtaining electrical mobilities equal to smaller, singly charged particles and

hence superimposing their signal. Related corrections of retrieved data is thus inevitable. In order

to carry out corresponding computations two necessary assumptions have to be fulfilled:

1. The size distribution must have an upper limit. This means the concentration of the largest

measured particles has to equal zero. Otherwise the multiply charged fraction cannot be
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computed correctly.

2. When performing an experiment the whole size distribution should change as little as possi-

ble. If this is not the case, e.g. when concentrations of larger particles vary, the contribution

of larger to smaller sizes is calculated wrong as well.

For further discussion a generic size distribution in dependence on the applied DMA-voltage V

is given in figure 3.15. Therein the dashed lines represent the corrected curve progression for

doubly charged (red) and triply (green) particles. It is notable that the former starts at 1
2
Vmax,

the latter at 1
3
Vmax, respectively. This circumstance is consistent when studying equation (3.16),

wherein V is inversely proportional to Z: Particles which carry two (i=2) instead of one (i=1)

elementary charge also possess the twofold electrical mobility. Hence, the doubly charged fraction

of the largest detectable particles (classified at V = Vmax when singly charged) is observed

at 1
2
Vmax. Subsequently, the same considerations explain the contribution of the i-fold charged

fraction starting at 1
i
· Vmax.

Figure 3.15: Exemplary size distribution (black) with respect to voltage V applied on the DMA.
Correction solely for doubly charged particles contributing to the crude data is indicated as red dashed
line. Subtraction of triply charged particles alone would yield the green dashed line. Corrections for i=2
and i=3 start at 1

2Vmax and 1
3Vmax, respectively.

Equations 3.36 to 3.38 quantify the situation for the representative diameters Dp,1, Dp,2 and Dp,3

in the corresponding V -range.
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1

2
Vmax < V < Vmax : N0(Dp,1) =

dN

d lnDp,1

· α(Dp,1, i = 1) · β ·Ψ(Dp,1) · ηdiff (Dp,1) · ηact(Dp,1)

(3.36)

1

3
Vmax < V <

1

2
Vmax : N0(Dp,2) =

dN

d lnDp,2

· α(Dp,2, i = 1) · β ·Ψ(Dp,2) · ηdiff (Dp,2) · ηact(Dp,2)+

dN

d lnDp,1

· α(Dp,1, i = 2) · β ·Ψ(Dp,1) · ηdiff (Dp,1) · ηact(Dp,1)

(3.37)

1

4
Vmax < V <

1

3
Vmax : N0(Dp,3) =

dN

d lnDp,2

· α(Dp,3, i = 1) · β ·Ψ(Dp,3) · ηdiff (Dp,3) · ηact(Dp,3)+

dN

d lnDp,2

· α(Dp,2, i = 2) · β ·Ψ(Dp,2) · ηdiff (Dp,2) · ηact(Dp,2)+

dN

d lnDp,1

· α(Dp,1, i = 3) · β ·Ψ(Dp,1) · ηdiff (Dp,1) · ηact(Dp,1)

(3.38)

Attention should be paid to the expressions where i 6= 1. The related charging probabilities are

multiplied by previously computed concentrations. In the case that no concentration was measured

at one particular diameter, e.g. Dp,2, but it is essential for corrections regarding particles of smaller

sizes, e.g. of diameter Dp,3, usually a fit of log-normal character between the adjacent diameters

is computed, allowing the numerical determination of dN
d lnDp,2

.

As the correct retrieval of the size distribution function depends critically on the charge distribution

charging probability as a function of particle size has to be precisely known. The following section

describes a method for the experimental determination of charging probabilities.
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3.5 Experimental Determination of the Charging Probabi-

lities

Experimentally achieving the charging efficiency α (Dp, i) of unipolar (Covert et al., 1997) and bi-

polar (Kousaka et al., 1986) chargers is a well-established procedure. In principle the experimental

setup conforms the one outlined in figure 3.16.

Figure 3.16: Schematic setup for measuring the charging efficiency. Aerosol particles exiting the genera-
tor are charged in neutralizer 1, classified in DMA 1, and counted in particle counter 1. The monomobile,
but eventually polydisperse particles come into charge equilibrium in neutralzier 2 again. Subsequent
analysing and counting yields a spectrum of all previously different charged fractions. Turning neutrali-
zer 2 on and off or replacement with a dummy of same dimension allows computation of the charging
probabilities.

Originating from a particle generator aerosol particles penetrate through neutralizer 1, wherein a

steady state charging probability is achieved. Subsequently DMA 1 classifies particles of equiva-

lent electrical mobilities, but different diameters and charging state. The sampled concentration

N1 is measured with CPC 1. Afterwards the classified aerosol particles are neutralized again,

which results in a rearrangement of the multiply charged particles according to their respective

α (Dp, i). Hence, quantitative information about the fraction, which previously carried more than

one elementary charge, can be obtained when analyzing the aerosol with DMA 2. Particle Counter

2 provides the concentrations N2 according to the observed particle sizes.

If neutralizer 2 is turned off particle counter 2 obtains the same signal as particle counter 1,

when

1. adding up the concentrations of all analysed size bins.

2. including all correction factors discussed in section 3.4.1.

Consequently, the normalization Nrel is attainable, see equation 3.39 (Kallinger and Szymanski,

2015). There, Ch denotes one voltage step applied on DMA 2.

Nrel =

∑
ChN2(Ch)

N1

(3.39)

Hereafter, the charging probability is obtained with equation 3.40.
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α(Dp, i) =
Nrel,on

Nrel,off

(3.40)

The occurring sum must be computed according to the size range of the previously mutliply

charged particles. The subscripts on and off denote, if neutralizer 2 is turned on or off. By

means of the normalization no data inversion is required, since all factors (see section 3.4.1)

cancel each other out.
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3.6 Instrumental Considerations Related to Carrier Gas Pro-

perties

Both, experimental analysis of aerosol nanoparticles and subsequent data evaluation, i.e. achieve-

ment of the correct number size distribution, crucially depend on carrier gas properties. Differences

in corresponding physical parameters are thus of great interest.

Initially, numerical values of densities ρ (Jousten, 2004, p.754), viscosities η 1 and mean free

paths λ (Jousten, 2004, p.756) at standard temperature and pressure are listed listed below. The

subscripts ’air’ and ’he’ denote, whether the values correspond to air or helium, respectively:

ρair = 1.293 kg/m3 ρhe = 0.1785 kg/m3

ηair = 17.3× 10−6 Pa s ηhe = 18.7× 10−6 Pa s

λair = 67 nm λhe = 175 nm

3.6.1 Density

The flow unit, which provides constant gas flows inside the DMA, as well as the used CPCs

guarantee stable volumetric flow rates by means of critical orifices or adjustable valves.

The former utilizes a choked flow, that causes a steady gas flow output due to a constant

mass flow ṁ. This is achieved by a tube fitting with a drilled hole of specific surface area A0.

Examination of equation (3.41), obtained from (Perry, 1997), shows that Q depends on both, ρ

and A0. Therein, C0 denotes the discharge coefficient, i.e. the fraction of the surface area of the

penetrating jet and A0. The pressure across the orifice is labelled as ∆p, and A equals the cross

section of the tubing before the orifice.

Q = C0 · A0 ·
√

2 ·∆p
ρ ·
[
1− (A0/A)2

] (3.41)

Therefore, utilization of critical orifices with helium instead of air should cause significantly higher

flow rates when taking the different values for ρair and ρhe into account. Primary experiments

confirmed this theoretical consideration and showed helium flow rates approximately twice as big

as air flow rates.

In a similar way variable orifices, e.g. needle valves, cause different flow rates. Consequently, great

care must be taken when operating a sensitive instrument such as CPCs with helium instead of

air. Reconsidering figure 3.12 led to the concluding modifications of all CPCs:

• The critical orifice right after the optics was replaced by a variable orifice in order to achieve

0.3 l/min again.

• The variable orifice at the top left corner was substituted as well, since the present one was

glued in such a way, that no adjustments were possible.

1https://www.engineeringtoolbox.com/gases-absolute-dynamic-viscosity-d_1888.html
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Before every start of a measurement, that was carried out with helium as particle carrier gas, the

orifices were adjusted in the following way.

1. Helium flow was provided and the CPC intake was set to 0.3 l/min. The variable orifice,

which replaced the critical one, was carefully calibrated until the desired flow rate was drawn

at the inlet.

2. The intake was still set to 0.3 l/min. The pre-existing variable orifice, which provides the

sheath flow of 0.25 l/min, was also adjusted to maintain the correct gas penetration.

3. The flow rate intake was set to 1.5 l/min and the replaced orifice at the top left corner was

also calibrated until 1.5 l/min were measured at the inlet.

The volumetric flow rates were always obtained using an automated volumetric bubble flow meter

(Gilian Gilibrator-2 NIOSH Primary Standard Air Flow Calibrator).

3.6.2 Mean Free Path

The mean free path λ of aerosol particles in diverse carrier gases affects both, the Ψ-function as

well as the Cunningham slip-correction C(Dp). Corresponding functional correlations are given

in equation (3.28) and (3.2), respectively. In the case of an increased mean free path, as given

in the case of particles carried in helium, C(Dp) increases (see figure 3.7), whereas Ψ decreases

(see figure 3.7). Both changes contribute to the calculation of the number size distribution.

Examination of equation (3.16) yields the following consideration: If a higher λ is present, which

is the case for helium, lower DMA-voltages are needed to classify the same particle size. If only

accounting to this beneficial fact particles with mobility-equivalent diameters of up to '63 nm

would be characterized, when using a Vienna type DMA with Qsh = Qex = 25 l/min and applying

the maximum voltage of 10 kV.

However, λ also has huge impact on the DMA’s breakdown voltage Ubreak (Paschen, 1889).

In principal, the following mathematical derivation is only valid for homogeneous electric fields.

However, this condition is not fulfilled for cylindrical capacitors since E = E(r), i.e. the intensity

changes with respect to the distance r from the centre (equation (3.1)). Despite this fact, a

rough estimation of Ubreak can be acquired.

The physical relation is caused by the first Townsend coefficient τ , which equals the number of

ionizations per length (?). It can be written as done in equations (3.42) and (3.43) (Liebermann

and Lichtenberg, 2005, p.545).

τ =
const

λe
· exp

(
− Eiz
E · λe

)
(3.42)

Here, Eiz corresponds to the ionization energy of the gas particles and E equals the present

electric intensity. A more convenient way for concrete computation allows equation (3.43).

τ

p
= A · exp

(
−Bp
E

)
(3.43)
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Therein p represents the existing pressure, and the constants A and B are determined experimen-

tally. Utilization of these values eases the theoretical computation of the breakdown voltage a

lot, see equation 3.44 (Liebermann and Lichtenberg, 2005, p.546).

Vbreak =
r · ln (R2/R1) ·Bp

ln (dpA)− ln [ln (1 + 1/γ)]
(3.44)

The parameter r, R1 and R2 arise from substitution of equation (3.1) into equation (3.44), the

constant γ represents the second Townsend coefficient. Even more simplification yields equation

(3.45).

Ubreak =
Bpd

ln(A′pd)
(3.45)

This relation was obtained from Massarczyk et al. (2016), where pairs of typical values for A′

and B are provided as well. Implementation and comparison of all of these values results in the

following breakdown voltage ranges for helium and air, respectively:

Ubreak,he = 2280 V...3920 V

Ubreak,air = 18 610 V...33 590 V
(3.46)

If operated with dry air the DMA’s factual breakdown voltage is known to be around 12000V,

the above values for experiments conducted with helium should therefore be treated with care.

Considering 3920 V as upper boundary, only particles up to '39 nm are detectable.
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4. Calibration of the DMA with Heli-

um

Reliable measurement results in terms of correct particle diameters are only possible if the utilized

DMA is calibrated for respective conditions. Corresponding procedures are thus conducted with

the Vienna type nano DMA when operated with helium as carrier gas.

In simple terms, for every applied voltage the classified aerosol particle size must be known.

A well-established procedure to achieve this knowledge is the analysis of aerosol standards, i.e.

particles of known size and small deviations. Frequently used standards are gold nano-particles

(Elzey et al., 2013), tetraheptyl ammonium bromide (THABr) (M. Gamero-Castaño, 2000), or

PSL spheres (Li and Wang, 2003). The latter was used in this study, with a nominal diameter

of

Dp,norm = (23± 2) nm (4.1)

It turned out, that the biggest difficulty consisted in generating aerosol particles, which only

consisted one PSL-sphere, especially when carried in helium. Therefore experiments first were

conducted in particle laden air. The principal setup and experimental procedure are explained in

the following section.

4.1 Experimental Arrangement of DMA Calibration

When aiming for the calibration of a DMA the experimental assembly typically appears as given

in figure 4.1.

Figure 4.1: Principal setup for measurements on the spectra of aerosol nanoparticles. Particle laden gas
flows through the charger/neutralizer, wherein a charge equilibrium is achieved. This yields a probability
of known quantity corresponding to the particles’ size. Subsequent analysis with the DMA by means of
an electric field and measurement of the concentration with a particle counter yields a discrete spectrum.
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A particle generator produces the particles of interest, subsequently a charger establishes a charged

particle fraction. Thereafter, the DMA analyses the charged particles by means of an applied

voltage, which discretely decreases, hence providing logarithmically equidistant size steps. At

each size bin the corresponding number concentration is obtained using a particle counter.

Throughout the study on the DMA-calibration, two different particle generators were in use,

namely the nebulizer and the electrospray (see section 3.2). An 241Am alpha-ray ionizer was used

as charger, an ultrafine CPC (UCPC, TSI 3776) provided the particle concentrations. Its intake

flow rate was always set to 1.5 l/min, therefore the classified sampled flow Qs always equalled

the supplied aerosol flow Qa. A flow unit always provided cleaned/dried sheath air Qsh, whose

volumetric flow rate always was equivalent to the non-classified DMA-excess air Qex.

Whenever experiments were performed with helium as carrier gas, the critical orifice at the flow

unit, which maintained Qsh and Qex, was replaced by one with a hole of smaller diameter. This

substitution assured the required flow rates, see section 3.6.1. Furthermore, equally important

modifications inside the CPC were achieved by installation and adjustment of variable orifices

(see section 3.6.1).

4.2 Experimental Results of Nebulizer-Generated PSL-particles

At the beginning the nebulizer was used as particle generator. The schematic is given in figure

4.2.

Figure 4.2: Schematic for generating aerosol particles containing only one PSL-sphere. A heated pipe
and a diffusion dryer are implemented. The former causes evaporation of water molecules, the latter
yields subsequent reduction of the relative humidity. Particles are charged (241Am Alpha-Ray neutralizer),
analyzed (DMA) and counted (CPC), hence a number size distribution is achieved.

After the aerosol generation the particle-laden gas flow penetrates through a heated pipe. This

causes evaporation of the water, which previously is attached to the particles. Subsequent reducti-

on of the relative humidity is achieved by the diffusion dryer, which is filled with silica gel. Further

on the PSL-spheres are charged by an 241Am Alpha-Ray neutralizer, analyzed in the DMA, and

counted with the CPC in order to obtain a number size distribution.

The bottle, which provides the suspension for the nebulizer, was filled with 130 ml of ultra pure

water mixed with 10 drops ('0.5 ml) of the aqueous PSL-suspension. Nebulizing air pressure was
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set to 2.1 bar, which yielded an aerosol outflow of 2.9 l/min. The heating element, and hence

the pipe-penetrating water, was set to temperatures between 30 ◦C and 70 ◦C. The experimental

results are illustrated in figure 4.3.
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Figure 4.3: The obtained size distribution of nebulized PSL-spheres. The different colours indicate
different sets of temperatures present in the heated pipe. It is obvious that this spectrum is dominated
by contaminants in the water or other impurities. The envisaged improvement by means of the heated
pipe and a diffusion dryer was not achieved.

It is evident that generated particle concentrations increase as temperatures in the heated tube are

enhanced. Furthermore, no PSL-caused signal is observable since this would be expected around

23 nm. Due to their small size these particles are very likely lost through diffusion processes in

the diffusion dryer. The resulting size distribution is thus caused by impurities in the water or

residual substances in the diffusion dryer.

Although Peters et al. (1991) and Schmid et al. (2002) successfully produced PSL-particles of

65 nm and 60 nm in a similar way, respectively, corresponding attempts using spheres as small

as 23 nm obviously involve further complications. In conclusion, generation of aerosol particles

consisting of only one PSL-sphere of this small size is hardly possible when utilizing the nebuli-

zer. Further experiments thus focus on electrosprayed PSL-particles, e.g. as done by Kim et al.

(2005).
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4.3 Experimental Results of Electrosprayed PSL-particles

Smooth operation of the electrospray aerosol generator (TSI, 3480) is a prerequisite for succesful

particle generation, and hence DMA calibration. Initial experiments on the DMA-calibration were

thus performed with air, and subsequently conducted with helium. Two buffer solutions were

tested in air, i.e. 20 mM ammonium acetate buffer as well as pure methanol.

4.3.1 Electrosprayed PSL-particles in Air

In the beginning the 20 mM ammonium acetate buffer solution was used as suspension liquid.

In order to produce this liquid 385 mg of ammonium acetate was dissolved in 250 ml ultrapure

water. A standard sample vial was filled with 2ml of this solution, and subsequently 1 drop of

PSL was suspended. Before each measurement start the sample vial was put into the designated

mounting. Pressured air of 15 psi to 20 psi was applied, which was previously dried by use of a

diffusion dryer and cleaned through activated carbon and a filter. Further on the electrosprayed

PSL-particles were charged by means of an 241Am Alpha-ray neutralizer, analyzed by the DMA

and concentrations were obtained by using the CPC. The corresponding schematic setup is given

in figure 4.4.

Figure 4.4: Schematic setup for generation and analysis of PSL-aerosols. Pressurized air is dried (dif-
fusion dryer) and cleaned (activaed carbon and filter) and applied to the electrospray-generator. Sub-
sequent particle Charging (241Am alpha-ray ionizer), analyzing (DMA) and counting (CPC) yield the
desired number size distribution.

Thus obtained concentrations are analyzed in terms of their corresponding DMA-voltage V ,

as well as the related mobility-equivalent diameters Dp. Experimental outcomes as well as two

different fits (Nnorm and Nlog), see equations (4.2) and (4.3), are given in figure 4.5.
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Figure 4.5: Averaged number concentration Nmean (black dots) in (a) V -dependence and (b) Dp-
dependence for PSL-particles suspended in a 20 mM ammonium acetate buffer solution. Normal (red)
and lognormal (green) distributions are fitted. The linear abscissa in (b) causes a symmetrical normal
distribution, a logarithmically plotted one in (a) yields a symmetrical log-normal function. In both cases
Nlog shows better correlation to Nmean.
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The comprised concentrations Nmean are mean values of 20 consecutively performed measurement

runs. In each of these runs the same set of nominal voltages was applied. The fitted functions are

normal (Nnorm) and log-normal (Nlog) distributions and their corresponding relations are given

in equations (4.2) and (4.3) (Hinds, 1999, p. 362), respectively.

Nnorm = A · 1√
2πσ
· exp

[
−(x− µ)2

2 · σ2

]
(4.2)

Nlog = A · 1√
2π · x · ln σl

· exp

[
−(ln x− ln µl)2

2 · ln σ2
l

]
(4.3)

Therein, x corresponds to the fit variable, this is the mobility-equivalent diameter Dp or the

DMA-voltage V , and the parameter A is the total particle concentration. In the former equation,

µ represents the mean value, and the standard deviation is depicted as σ. In the latter µl is

the median diameter/voltage, i.e. the value of Dp and V for which one half of all particles are

detected at smaller diameters/voltages and the other half at higher quantities, and σl denotes the

geometric standard deviation. When multiplying/dividing µl by σl the lower boundary µl,↓ and

the upper boundary µl,↑ are achieved, respectively. Between these boundaries 67% of all particles

are located.

Both fits are performed for Nmean(V ) and Nmean(Dp). In order to achieve knowledge on the

goodness of each fit the corresponding correlation coefficients are calculated using equation

(4.4), which is obtained and adapted from Pearson (1900).

rnorm/log =

√∑
i

[
Nmean(i)−Nnorm/log(i)

]2
(4.4)

In both cases rnorm exceeds rlog, therefore the according values for µl and σl of the lognormal fit

are of more interest. However, for the sake of completeness µ and σ are listed below as well:

Normal: x = V µ = 3500 V σ = 1400 V (4.5)

x = Dp µ = 22.6 nm σ = 5.1 nm

Lognormal: x = V µl = 3760 V σl = 1.58 (4.6)

µl,↑ = 5940 V µl,↓ = 2380 V

x = Dp µl = 22.9 nm σl = 1.27

µl,↑ = 29.12 nm µl,↓ = 18.06 nm
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Considering the PSL spheres’ nominal diameter of (23±2)nm the computed mean diameter shows

reasonable agreement, however, more precise measurements are desired. Therefore analogous

experiments were conducted by using pure methanol as buffer solution. Again, the experimental

arrangement corresponds to the one depicted in figure 4.4. One drop of the PSL-suspension

was mixed with 2 ml of pure methanol and the filled sample vial was put into the electrospray-

generator. The obtained concentrations of 15 consecutively performed measurement runs were

averaged and fitted again in terms of V and Dp. Both, the mean values and the numerical

approximations, are given in figure 4.6.

For the V -dependent fit rlog exceeds rnorm, but when approximating the functional relation of

Nrel to Dp it turns out that rlog is lower than rnorm. Again, the complete set of the fitted

parameters is listed below:

Normal: x = V µ = 3400 V σ = 770 V (4.7)

x = Dp µ = 22.7 nm σ = 2.8 nm

Lognormal: x = V µl = 3460 V σl = 1.27 (4.8)

µl,↑ = 4390 V µl,↓ = 2720 V

x = Dp µl = 22.79 nm σl = 1.14

µl,↑ = 25.98 nm µl,↓ = 19.99 nm

In conclusion, ammonium acetate buffer solutions as well as pure methanol allow the generation

of aerosol nanoparticles composed of only one PSL-sphere. Although undesired contaminants

might be present in both suspensions, application of the electrospray technique thus yields the

desired outcome.

Additional second peaks caused by doubly charged fractions are scarcely observable, mainly due

to the extremely low charging probabilities for particles of such small sizes. Furthermore, even if

corresponding concentrations existed, their contribution would still lie in the primary peak, which

is caused by singly charged particles. The existence of particles comprised of two spheres is not

ascertainable, since particles larger than 40nm are beyond the detection limit.

Since utilization of pure methanol yields far narrower size distributions it is consequently used for

analogous experiments performed with helium as carrier gas.
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Figure 4.6: Averaged number concentration Nmean (black) in (a) V -dependence and (b) Dp-
dependence for PSL-particles suspended in pure methanol. Normal (red) and log-normal (green) distri-
butions are fitted. Nlog shows better correlation to Nmean in (a), however, more satisfying approximation
in (b) is achieved using Nnorm .
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4.3.2 Electrosprayed PSL-particles in Helium

Acquisition of corresponding peaks in the size distribution caused by helium-carried PSL-particles

turned out to be rather labour intensive. This was mainly due to difficulties obtaining continuous

output by means of the electrospray generator, which again involved further complications in the

experimental conduction.

The schematic setup equalled the one already depicted in figure 4.4, with the exception that

pressurized helium was used. Another difference compared to previous measurement conductions

were reduced volumetric flow rate settings of sheath flow Qsh and excess flow Qex . Decreasing

these quantities to

Qsh = Qex = 8.6 l/min

resulted in enhancement of the upper detection limit. Exchange of the carrier gas, however, led

to differences in the required generator settings. For instance, a minimum volumetric flow rate of

1.5 l/min had to be provided since this conformed the CPC’s uptake. In order to achieve higher

output the applied pressure was increased, which again led to the necessity of increased voltage.

Variation of one parameter therefore initiates careful adaptations of all the others so that a Tay-

lor cone, and thus steady particle production, are ensured. The respective ranges of all settings

proved to be far narrower compared to corresponding intervals if operating with air.

Occasional clogging of the capillary tip inside the electrospray generator caused immediate mea-

surement stops and additionally required subsequent rinsing and cleaning using a 20 mM KOH

solution. Of course, when ensuing measurements were started, the whole arrangement again nee-

ded a certain amount of time until is was fully operating with helium, and thus correct flow rates

present. As a consequence, stable particle output for longer durations than a couple of minutes

were seldom achieved, but satisfying measurement results have been monitored nevertheless.

The most promising results can be seen in figure 4.7, which displays the obtained concentrations

in dependency on DMA-voltage and mobility-equivalent diameter when using the same methanol-

suspension as before.

It is worth noting that the latter depiction is based upon theoretical values for Dp, which are

computed by the measurement software. Even though all essential parameters for helium (e.g.

viscosity, mean free path, etc.) are implemented into the program, thus retrieved diameters are

not correct. This matter of fact is crucial for further calculations on the correct size distribution

function and it is evident when observing figure 4.7(b): The peak of the PSL-particles’ distribu-

tion clearly deviates from its nominal 23 nm.

All fitted parameters corresponding to both, the voltage- and particle size-dependent distribution,

are given in the table below, see (4.9) and (4.10). These values are again achieved using equations

(4.2) and (4.3), and rlog exceeded rnorm both times.
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Figure 4.7: Averaged number concentration Nmean (black) in (a) V -dependence and (b) Dp-
dependence for helium-carried PSL-particles suspended in pure methanol. Normal (red) and log-normal
(green) distributions are fitted. Nnorm shows better correlation to Nmean in both, (a) and (b).
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Normal: x = V µ = 430 V σ = 130 V (4.9)

x = Dp µ = 19.2 nm σ = 3.0 nm

Lognormal: x = V µl = 450 V σl = 1.37 (4.10)

µl,↑ = 620 V µl,↓ = 330 V

x = Dp µl = 19.4 nm σl = 1.18

µl,↑ = 22.9 nm µl,↓ = 16.4 nm
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4.4 Data Evaluation for Further Analysis

Measurement results of the previous section allow subsequent computations on DMA calibration,

which is done as follows:

1. Acquisition of the DMA’s particular classification length

2. Computation of correct particle diameters corresponding to a set of applied voltages

3. Determination of the numerical parameter providing functional relation between thus ob-

tained diameters and previously known values (computed by the measurement software)

Rearrangement of equation (3.16) yields the following:

L =
3π · η ·Dp

i · e0 · C(Dp)
· 1

V
· ln(R2/R1)

2π
· Qsh +Qex

2
. (4.11)

Substitution of the found values for V and Dp from equation (4.9) consequently allows calculation

of the DMA’s classification length Lhe, see equation (4.12). The related error is retrieved via

Gaussian error propagation of corresponding standard deviations:

Lhe = (15.9± 5.2) mm (4.12)

Reinsertion of Lhe as well as the same set of applied voltages V as depicted in figure 4.7(a)

into equation (3.16) results in an according multitude of diameters Dhe
p . Due to the equation’s

transient character straight-forward calculations of uncertainties ∆Dhe
p are impossible, which is

why the length’s lower and upper limit (10.7 mm and 21.1 mm, respectively) are computed with

all values for V as well. Thus obtained data determines the uncertainties illustrated in figure 4.8.

Therein, the abscissa represents the diameters Dnom
p taken from the measurement software.

In order to quantify the functional relation between the quantities Dnom
p and Dhe

p the gradients

of three linear fits were obtained. Each of these approximations corresponds to one specific DMA

classification length:

• solid line: mean length Lhe=15.9 mm

• dashed line: upper limit length Lhe=21.1 mm

• dotted line: lower limit length Lhe=10.7 mm

The slopes of the external fits determine the computed multiplier’s MD uncertainties:

MD = 1.16± 0.18 (4.13)
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Figure 4.8: Numerical computation of the multiplying factor MD. Three corresponding slopes allow
retrieval of the upper (dashed line) and lower (dotted line) limit, as well as the mean value (solid line).
The error bars depict these limits and relate to the mean values’ uncertainties.

As a consequence, if the actual particle’s diameters Dhe
p are of interest when operating the

DMA with helium, provided quantities Dnom
p solely have to be multiplied by MD. This convenient

operation significantly eases further computations targeting the full size distribution function (see

section 7).
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5. Measurement of the Charging Proba-

bility

5.1 Alternative Experimental Assembly

Although the experimental setup explained in section 3.5 should be first choice if measurements of

α(Dp, i) are needed it sometimes may have practical drawback. First, two DMAs are absolutely

essential, including correct flow provisions and high-voltage control. Second, if using different

carrier gases than air, e.g. helium, maintaining flows only composed of the desired carrier gas

needs a lot of time. In conclusion, performance of such measurements is a question of laboratory

equipment and money. An alternative way for experimental determination of the charged fraction

is presented here, yielding two major improvements:

1. Experimental accomplishment is possible using only one DMA.

2. Crucially less time is needed until the complete arrangement is filled with one gas type.

A schematic of this setup is given in figure 5.1. Compared to figure 3.16 DMA 2 is replaced by an

ion trap. This instrument allows the removal of all charged particles of an aerosol up to a certain

maximum electrical mobility by means of an electric field. Therefore, if the ion trap is turned

on, only neutral aerosol particles reach particle counter 2, which obtains concentration N2. As a

consequence no signal is obtained if neutralizer 2 is turned off, since only charged particles are

selected by the DMA. Otherwise, if neutralizer 2 is turned on a diameter-dependent steady state

charging probability is achieved again. Hence, only neutral particles are able to penetrate through

the ion trap. According reference measurements are carried by particle counter 1, yielding the

concentration N1. Sheath flow and excess flow (both set to 24.7 l/min, respectively) are provided

by a flow unit and equal those present in analogous experiments when air-carrier particles are

analyzed. This flow unit allows

• constant flow conditions using a pump in combination with a critical orifice.

• sufficient cleaning and drying of the particle laden air by use of a HEPA filter, silica gel and

active carbon.
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Figure 5.1: Alternative schematic for measurement of the charged particle fraction. Neutralizer 1 charges
the generated aerosol particles, which subsequently are classified in the DMA. Following this, the selected
particles are counted with particle counter 1, and again charged with neutralizer 2, yielding different
electrical mobilities and neutral particles. The complete charged fraction is removed by applied voltage
on the ion trap, hence only neutral particles are counted in particle counter 2. The dashed lines indicate
the positions of the excess. The former ensures constant sample flow rates into the DMA, exchange of
the latter two excess positions allows variation of corresponding flow rates through neutralizer 2.

Recalling the quantitative evaluation of the charging probability in section 3.5 allows an equivalent

derivation for the current measurement setup. Depending on the neutralizer operating conditions

(on or off) two relative particle concentrations are obtained:

Nrel,off =
N2,off

N1

(5.1)

Nrel,on =
N2,on

N1

(5.2)

The subscripts on and off denote whether the ion trap was turned on or off. The probability for

particles being not charged, i.e. the neutralization probability/efficiency Pneu, can then be written

as follows:

Pneu =
Nrel,on

Nrel,off

(5.3)

Besides its crucial experimental advantages the presented method has one large drawback: Not

the charging efficiency is determined, but the probability for particles not being charged. Therefore

one does not acquire noteworthy information on the number of elementary charges the particles

are carrying. Considering this, reliable analysis is only possible for smaller particles (<20 nm), i.e.

when their probability for carrying two or more elementary charges is negligible.
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5.2 Measurement Results of the Charging Efficiency in Air

In order to test the proposed measurement technique the neutralization probability of particles

penetrating through a soft X-ray charger (Advanced Aerosol Neutralizer, TSI 3088) was determi-

ned using air as carrier gas. The experimental arrangement corresponds to the one given in 5.1. A

tungsten oxide - generator was used as particle source, providing a particle laden flow of 3 l/min.

Two X-ray Chargers operated as neutralizers and two CPCs (UCPC, TSI 3776) provided particle

concentrations. A non-commercial ion trap completed the assembly. The inlet flow rate of CPC

1 was always set to 1.5 l/min, the one of CPC 2 was changed in order to achieve different flows

penetrating through neutralizer 2. Furthermore, the position of the last exhaust was changed as

well, also yielding different charger flow rates.

The charging probabilities are computed using equations (5.1), (5.2) and (5.3). The inserted

particle concentrations were achieved by calculation of mean values over 100s ending 10s before

the ion trap was turned on, as well as averaging for 100s starting 10s after activation of the

ion trap. This averaging processes are indicated in figure 5.2, where the temporal trends of the

concentrations N1 and N2 (measured with CPC 1 and CPC 2) are illustrated. Concentration N1

(blue) only shows little fluctuations in time. Therefore, a constant particle output of the WOx-

generator can be assumed. N2 (green) slightly decreases when the ion trap is turned on (left

dashed line) and drops to zero when neutralizer 2 is turned off (right dashed line). The red bars

mark the averaging periods.

The concentration gap between N1 and N2 arises from diffusional losses. Reconsideration of figure

5.1 shows that particles contributing to N2 additionally penetrate through another X-ray charger

as well as the ion trap. The neutralizer’s equivalent length for such losses equals 1.51 m, the

trap measures 0.05 m. Substituting these quantities, as well as the particle’s mobility-equivalent

diameter (5 nm) and present flow rates (1.5 l/min) into equation (3.31) results in the following

penetration efficiency:

η ' 0.73

Average values of both concentrations in the left part of figure 5.2 are as follows:

N1 = (35600± 3600) cm−3

N2 = (24600± 2500) cm−3

Inclusion of diffusional losses thus clearly shows, that both concentration can be assumed equal

within their uncertainties:

N2 ' N1 · η
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Figure 5.2: Time-resolved concentrations measured with CPC 1 (blue) and CPC 2 (green). The left
dashed line marks the time when the ion trap was turned on, the right one indicates the moment when
neutralizer 2 was turned off. With respect to these process N2 decreases as only neutral particles /
no particles are detectable, respectively. The red lines displays the time, during which the data was
averaged.

Figure 5.3 comprises the computed charging probabilities for three different excess flow settings

illustrated with different colours:

blue: excess position: before DMA CPC 2 intake: 1.5 l/min

red: excess position: before neutralizer 2 CPC 2 intake: 0.3 l/min

green: excess position: after neutralizer 2 CPC 2 intake: 1.5 l/min

Very small variations in the probabilities allow the assumption that the probabilities do not

change with respect to the excess position or the intake flow rate of CPC 2. Consequently,

for the considered flow rates the charger residence time is found to achieve charge equilibrium.

Furthermore, the obtained data show very good agreement with the theoretical values.

Black lines represent the probabilities for particles carrying one elementary charge, independent of

the sign. Corresponding computations were concluded as done by Wiedensohler (1988) and Fuchs

(1963), respectively, thus yielding the solid and dashed line. The counter probability (orange line)

for particles being neutral (i=0), i.e. the charged fraction, is again based on calculations given

by Fuchs (1963). Respective values according to Wiedensohler (1988) are not illustrated as they

show non-physical behaviour and provide no additional insight.

In conclusion of the data depicted below, the proposed measurement technique meets the desired

conditions and is therefore also carried out with helium as carrier gas.
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Figure 5.3: Measured charging probabilities of tungsten-oxide particles. Three different combinations
of excess position and CPC 2 - intake adjustments were used, yielding two different charger flowrates.
Black lines mark the complementary probabilities of particles being not charged (i=0) according to
Wiedensohler (1988) (solid) and Fuchs (1964) (dashed), respectively. The orange line indicates the
probability for particles carrying one negative (i=-1) or positive (i=+1) charge, again as given by Fuchs
(1964). Relative uncertainties of all probabilities are between 5% and 15% and are not displayed for a
better overview.
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5.3 Measurement Results of the Charging Probability in

Helium

When performing analogous experiments with helium the specific carrier gas properties (section

3.6) should be reconsidered. In summary, the following experimental setup rearrangements or

measurements were conducted:

• The flow rates in the CPC were adjusted by installation of two variable orifices

• The time the system needed in order to fully operate with helium was measured.

• An FCE was utilized as particle counter 1 because:

– after classification by the DMA all particles are charged, and thus detectable by the

FCE

– flow rate adjustments require less time

For the proper operation of the DMA with helium the critical orifice of the flow unit was replaced

in order to achieve correct sheath and excess flow rates of 24 l/min. Furthermore, the maximum

voltage, that can be applied on the DMA, was obtained. The schematic setup (see figure 5.4)

is slightly different to the one when charging probabilities in air were measured. Instead of the

WOx - generator the hot-wire generator, containing an installed tungsten wire, was used as a

particle source. Again, an aerosol flow of 4 l/min was provided. The same X-ray chargers were

used as in the previous experiments. An FCE and a CPC were operated as particle counter 1 and

particle counter 2, respectively. The intake flow rate of both was set to 1.5 l/min. Furthermore,

it is noteworthy that the excess flow was not connected with an exhaust line, but just a HEPA

filter. Otherwise the desired flow conditions were not achieved, which might be linked to slight,

but significant additional uptakes , thus causing unreasonable measurement results.

Figure 5.4: Detailed schematic for measurement of the charged particle fraction in helium. Nanoparticles
are produced in the hot-wire generator containing a heated tungsten-wire. Again, two X-ray neutralizers
operate as chargers. The total particle number concentration after the DMA is measured by means of
an FCE instead of a CPC.
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The maximum DMA-voltage was found to be ∼1.2 kV, which is even less than the expected

value of 2.28 kV ... 3.92 kV. As a consequence, only particles up to mobility-equivalent diameters

of ∼21 nm are selectable. However, the ion trap’s breakdown voltage was found to be ∼ 300 V,

which is why an upper limit of 11 nm is imposed.

Two measurements were performed, which aimed for the charging probabilities. In both cases

the excess was put right after the hot-wire - generator, which implies a flow rate of 1.5 l/min

penetrating through X-ray neutralizer 2. The obtained data is given in figure 5.5.
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Figure 5.5: Two consecutively conducted measurement runs (blue and red) of charging probabilities
in helium performed with a charger flow rate Qch of 1.5 l/min. The green dots denote previous data
obtained when using air as carrier gas. Again, black lines (dashed and solid) indicate theoretically
computed probabilities according to Fuchs (1964) and Wiedensohler (1988), respectively, for singly
charged particles in air. The orange line marks the complementary probability for air-carried particles
being neutral accoring to Fuchs (1964) .

The measured probabilities for particles carried in helium (red and blue) only show little deviation

compared to each other. Previous measurement outcomes in air (green dots) are significantly

lower, i.e. by a factor of 1.12 ... 1.89 if averaged at each size. This particle size dependent

difference casts doubt whether the achieved data is reasonable over the obtained size range and

led to the assumption, that unknown charging mechanisms in the neutralizers might contribute to

this effect. In order to examine this consideration the helium flow through the hot-wire - generator

was increased and the exhaust was located behind X-ray neutralizer 2. This rearrangement resulted

in a larger charger flow. Again, two measurement runs were performed, each with a different

charger flow, which was obtained with
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Qch = QCPC +Qex. (5.4)

Therein, QCPC equals 1.5 l/min and the excessing flow Qex was achieved using an automated

volumetric bubble flow meter (Gilian Gilibrator-2 NIOSH Primary Standard Air Flow Calibrator).

The measured charging probabilities (orange and red) are depicted in figure 5.6, as well as the

previously measured probabilities (blue), when helium was used as aerosol gas as well.
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Figure 5.6: Measured charging probabilities in helium performed with charger flow rates of 1.5 l/min
(blue), 2.25 l/min (orange) and 2.45 l/min (red), respectively. For particles <6 nm the obtained efficien-
cies increase when higher flows penetrate through X-ray charger 2.

It is evident, that charging probabilities of smaller sized particles increase when enhancing the

charger flow rate. This fact is very likely due to particles of lower diameter requiring a longer resi-

dence time in X-ray neutralizer 2 in order to reach a charge equilibrium. Similar size dependencies

of charged fractions were also found by Alonso et al. (1997), who measured corresponding char-

ging probabilities of particles below 10 nm after one to five chargers, thus obtaining information

on residence time depending mechanisms.

Further examination of the charging probabilities obtained at charger flowrates of Qch=1.5 l/min,

see figure 5.5 (red and blue) and figure 5.6 (blue), is carried out in the following section. This

allows the numerical retrieval of continuous information on the helium carried tungsten particles’

charging probabilities.

58



5.4 Charging Probability Data Evaluation

Continuous information on the functional relation of charging probabilities α with respect to

particle diameters Dp is essential for subsequent computations of size distributions. Derivation

of this dependency is achieved using the function as given in Wiedensohler (1988), wherein two

corrected parameters, stated in Flagan (2008), are implemented. The resulting, partly averaged

data, is given in figure 5.7 (black).

100 101

Diameter Dp [nm]

100

101

102

C
h
a
rg

in
g
 P

ro
b
a
b
ili

ty
 [

%
]

α(i=±1) +  α(i=±2) in air
α(i=±1) +  α(i=±2) in He

αmean in He (fit incl.)

αmean in He (fit excl.)

Figure 5.7: The partially averaged charging probabilities (black) of particles carried in helium. The
filled/empty circles mark the data, which was included / not included for the numerical fit (red). The
blue curve denotes the singly and doubly charged fraction according to Wiedensohler (1988). If multiplied
by a0 the blue line yields the red one. The error bars originate from the propagation of uncertainties, these
are the standard deviations of the averaged CPC-data, when calculating the neutralization probability
according to equation (5.3).

The original probabilities are already depicted in figure 5.5 (blue and red) and figure 5.6 (blue).

However, since two measurement runs were performed the data was treated as follows: The

probabilities of integer diameters were averaged, efficiencies referring to the half integer ones were

just taken from the higher resolved data. Furthermore, values for α corresponding to particles

of diameters smaller than 6nm are not included. The function representing the probabilities

for neutral particles is not used due to its non-physical character regarding smaller particles.

Therefore, α(Dp) for i=±1 and i=±2 are added and multiplied by the fit parameter a0.
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The theoretically computed curve (blue), which represents the sum of the charging probabilities

in air, as well as the consequent fitted curve (red), valid for helium, are sketched as well. The fit

parameter was found to be

a0 = 1.148± 0.075. (5.5)

Both functions are drawn between 1 nm and 25 nm. Since the fitted data just covers the size

range from 6 nm to 13 nm the red line is an extrapolation between 1nm and 3nm, as well as

from 13 nm to 25 nm. If one certain charging probability for particles in helium αhe is desired,

the corresponding function αair, which quantifies the same efficiency in air, just needs to be

multiplied by a0:

αhe = a0 · αair (5.6)

In figure 5.8, this is done for particles carrying one (i=-1) or two negative charges (i=-2) in air

and helium. In either case, the probability for i=-2 does not exceed 0.1%.
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Figure 5.8: Charging probabilities for aerosol particles in air (blue) and helium (red) of diameters up
to 25nm. The curves representing the latter case are achieved using equation (5.6). The solid lines
mark the fraction carrying one elementary charge e, the dashed lines depict the case of doubly charged
particles.

60



61

6. Characterization of Diffusional Losses

and Cut-off Curves

As shown in section 3.4.1 knowledge on size-dependent diffusional sampling losses ηdiff and

activation efficiencies of CPCs ηact are essential for retrieval of correct concentrations, especially

when observing sub-10 nm particles (see figure 3.14). Consideration of the former case is necessary

in usual tubing as well as in measurement devices and attention is thus paid to the often used

X-ray charger. Shortage of investigations on counting efficiencies when examining particles in

helium therefore led to related experiments.

6.1 Transmission of the X-ray Charger

Exact quantification of the X-ray charger’s transmission ηchar entails the possibility of estimations

on additional losses caused by other parts in the setup. This is due to the following reason:

Irrespective of the analyzed instrument conventional data evaluation on diffusional losses yield an

equivalent tube length, which corresponds to the same transmission. Derivation of this length is

typically done by means of least mean square fitting of the experimentally determined ηdiff (Dp)

with equations given by Gormley and Kennedy (1949).

6.1.1 Experimental Setup for Transmission Analysis

The measuring arrangement is given in figure 6.1. Nanometer-sized particles are produced using

the hot-wire generator which contains a heated tungsten filament. After being charged by neu-

tralizer 1 classification happens inside the DMA, which is kept at constant voltage for each

measurement run, monodisperse particles are counted via FCE 1. Further on, the other fraction

either penetrates through (investigated) neutralizer 2 and is subsequently analyzed by FCE 2,

or counting happens right after the T-splitting, which connects the DMA and FCE 1. These

two positions of FCE 2 thus allow measurements of losses due to the investigated X-ray charger

using FCE 1 as reference. It is worth mentioning that neutralizer 2 was turned off throughout

the experiment, since the FCE would otherwise fail to count particles sufficiently. The uptake of

both electrometers was set to 1.5 l/min and continuously checked.
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Figure 6.1: Schematic setup for analysis on the X-ray charger’s size-dependent transmission efficiency
ηchar. After generation (hot-wire generator), charging (X-ray Neutralizer 1) and classification (DMA)
monodisperse particles are counted by FCE 1. The remaining helium flow is either directly analyzed via
FCE 2 or previously penetrates through X-ray neutralizer 2, therefore allowing calculations on ηchar.

In order to obtain reasonable data the current of both FCEs was averaged for 1 minute, re-

spectively, as soon as a constant particle flow was present. Thereafter, X-ray charger 2 was put

between FCE 1 and FCE 2 and, as soon as stable concentrations were achieved again, the particle

caused current was averaged once more. This cross-check yields two values before (Ibef1 and Ibef2 )

and after (Iaft1 and Iaft2 ) the exchange, respectively. Furthermore, before (after) each retrieval of

Ibef1,2 (Iaft1,2 ) a background measurement of both electrometers was performed:

before charger installation: FCE 1: Ibef1 FCE 2: Ibef2

after charger installation: FCE 1: Iaft1 FCE 2: Iaft2

6.1.2 Results of Retrieved Transmission Efficiencies

Substituting the above quantities into equation (6.1) results in the charger’s transmission effi-

ciency ηchar for one specific diameter:

ηchar =
Iaft2

Iaft1

/
Ibef2

Ibef1

(6.1)

This was done for various particle sizes in two consecutive measurement runs and constant

volumetric flow rates. Mean values as well as a fitted function ηfit for diffusional losses (Gormley

and Kennedy, 1949) are illustrated in figure 6.2. Uncertainties of each obtained transmission arise

from corresponding standard deviations of all detected currents and subsequent computation of

Gaussian error propagation of equation (6.1).
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Figure 6.2: Experimentally achieved size-dependent transmission efficiencies (black) and their corre-
sponding uncertainties of the X-ray neutralizer. Least mean square fitting of the retrieved data was
done using equations given by Gormley and Kennedy (1949), thus yielding an equivalent length of
(0.90± 0.25) m. Diffusional losses corresponding to this length (solid line) and including its standard
deviations (filled area) are depicted as well.

The best fit ηfit was given for an equivalent length of

Lchar = (0.90± 0.25) m (6.2)

and thus stands in contrast to calculated lengths if measurements are conducted with air, as done

by Dominik Stolzenburg. These result in

Lairchar = (1.50± 0.10) m. (6.3)

The cause for this clear deviation compared to the expected value can be either practical or

theoretical. First, positioning of the investigated neutralizer leads to an uptake interruption of

particle-laden helium by FCE 1. Even though this case was considered and an appropriate amount

of time passed until Iaft1 and Iaft2 were measured, residual air and/or contaminants in the tubing

cannot be fully excluded. However, numerical approximations are based on equations which in

principal solely quantify the behaviour of particles carried in air, even though corresponding carrier

gas properties, i.e. mean free path λ and viscosity η, were implemented.

It is therefore very likely that application on the presented data, which is achieved when analyzing

particle-laden helium, thus results in deviating equivalent lengths.

63



6.2 Activation of the CPC

Due to the CPC’s working principle (see section 3.3.1), i.e. the condensation of vaporised wor-

king fluid on sampled aerosol particles, a cut-off diameter Dp,50 is found in the sub-10 nm range.

This parameter marks the particle size, whose probabilities for successful/unsuccessful acquisi-

tion are equal. Moreover, Dp,50 is only a part of the particle material dependent cut-off curve,

which provides continuous, quantitative information on each particle size’s detection efficiency

ηact.

6.2.1 Experimental Determination of Activation Efficiencies

In order to test the CPC’s efficiency on analysis of small particles reference measurements via

an FCE are inevitable. Both instruments and the complete measuring arrangement are given in

figure 6.3. Helium penetrates through the hot-wire generator and the particle-laden flow further

penetrates through an X-ray neutralizer and enters the DMA. The former yields a steady state

charge equilibrium, the latter classifies particles according to their electrical mobility and thus

yields a monodisperse output. The CPC’s uptake of 1.5 l/min is ensured through proper orifice

adjustments explained in section 3.6.1.

Figure 6.3: Scheme of experimental setup for retrieval of the cut-off curve of the CPC. Nanoparticles
are produced in the hot-wire generator and are further on led into a charger (X-ray neutralizer) by a
constant helium flow. Following this, classification (DMA) and subsequent counting of monodisperse
particles (CPC and FCE) results in two obtained concentrations (NCPC and NFCE , respectively)

Considering the investigated size range the multiply charged fraction is negligibly small and

subsequent counting by means of CPC and FCE will not be affected. The latter instrument has

no lower cut-off with respect to particle sizes, since it counts the current corresponding to their

carried charges. Hence, after subtraction of the respective background, conversion of this quantity

into related concentrations NFCE using equation (3.29) allows comparison of the CPC’s obtained

values NCPC .

It is worth noting, that both measurement devices’ uptake was set to 1.5 l/min and continuously

checked for equality. This is crucial for uniform flow splitting via the T-piece before FCE and

CPC, since even small flow rate anomalies lead to divergent measurement outcomes.
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6.2.2 Results of Obtained Efficiencies

Two measurement runs between 2 nm and 12 nm were performed and the obtained efficiencies

ηact(Dp), see equation (6.4), averaged. To retrieve continuous knowledge on the CPC’s cut-

off curve a combination of functions, i.e. ηGorm(Dp) and ηGomp(Dp), provided by Gormley and

Kennedy (1949) and Gompertz (1825), respectively, was used to approximate the data via least

mean square fitting. This results in ηfit(Dp), see equation (6.5), which allows the best approach

to ηact(Dp) and additionally accounts for diffusional losses in CPC tubing. Parameters depicted

in square brackets are fitting coefficients of its respective function.

ηact(Dp) =
NCPC(Dp)

NFCE(Dp)
(6.4)

ηfit(Dp) = ηGorm,[b,c](Dp) · ηGomp,[Lact](Dp) (6.5)

where

ηGomp,[b,c](Dp) = a · e−b·e−c·Dp
= 1 · e−b·e−c·Dp

(6.6)

The latter equation is adapted and parameter a was set to 1, since the fit function otherwise

would slightly exceed 1, which is non-physical.
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Figure 6.4: Obtained size-dependent activation efficiencies (black) and corresponding uncertainties of
the CPC. Least mean square fit using modified equations of Gormley and Kennedy (1949) and Gompertz
(1825) yield ηfit (solid line) and its standard deviation (filled area). The retrieved fitting parameters are
b=(106±31), c=(1.49±0.14) and Lact=(0.26± 0.14) m. The cut-off diameter was found to be Dp,50=
(3.68±0.60)nm.
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The averaged obtained activation efficiencies ηact(Dp) (black) as well as the fit-function ηfit(Dp)

(red line) and its corresponding standard deviation (red area) are given in figure 6.4. The error

bars for each data point arise from Gaussian error propagation computations of equation (6.4).

Comparison of ηact(Dp) and ηfit(Dp) shows good coincidence and the fitted parameters are as

follows:

b = 106± 31

c = 1.49± 0.14

Lact = (0.26± 0.14) m

Dp,50 = (3.68± 0.60) nm (6.7)

The computed cut-off diameter agrees well with the one provided by Hermann et al. (2007). This

leads to the conclusion that the adjusted settings of condenser (TC=15 ◦C), saturator (TS=35 ◦C)

and optics temperature (TO=40 ◦C) are suitable when studying helium-carried particles. This set

was found through stepwise reduction of TC and TS, until no homogenous nucleation of the

working fluid, and hence no erratic particle counting, inside the CPC was measured.

It is also notable, that the error bars’ sizes increase for higher particle diameters, which is primarily

due to higher concentrations (and thus uncertainties) obtained by the CPC. This elevated signal

hardly arises due to enhanced ηact, but mainly originates from the hot-wire generator’s output,

i.e. concentrations of particles >5 nm are considerably larger than for smaller ones. Subsequent

error computations result in heightened error bars and broadening of the fit function’s standard

deviation.
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7. Computation of the Number Size Dis-

tribution

Theoretical equations on correct computation of size distributions dN/dlnDp, see chapter 3.4, as

well as therein comprised instrument characteristics, see chapters 3.5, 4 and 6, allow concluding

application on exemplary raw data. Furthermore, discussions on the resulting dN/dlnDp as well

as the contributive low/high impact of all found parameters and their uncertainties are possible.

The significance of these parameters is again outlined and further on illustrated in the following

section.

7.1 Review of Instrument Characterization Parameters

For the sake of clarity a summary of all fitted quantities is given in table 7.1, which further

states both, the dedicating chapter and thus characterized instruments. It is noteworthy, that all

values below were retrieved after multiplying all particle diameters Dp by the magnification factor

MD.

chapter 4 DMA classification length Lhe=(15.9± 5.2) mm

Correction factor for particle diameters MD=1.16±0.18

chapter 5 Multiplying factor for charging efficiency a0 = 1.148 ± 0.075

functions given by Wiedensohler (1988)

chapter 6 Equivalent Charger length for diffusional losses Lchar=(0.90± 0.25) m

Equivalent CPC length for diffusional losses Lact=(0.26± 0.14) m

Fit parameter for the adapted Gompertz-function b = 106 ± 31

Fit parameter for the adapted Gompertz-function c = 1.49 ± 0.14

Tabelle 7.1: Summary of all fitted parameters which are implemented in further equations for retrieval
of the size distribution

For the purpose of clear comprehension, the impact of all parameters on corresponding diffusional

losses (Lact and Lchar), charging efficiency (a0), activation efficiency (b and c) and particle

diameter correction (Dp) are illustrated in figures 7.1, 7.2 and 7.3.
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Figure 7.1 depicts the efficiencies of the X-ray neutralizer’s charging (yellow line) and its trans-

mission (blue line) as well as the CPC’s activation and transmission (red) with respect to the

corresponding particle diameters Dp, as well as all corresponding standard deviations (hatched

areas of same colours as lines). The product of all efficiencies ηtot (black line) approaches the

charging efficiency for increasing Dp since both other curves converge to 1. Uncertainties of ηtot

arise from all other deviations and show strong decrease with increasing particle diameters. For

instance, relative values of standard deviations and absolute values (∆ηtot : ηtot) are below 10%

for Dp >4.5 nm.
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Figure 7.1: Efficiencies of activation and penetration of the CPC ηact (red line), transmission ηchar
of the X-ray charger (blue), corresponding particle charging αi=−1 (yellow line), as well as the total
product ηtot of all quantities (black). Standard deviations are expressed as hatched areas of the same
colour, respectively.

Figure 7.2 entails the same efficiencies as before (solid lines) and additionally provides information

on these functions’ progress if computed without inclusion of the particle diameter magnification

factor MD (dashed lines). Hatched areas again represent related standard deviations. It is evident,

that due to MD all curves acquire a shift with respect to the abscissa and deviations between

one set of dashed/solid lines above 10 nm are only higher than 10% for charging efficiencies.

However, consideration of particular errors shows an overlap of ηchar and ηact throughout the

whole size range, respectively. A split of both ηtot functions’ hatched areas, and hence significant

distinction, is observable at 4 nm.
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Figure 7.2: Efficiencies of activation and penetration of the CPC ηact (red lines), transmission ηchar of
the X-ray charger (blue lines), corresponding particle charging αi=−1 (yellow lines), as well as the total
product ηtot of all quantities (black line). All curves were computed including/excluding particle size
correction (solid/dashed line). Standard deviations are again expressed as hatched areas of the same
colour. Significant distinction of one set of lines is only possible for charging probabilities (complete size
range) and the total product below 4 nm.

Figure 7.3 provides additional information on all above-mentioned size dependent efficiencies.

Each quantity is illustrated by means of three lines, which represent previous particle size corrected

and -dependent values (solid line), as well as the corresponding outcome if implementing the

multiplier’s MD lower/upper bound (0.98 and 1.34), which determine its uncertainty (dotted

lines). Considering standard deviations (hatched areas of the same colour) allows the following

conclusions:

• Including uncertainties of MD as well as corresponding errors of ηact and ηchar results in

vast inaccuracies for smaller particles. The assumption of lower/upper limits (±∆ηact and

±∆ηchar ) to be determined by smallest/highest deviations of the inferior/posterior dotted

lines results in relative values (∆ηact/ηact and ∆ηchar/ηchar) lower than 10% for particles

exceeding sizes of 6.6 nm and 7 nm, respectively.

• Even though uncertainty intervals of αi=−1 and ηtot (partially) do not overlap the outer

error limits (±∆αi=−1 and ±∆ηtot) should be taken into account. Relative uncertainties for

charging efficiency (∆αi=−1/αi=−1) occur between 17% and 25%. Corresponding values of

the total product (∆ηtot/ηtot) are below 40%, 30% and 20% for particles larger than 6 nm,

10 nm and 30 nm, respectively.
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Figure 7.3: Particle size Dp dependent efficiencies of activation (red) and charger transmission (blue),
as well as charging efficiency (yellow) and the product of all aforementioned quantities (black). Solid
lines illustrate the result when considering the average value of MD =(1.16± 0.18), dotted lines those
when implementing its upper/lower boundary, i.e. 0.98 and 1.34.

An overview of all these relative values of all efficiencies with respect to particle diameters Dp is

given in figure 7.4. Therein, dashed lines are valid if no particle size correction and hence no further

error are considered, inclusion of MD and ∆MD yields solid lines of the same colour. Relative errors

∆ηtot/ηtot (black) converge to those lines indicating ∆αi=−1/αi=−1 for higher particle diameters,

which is the reason for the slow decrease of the solid black line. All errors acquire significant shifts

upwards and consequently approach lower values at higher particle diameters. This is emphasized

by means of four different shades of grey, which represent equivalent percentages of relative

aberration (10%, 20%, 30% and 40%).

Retrieved knowledge on total transmission and its uncertainty is inevitable for computations of

size distributions, whose numerical conduction with typical experimental data is explained in the

following section.
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Figure 7.4: Particle size Dp dependent relative Errors of all efficiencies, i.e. activation ±∆ηact (red),
transmission ∆ηchar/ηchar (blue), charging ∆αi=−1/αi=−1 (yellow) as well as corresponding values
∆ηtot/ηtotfor the product of all quantities (black). Solid lines indicate resulting values when considering
particle size corrections via MD. Dashed lines illustrate the corresponding outcome for non-corrected
data. Different colour gradation visualizes equivalent relative aberrations of standard deviation against
efficiency magnitude (10%, 20%, 30% and 40%).
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7.2 Review and Application of Essential Equations

Equations (7.1) and (7.2) have already been discussed in chapter 3.4.2, but are repeated below

as well since subsequent adaptations are necessary. Following this, an exemplary size distribution,

including all corrections, deviations and modifications is provided and explained.

1

2
Vmax < V < Vmax : N0(Dp,1) =

dN

d lnDp,1

· α(Dp,1, i = 1) · β ·Ψ(Dp,1) · ηdiff (Dp,1) · ηact(Dp,1)

(7.1)

1

3
Vmax < V <

1

2
Vmax : N0(Dp,2) =

dN

d lnDp,2

· α(Dp,2, i = 1) · β ·Ψ(Dp,2) · ηdiff (Dp,2) · ηact(Dp,2)+

dN

d lnDp,1

· α(Dp,1, i = 2) · β ·Ψ(Dp,1) · ηdiff (Dp,1) · ηact(Dp,1)

(7.2)

In order to compute the final size distribution, these equations are rearranged so that dN
d lnDp,1

and
dN

d lnDp,2
are calculated, respectively. Additional modifications or implementations were conducted

as well:

• ηdiff is the product of all particle loss rates due to utilized instruments, see equation (7.3).

Therein comprised equivalent lengths Lact, Lchar and LDMA account for losses in the CPC,

X-ray charger and DMA, respectively:

ηdiff = η(Lact) · η(Lchar) · η(LDMA) (7.3)

• Corrections for triply charged particles were not considered, which has two reasons: First,

no essential quantitative information on corresponding charging probabilities were achieved.

Second, their contribution to obtained concentrations is insignificant, which is shown later.

Equation (7.2) was thus assumed to hold true for all voltages lower than 1
3
Vmax as well.

• DMA voltages below 1
2
Vmax not always exactly equal half the magnitude of previously

applied values. Information on diameters and concentrations of doubly charged particles

found below 1
2
Vmax is thus not instantly known. This is why lognormal V -dependent fits

for dN
d lnDp

and Dp were performed using known (adjacent) values.

Utilization of the above equations yields size distributions presented in figure 7.5. The green

dots depict concentrations computed via equations 7.1 (between Vmax and 1
2
Vmax) and 7.2 (bet-

ween 1
2
Vmax and Vmin), which includes corrections for doubly charged particles. Corresponding

non-corrected dN
d lnDp

are illustrated as red dots. Furthermore, standard deviations of the latter

concentrations are displayed as well (red hatched area).
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Figure 7.5: Computed size distributions of tungsten aerosol particles with (red) and without (black)
consideration of doubly charged particles. The latter is found within the former’s standard deviation (red
hatched area) throughout the whole size range. Furthermore, no visible difference between the given
distributions is present. Corrections attributed to particles carrying two charges thus scarcely show an
effect.

It is obvious, that doubly charged particle corrected concentrations are within uncertainties of

related non-corrected ones for the complete illustrated size range. Considering this, computation

of the former concentrations has to be treated with care. The main reason for these vast uncer-

tainties is the enhanced error when correcting particles for their diameter Dp, i.e. multiplication

of the magnification factor MD=(1.16±0.18). In order to acquire knowledge on its effect on

size distribution calculations the same measurement outcome as given in figure 7.5 was analyzed

without inclusion of MD.

Resulting concentrations are displayed in figure 7.6, which comprises previous data as well. Novel

information, i.e. size distributions which include/exclude corrections for doubly charged particles,

are illustrated as green and red lines, respectively. It is worth noting, that all fitted parameters,

e.g. for CPC activation, X-ray charger transmission, etc., change with respect to (non) conside-

red MD and thus yield a different set, which of course is implemented in the line plots. Again,

standard deviations for all obtained concentrations are depicted hatched areas (grey). Explicit

distinction between two deviation intervals is only valid for higher Dp, however, an overlap for

smaller particles (' 10 nm) is only due to increasing deviations of MD-corrected concentrations.

The broadening gap towards lower Dp is thus not negligible.
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Figure 7.6: Computed size distributions of tungsten aerosol particles with (red) and without (black)
consideration of doubly charged particles as well as including (dots) and excluding (lines) DMA calibra-
tion. An overlap of both standard deviations (red and grey hatched area, respectively) is present below
10 nm. Furthermore, no siginificant gap, caused by corrections for doubly charged particle fraction, bet-
ween corresponding concentrations (lines and dots, respectively) is present. Red dots and lines are thus
behind the black counterparts, and hence not visible.

Both size distributions show no change if corrected for a doubly charged fraction, even though

high particle concentrations are present. This circumstance is due to low corresponding probabi-

lities and resulting differences are only noticeable for particles of exceeding diameters. In order

to clarify the importance of related corrections at larger scales analysis of tungsten particles was

further conducted utilizing a larger DMA. Equal flows (Qsh and Qex) and the same setup were

used as before. However, this DMA was not calibrated with PSL spheres, which is why the same

value for MD was used. This implies an unknown error, and resulting size distributions should

thus be treated with care, see figure 7.7.

Again, lines depict concentrations if disregarding particle size corrections, dots represent corre-

sponding values if including MD. Corrections for doubly charged particles (black) are now evident,

since non-corrected lines/dots (red) clearly deviate to each other. Nevertheless, black and red li-

ne pairs are within the other’s related standard deviations for all particle diameters. It should be

also noted that no correction for doubly charged particles at the three largest sizes exists. Corre-

sponding values, however, would scarcely have significant impact due to the sharp concentration

decrease in this size range.
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Figure 7.7: Computed size distributions of tungsten aerosol particles with (red) and without (black)
consideration of doubly charged particles as well as including (dots) and excluding (lines) calibration
parameter MD (only valid for the small DMA). An overlap of both standard deviations (red and grey
hatched area, respectively) is present above 50 nm, however, an unknown error of MD when applied on
nominal diameters of the utilized long DMA is not considered in the above distributions. The lack of
doubly charged corrections at larger sizes can be neglected due to the sharp concentration drop.
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Part II

Comparative Experiments of DMA-Train

and Nano-SMPS
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8. Intercomparison Between the nano-

SMPS and the DMA-Train

Knowledge of aerosol particle size-distribution has become inevitable if analysis on complex aerosol

dynamics is carried out (Kulmala et al., 2013). Closer insight on nucleation- and NPF-processes in

particular necessitates high-time-resolution investigations of sub-10 nm particles (McMurry et al.,

2000), which is due to fast initial and subsequent growth (Kulmala et al., 2004) as well as non-

negligible coagulation losses (Lehtinen et al., 2007). Further consideration calls for continuous

and high-time-resolved size-distributions, starting at 1...2 nm.

This information is achieved by combination of the DMA-train (Stolzenburg et al., 2017) and a

nano-SMPS (Wang and Flagan, 1990). The latter approximately covers size ranges from ∼10 nm

to 65 nm, the first obtains concentrations of particle sizes between∼2 nm and 10 nm. Furthermore,

they are both intensively used in the CLOUD-experiment (see section 2.2). The second-mentioned

instrument is well-established and consists of a DMA and a CPC. With this method the applied

DMA-voltage V is continuously scanned, thus allowing fast particle size scans. On the other hand,

the DMA-train’s operating principle uses fixed voltages in various channels (Stolzenburg et al.,

2017) which is briefly discussed in the following section. After this, conventional analysis of particle

growth and comparative experiments regarding DMA-train and nano-SMPS are outlined.

8.1 Operating Principle of the DMA-train

The DMA-train comprises 6 Vienna-type DMAs (Grimm S-DMA), each of them operating at fixed

voltages and hence mobility equivalent particle diameters, and 6 consecutive particle counters,

which are all working parallel and draw their corresponding sample flow from one common inlet.

This initial intake is split into two further flows, which both are penetrating through X-ray chargers

(Advanced Aerosol Neutralizer, TSI 3088), by which means steady-state charging probabilities of

the sampled aerosol particles are achieved. Following this, the two flows are divided into three

sub-flows, respectively, which subsequently enter the DMAs and CPCs.

The DMA-train’s setup is given in figure 8.1, which was taken from Stolzenburg et al. (2017).

In addition the scheme shows the different types of the operating particle counters, these are

ultrafine CPCs (UCPC, TSI 3776), particle size magnifiers (PSM, Airmodus A10), and a nano

water-based CPC (N-WCPC, TSI 3788) .
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Figure 8.1: Schematic setup of the DMA-train taken from Stolzenburg et al. (2017). Two chargers
provide steady state charging probabilities of the drawn aerosol. Six parallel-operating DMAs at different,
but fixed voltages classify the sampled particles according to their electrical mobility, subsequently the
corresponding concentrations are obtained by means of diverse particle counters.

The explained experimental configuration entails two main advantages compared to the nano-

SMPS or similar instruments: Firstly, the DMA-train provides size-dependent concentrations every

second, whereas SMPS systems require ∼50 s for each measurement run. As a result improved

statistics for further calculus are obtained. Secondly, the sampled particles are all in the size range

of 1 nm to 10 nm, and thus below the SMPS’ detection limit.

As already mentioned, both instruments yield continuous and time- resolved information on size-

dependent particle concentrations, and thus -growth, which is why they are used in parallel at

the CLOUD-campaign. The corresponding growth rates (GR) are usually calculated for suitable

size ranges, i.e. where a linear correlation of the so-called appearance times is given. Additional

information is given in the next section.

8.2 Introduction to the Calculus of Particle Growth Ra-

tes

Various procedures aiming for computations of nano-particle growth rates exist, for example the

maximum-concentration method and the log-normal distribution function method (Kulmala et al.,

2012), or the appearance time method (Lehtipalo et al., 2014). In the following, the latter will be

discussed more detailed, since it is utilized in the analysis of the data achieved by the DMA-train

as well.
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Different procedures of the appearance time method exist. One possible way is based on using total

concentrations obtained by particle counters, e.g. CPC or PSMs, with different cut-off diameters

Dp,50. The points of time, when 5% of the maximum total concentrations are detected, determine

the corresponding appearance times of the respective Dp,50. However, the DMA-train continuously

counts classified particles of six invariable diameters. Therefore, the six related concentrations are

used in order to estimate the corresponding appearance times. These are again equal to the points

of time, when 50% of the particular total concentrations are present. Computations are done by

means of equation (8.1), which approximates the time-resolved particle concentration N(t) by

means of least-mean-square - fitting.

N(t) =
a− b

1 + (t/c)d
+ b (8.1)

The parameters a and b equal the minimum and maximum of this sigmoid function, respectively,

whereas d determines the function’s curvature. The appearance time and its uncertainty are

immediately achieved since they equal c and its standard deviation.

Further calculus is done as follows: The determined appearance times are plotted against the

corresponding diameters and subsequently linear interpolations are performed in favoured size

ranges. Thus obtained slopes equal the growth rates (usually indicated in nm/h), which are valid

in the chosen size ranges. Additional information is given in (Lehtipalo et al., 2014).

8.3 Intercomparison Experiments

A qualitative difference of obtained size-resolved number concentrations is already provided by

Stolzenburg et al. (2017). Therein, the high time-resolution of the DMA-train compared to the

nano-SMPS is emphasized by analysis of size-increasing tungsten oxide particles. In the following,

even deeper insight and experimental comparison of both instruments, when operating in parallel,

is provided.

When combining the evolution of the size-distributions, and taking all factors from section 3.4.1

into account, the resulting propagation of size-dependent concentrations equals the one depicted

in figure 8.2. A small deviation of concentrations at 8 nm, i.e. the overlapping size region between

DMA-train and nano-SMPS, is evident. Therefore, DMA-train or the nano-SMPS either over-

or underestimate the correct number concentrations, respectively. Closer analysis of the time-

evolving tungsten oxide nanoparticles’ spectrum is thus conducted in four periods of time. Within

these sections all concentrations obtained with both, nano-SMPS and DMA-train, are averaged

and subsequently relative values calculated.
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Figure 8.2: Time-evolving concentrations of size-increasing tungsten oxide particles between 2 nm and
10 nm obtained with the DMA-train and the nano-SMPS, respectively. The former clearly shows the
size distribution’s propagation towards larger particle sizes in very high temporal resolution if compared
to the latter. Closer inspection of respective concentrations at 8 nm reveals a non satisfying gap.
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Figure 8.3: Time-evolving concentrations of particles between 1.8 nm and 8.2 nm obtained with the
DMA-train. Two sets of hatched ranges (red and blue) illustrate intervals, which were selected for closer
analysis and comparison of corresponding nano-SMPS data. Concentrations of particles larger than
2.2 nm are still rising in the first two segments (red), however, no considerable changes are present in
the latter sections (blue) for all analyzed particle sizes.
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Figure 8.3 shows the DMA-train’s time-propagating concentrations for particles in various sizes

between 1.8 nm and 8 nm, as well as the examined time zones, which are depicted as red and

blue hatched areas. During the first two periods of time (red) the tungsten-oxide generator was

still warming up, which is why concentrations of larger particles did not yet achieve constant

values. The second set of time zones (blue), however, allows the analysis of constant spectra.

The former set of concentration ratios (DMA-train / nano-SMPS) was averaged during 2 nano-

SMPS runs (110 seconds), the latter one for 3 corresponding cycles (165 seconds). It is worth

noting, that the concentration jumps around 10:20 are the result of adapted temperature settings

at the WOx-generator.

All acquired relative values are given in figure 8.4, wherein the former set is illustrated as red and

orange, the latter as blue and green points with respect to particle diameters Dp. Two things are

evident: Considering constant spectra, the DMA train obtains higher concentrations for smaller

particles, however, this enhanced signal decreases for increasing Dp and approaches the one

achieved by the nano-SMPS. On the contrary, time evolving spectra show that the DMA-train

still acquires exceeding dN/dlogDp compared to the nano-SMPS of particles smaller than 5 nm.

Above this size, however, the latter shows enhanced concentrations, which is why relative values

are between 0.1 and 0.2 at 8 nm. This non-satisfying huge gap stands in sharp contrast to the

expectation of quotients close to 1, since size-dependent correction factors and thus uncertainties

decrease for particles of larger diameters.
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Figure 8.4: Relative values of size dependent particle concentrations obtained with the DMA-train and
the nano-SMPS. (Light) red dots and lines result from the first two red stages, (light) blue markers
represent corresponding values in blue time intervals in figure 8.3. It is evident, that retrieved concen-
trations approach each other with respect to increasing particle diameters if no considerable changes in
spectra are observable (blue). Related outcomes for non-constant concentrations, however, drastically
decrease if concentrations are still increasing during measurement evaluations. According relative values
fall below 1 (solid, black line) for particles between 5 nm to 5.5 nm and even drop below 0.1 at 8 nm.
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Comparison of maximum concentrations (107 cm−3) present in the previous experiment when

tungsten oxide particles were analyzed and prevailing values in the CLOUD-chamber during a

nucleation event shows, that the former exceeds the latter by a factor of 100 to 1000. Further-

more, corresponding growth rates and chemical compositions are different. In order to test the

sensitivities of both instruments for lower particle concentrations a typical measurement run of the

CLOUD11 campaign was analyzed. Related time-propagating and size-dependent concentrations

(colour-coded) obtained with the nano-SMPS are displayed in figure 8.5. Values within grey,

hatched areas were averaged and compared with corresponding DMA-train data, respectively.

Corresponding relative values are depicted in figure 8.6.

Considering the first two segments (black and grey) it is evident, that concentrations of particles

with diameters of 4.3 nm obtained with the DMA-train exceed those retrieved by the nano-SMPS

by a factor of 2.68 and 3.34, respectively. Disregarding the fifth comparing run (dark green),

all other results at the mentioned size are between 0.85 and 1.61. The first-mentioned outlier

might be attributed to the provided statistics’ deficiency if averaging an insufficient number of

nano-SMPS runs: During the composing seven cycles scarce numbers of particles were detected

in this small size range, whereas in the following set (sixth run, light green) high concentrations

were obtained. These exceeding values are additionally apparent from figure 8.5, wherein one size

bin shows no concentration at all (fifth hatched area), however, the subsequent interval indicates

(relatively) high particle numbers.

Relative values of larger particles (6.2 nm and 8 nm, respectively) show decrease in both, scatter

and average value. Both might be attributed to the instruments’ higher sensitivity and thus less

necessity for computations aiming for concentration corrections (see section 3.4.2).

Overall, retrieved concentrations of the DMA-train exceed those obtained with the nano-SMPS

by a factor of 2.05, 1.56 and 1.16 for particle diameters of 4.3 nm, 6.2 nm and 8 nm, respectively.

Utilization of the latter instrument provided no information on particles smaller than 4.3 nm due

to its minor sensitivity. Again, this circumstance highlights the benefit of applying the DMA-train

for measurements on systems such as the CLOUD-chamber, wherein lower particle numbers are

pre-dominant, however, high-time resolution of according concentrations are of interest.

83



20:00
21:00

22:00
23:00

Time [UTC]

10

3

4

5

6

7

8
9

20

30

40

D
ia

m
e
te

r 
D
p
 [

n
m

]

100

101

102

103

104

105

d
N
/d
lo
gD

p
 [

cm
−

3
]

Figure 8.5: Evolution of size-dependent particle concentrations during a typical CLOUD11 measure-
ment run. The abscissa denotes the current time, whereas the ordinate states the particle diameters.
Corresponding concentrations are illustrated as colour-coded boxes, whose length imply the averaging
time period, i.e. 4.5 minutes in this case. Formation of particles due to vapor uptake during the depic-
ted two hours is evident, since concentrations increase for particles between 20 nm and 40 nm. Values
comprised in grey, hatched areas were averaged and compared with those obtained with the DMA-train.
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Figure 8.6: Ratios (dots and dashed lines) of particle concentrations obtained with both, DMA-train
and nano-SMPS for various particle sizes below 10 nm during 8 periods of time. Respective start times
of averaging processes are given in the legend, and each interval was set to 7 nano-SMPS measurement
runs, which in return equal 6.5 minutes. The solid, blue line illustrates mean values of all depicted
particle sizes and approaches 1 (solid, black line) for increasing diameters. Nano-SMPS concentrations
exceed corresponding values of the DMA-train six times, and no noticeable time-dependency is present.
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Conclusion

The fast-changing environment of freshly nucleated aerosol particles calls for high-time resoluti-

on measurements which provide correct size distributions starting at low single-digit nanometer

ranges. Based on experiments described in this thesis corresponding computations are now also

possible when operating a conventional DMPS-system, i.e. a particle source, charger, DMA and

CPC, with particle-laden helium.

Initial Experiments targeting the calibration of the utilized DMA were achieved through the ana-

lysis of electrosprayed PSL-particles. Generation, sizing and detection of corresponding airborne

aerosol particles carrying only one sphere proved to function properly. Analysis of helium-carried

PSL-particles evoked a couple of difficulties, however, sufficient reasonable data was obtained.

Comparison of the theoretical and experimentally achieved peak voltages showed a significant,

but small gap. The DMA’s classification length L=(15.9± 5.2) mm, whose value was determined

by the PSL-particles’ distribution, yields an elevated error in the resulting particle size magnifica-

tion factor MD=(1.16±0.18). If higher precision is needed, this inconvenient circumstance could

be minimized through conduction of further experiments with different size standards than those

used in this study.

Further investigations targeting the particles’ charging state after penetration of the X-ray charger

are crucial for these calculations. Implementation of an ion trap instead of an additional DMA

significantly simplified the necessary setup and reduced the needed amount of helium. It is worth

mentioning, however, that this new technique has the drawback of quantifying only the complete

charged fraction, i.e. no information on positively/negatively charged particles is attained. App-

lication to relative values for positively/negatively and singly/doubly charged particles, provided

by Wiedensohler (1988), yield respective charging probabilities, which are higher by a factor of

(1.148 ± 0.075), nevertheless.

Subsequent experiments on the transmission of the X-ray charger as well as the CPC’s cut off

function provided satisfying outcomes. The former was found to have an equivalent transmission

length of Lchar=(0.90± 0.25) m, the CPC’s corresponding quantities are Lact=(0.26± 0.14) m

and Dp,50=(3.68± 0.60) nm.

It is worth noting, however, that implementation of the found quantities into computations ai-

ming for the retrieval of size distributions yield elevated uncertainties as well. Reduction of these

errors is scarcly possible, since they solely are present due to the particle counters’ errors. One

remaining possibility is a less conservative assumption of their propagation to corresponding fit-

ting parameters since their absolute values have been taken into account.
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Comparative experiments of the DMA-train and nano-SMPS proved higher sensitivities of the

former instrument for particles smaller than 5 nm in both studied concentration ranges. Eleva-

ted detection signals are especially present in fast-changing environments, thus pointing out the

DMA-train’s measurement principle’s benefit.

Further experiments, however, are still necessary in order to find the factor(s), which cause exis-

ting concentration deviations. Aberrations at 6.2 nm and 8 nm above and below when analyzing

tungsten oxide particles (high concentrations) raise as much question as the slow approximation

towards 1 of related values depicting CLOUD11 data. As a summary, manifold questions regarding

this topic are yet to be answered.
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A. Adamov, A. Amorim, F. Bianchi, M. Breitenlechner, A. David, J. Dommen, N. M. Do-

nahue, A. Downard, E. Dunne, J. Duplissy, S. Ehrhart, R. C. Flagan, A. Franchin, R. Guida,

J. H. A. Hansel, M. Heinritzi, H. Henschel, T. Jokinen, H. Junninen, M. Kajos, J. Kangasluoma,

H. Keskinen, A. Kupc, T. Kurtén, A. N. Kvashin, A. Laaksonen, K. Lehtipalo, M. Leiminger,

J. Leppä, V. Loukonen, W. Makhmutov, S. Mathot, M. J. McGrath, T. Nieminen, T. Ole-
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A. Kortelainen, I. Riipinen, T. Kurten, M. V. Johnston, J. N. Smith, M. Ehn, T. F. Mentel,

K. E. J. Lehtinen, A. Laaksonen, V. Kerminen, and D. R. Worsnop (2013). Direct observations

of atmospheric aerosol nucleation. Science 339(6122), 943–946.

Kulmala, M., L. Laakso, K. E. J. Lehtinen, I. Riipinen, M. Dal Maso, T. Anttila, V.-M. Kerminen,
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Lehtipalo, K., J. Leppä, J. Kontkanen, J. Kangasluoma, A. Franchin, D.Wimmer, S. Schobesber-
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Mäkelä, J. M., M. Riihelä, A. Ukkonen, V. Jokinen, and J. Keskinen (1996). Comparison of

mobility equivalent diameter with kelvin-thomson diameter using ion mobility data. The Journal

of Chemical Physics 105(4), 1562–1571.

Novakov, T. and J. Penner (1992). Large contribution of organic aerosols to cloud-condensation-

nuclei concentrations. Nature 365, 823–826.

91



Okazaki, K. and K. Willeke (1987). Transmission and deposition behavior of aerosols in sampling

inlets. Aerosol Science and Technology 7(3), 275–283.

Paschen, F. (1889). Ueber die zum funkenübergang in luft, wasserstoff und kohlensäure bei
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J. N. Smith, G. Steiner, A. Tome, A. Virtanen, A. C. Wagner, E. Weingartner, D. Wimmer,

P. M. Winkler, P. Ye, K. S. Carslaw, J. Curtius, J. Dommen, J. Kirkby, M. Kulmala, I. Riipinen,

D. R. Worsnop, N. M. Donahue, and U. Baltensperger (2016). The role of low-volatility organic

compounds in initial particle growth in the atmosphere. Nature 53(7604), 527–531.

TSI (2006). Model 3776 - Ultrafine Condensation Particle Counter.

Vaaraslahti, K., A. Laitinen, and J. Keskinen (2002). Spray charging of droplets in a wet scrubber.

Journal of the Air & Waste Management Association 52(2), 175–180.

Wang, L., A. F. Khalizov, J. Zheng, W. Xu, Y. Ma, V. Lal, and R. Zhang (2010). Atmospheric

nanoparticles formed from heterogeneous reactions of organics. Nature Geoscience 3, 238–242.

Wang, S. C. and R. C. Flagan (1990). Scanning electrical mobility spectrometer. Aerosol Science

and Technology 13(2), 230–240.

93



Wang, X., J. Chen, T. Cheng, R. Zhang, and X. Wang (2014). Particle number concentration,

size distribution and chemical composition during haze and photochemical smog episodes in

shanghai. Journal of Environmental Sciences 26(9), 1894–1902.

Wiedensohler, A. (1988). An approximation of the bipolar charge distribution. Aerosol Science

and Technology 19(3), 387–389.

Winklmayr, W., G. Reischl, A. Lindner, and A. Berner (1991). A new electromobility spectrometer

for the measurement of aerosol size distributions in the size range from 1 to 1000 nm. Journal

of Aerosol Science 22(3), 289–296.

94



95

Index of Figures

1.1 Radiative forcing contributions of most important compounds. . . . . . . . . . . 1

2.1 Schematic setup of the CLOUD-chamber . . . . . . . . . . . . . . . . . . . . . 6

2.2 Calculated charging probabilities according to Wiedensohler (1988) and corrected

coefficients as stated in Flagan (2008). . . . . . . . . . . . . . . . . . . . . . . 9

3.1 Schematic of a coaxial-cylinder Vienna type DMA . . . . . . . . . . . . . . . . 12

3.2 The Cunningham slip correction for particles between 1nm and 100nm for air and

Helium as carrier gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Detailed schematic of the cylinder-symmetrical flow, indicated by the right-pointing

arrows, inside the DMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4 Schematic of selected particles possessing the maximum and minimum electrical

mobility in order to contribute to Qs . . . . . . . . . . . . . . . . . . . . . . . 17

3.5 Schematic of selected particles with mobilities slightly lower than Zmax and a bit

higher than Zlow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.6 The transfer function Ω for Qa > Qs, Qa = Qs and Qa < Qs . . . . . . . . . . 19

3.7 Ψ-function as a function of Dp and C(Dp, λ) for air and He . . . . . . . . . . . 21

3.8 Flow schematic of the WOx - generator . . . . . . . . . . . . . . . . . . . . . . 22

3.9 Schematic of the Hot-Wire - generator . . . . . . . . . . . . . . . . . . . . . . 23

3.10 Schematic of the Nebulizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.11 Schematic of the TSI Electrospray Generator 3480 . . . . . . . . . . . . . . . . 24

3.12 Flow schematic of the CPC (TSI, 2006) . . . . . . . . . . . . . . . . . . . . . . 25

3.13 Basic experimental setup for measurements of the generated particles’ size distri-

bution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.14 The size-dependency of all sighnal reducing factors for particles between 1 nm and

50 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.15 Exemplary size distribution with respect to voltage V applied on the DMA . . . 30

3.16 Schematic setup for measuring the charging efficiency . . . . . . . . . . . . . . 32

4.1 Principal setup for measurements on the spectra of aerosol nanoparticles . . . . 38

4.2 Schematic for generating aerosol particles carrying only one PSL-sphere . . . . . 39

4.3 The obtained size distribution of nebulized PSL-spheres . . . . . . . . . . . . . 40

4.4 Schematic setup for generation and analysis of PSL-aerosols . . . . . . . . . . . 41

95



4.5 Averaged number concentration Nmean in V -dependence and Dp-dependence for

PSL-particles suspended in a 20 mM ammonium acetate buffer solution . . . . . 42

4.6 Averaged number concentration Nmean in V -dependence and Dp-dependence for

PSL-particles suspended in pure methanol . . . . . . . . . . . . . . . . . . . . . 45

4.7 Averaged number concentration Nmean in V -dependence and Dp-dependence for

helium-carried PSL-particles suspended in pure methanol . . . . . . . . . . . . . 47

4.8 Numerical computation of the multiplying factor MD . . . . . . . . . . . . . . . 50

5.1 Alternative schematic for measurement of the charged particle fraction . . . . . 52

5.2 Time-resolved concentrations measured with CPC 1 and CPC 2 . . . . . . . . . 54

5.3 Measured charging probabilities of tungsten-oxide particles . . . . . . . . . . . . 55

5.4 Detailed schematic for measurement of the charged particle fraction in helium . 56

5.5 Two consecutively conducted measurement runs of charging probabilities in helium 57

5.6 Measured charging probabilities in helium performed with charger flow rates of

1.5 l/min, 2.25 l/min and 2.45 l/min, respectively . . . . . . . . . . . . . . . . . 58

5.7 The partially averaged charging probabilities of particles carried in helium . . . . 59

5.8 Charging probabilities for aerosol particles in air and helium of diameters up to

25nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.1 Schematic setup for analysis on the X-ray charger’s size-dependent transmission

efficiency ηchar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.2 Experimentally achieved size-dependent transmission efficiencies and their corre-

sponding uncertainties of the X-ray neutralizer . . . . . . . . . . . . . . . . . . 63

6.3 Scheme of experimental setup for retrieval of the cut-off curve of the CPC . . . 64

6.4 Obtained size-dependent activation efficiencies and corresponding uncertainties of

the CPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

7.1 Efficiencies of activation and penetration of the CPC ηact, transmission ηchar of the

X-ray charger, corresponding particle charging αi=−1, as well as the total product

ηtot of all quantities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.2 Efficiencies of activation and penetration of the CPC ηact, transmission ηchar of the

X-ray charger, corresponding particle charging αi=−1, as well as the total product

ηtot of all quantities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7.3 Particle size Dp dependent efficiencies of activation and charger transmission, as

well as charging efficiency and the product of all aforementioned quantities . . . 70

7.4 Particle size Dp dependent relative Errors of all efficiencies, i.e. activation ±∆ηact,

transmission ∆ηchar/ηchar, charging ∆αi=−1/αi=−1 as well as corresponding va-

lues ∆ηtot/ηtotfor the product of all quantities . . . . . . . . . . . . . . . . . . 71

7.5 Computed size distributions of tungsten aerosol particles with and without consi-

deration of doubly charged particles . . . . . . . . . . . . . . . . . . . . . . . . 73

7.6 Computed size distributions of tungsten aerosol particles with and without con-

sideration of doubly charged particles as well as including and excluding DMA

calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

96



7.7 Computed size distributions of tungsten aerosol particles with and without consi-

deration of doubly charged particles as well as including and excluding calibration

parameter MD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

8.1 Schematic setup of the DMA-train taken from Stolzenburg et al. (2017) . . . . 79

8.2 Time-evolving concentrations of size-increasing tungsten oxided particles between

1.8 nm and 10 nm obtained with the DMA-train and nano-SMPS . . . . . . . . 81

8.3 Time-evolving concentrations of particles between 1.8 nm and 8.2 nm obtained

with the DMA-train . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

8.4 Relative values of size dependent particle concentrations obtained with the DMA-

train and the nano-SMPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

8.5 Evolution of size-dependent particle concentrations during a typical CLOUD11

measurement run . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8.6 Ratios of particle concentrations obtained with both, DMA-train and nano-SMPS

for various particle sizes below 10 nm during 8 periods of time . . . . . . . . . . 84

97



98

Index of Tables

7.1 Summary of all fitted parameters which are implemented in further equations for

retrieval of the size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 67

98


