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I may not have gone where I intended to go,

but I think I ended up where I needed to be.
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Abstract

New particle formation (NPF) is a frequently occurring phenomenon in the Earth’s
atmosphere, thereby contributing to the total number concentration of aerosol particles.
The formed particles, originating from gas-to-particle conversion processes, typically
grow to diameters relevant for the Earth’s climate. Climate effects of particles include the
direct and indirect interaction with solar shortwave radiation and thermal radiation
emitted by the Earth’s surface.

In the past 20 years a lot of effort has been put into investigating the mechanisms
governing atmospheric NPF. Only in the course of the past few years a general picture of
the mechanisms dominating atmospheric NPF was put together. To date, NPF is known to
occur due to clustering of precursor gas molecules (e.g. sulfuric acid, amines, ammonia,
organic compounds) to form stable initial particle nuclei (diameter between 1.5 and
1.9 nm). Further, condensation of predominantly organic molecules causes particle
growth. Nevertheless, a lot of open questions remain, regarding the initial particle
formation, as well as the processes dominating particle growth.

In this work, the role of ions on particle formation and growth is assessed, and a novel
instrument to analyze the chemical composition of the growing particles is presented.

Ionized air molecules, permanently available in the Earth’s atmosphere, are thought to
considerably influence NPF. During the initial clustering process the presence of a charge
stabilizes the clusters and enhances condensational growth by gas molecules with an
electrical dipole moment (e.g. sulfuric acid).

To assess the role of ions in NPF, ion and neutral particle number size distributions
from four different field sites were analyzed. At all four locations, the same type of
instrument was deployed (neutral cluster and air ion spectrometer — NAIS). The NAIS
exhibits detection limits in the diameter range of molecular clusters for the ion fraction
(~0.8 nm) and in the diameter range of ~2 nm for neutral particles.

Data from two locations, with presumably high precursor gas concentrations, showed a
clear earlier occurrence of 2 nm ions compared to 2 nm neutral particles. This initial
advance of the ion fraction vanished during the consecutive growth process. At diameters
between 10 and 20 nm, neutral particles exhibited the same diameter as the ion fraction.
Neutral particles with diameters below 10 to 20 nm were observed to experience an
enhanced growth rate (GR) in comparison to the ion fraction. On the other hand, at
locations with presumably low precursor gas concentrations an advance of the ion
fraction was not as pronounced, and GRs of ions and neutral particles exhibited similar
values.

A special focus was put on the Waldstein site, NE Bavaria, Germany, where relatively
high precursor gas concentrations and elevated ion concentrations are thought to be
present. For this field site, the influence of ion recombination on neutral particle
formation was assessed. Therefore, neutral particle distributions arising from
recombination of oppositely charged ions were calculated. GRs of the recombined neutral
particles were elevated in comparison to ion GRs. Consequently, an ion accelerated
growth mechanism including recombination and attachment of ions is proposed in order
to explain the observed elevated neutral GRs. At field sites with low precursor gas
concentrations, the ion accelerated growth mechanism does not contribute significantly to



neutral particle growth. Nevertheless, ions are likely to contribute largely to the initial
formation of neutral particles at sites with low precursor gas concentrations.

To shed more light on the chemical compounds contributing to particle growth, a particle
interface for a time of flight mass spectrometer (ToF-MS) was developed in this work.
The developed chemical analyzer for charged ultrafine particles (CAChUP) is capable of
analyzing particles with diameters below 30 nm for their chemical composition. Charged
particles of a defined diameter interval are electrostatically collected on a metal filament.
Following the collection, the filament is resistively heated to evaporate the sample. The
resultant gas phase is eventually transferred to the ToF-MS, ionized via electron impact
ionization and analyzed for its molecular composition.

To characterize CAChUP in the laboratory, two main experiments were performed: (1)
the application of known masses of camphene to the metal filament and (2) the collection
and analysis of laboratory-generated secondary organic aerosol (SOA) particles with
diameters of 25 nm. Direct application, evaporation and analysis of known camphene
masses to/from the metal filament resulted in a detection limit of CAChUP below 5 ng.
SOA was produced by dark ozonolysis of alpha-pinene in a flow tube reactor. Particles
with diameters of 25 nm exiting the flow tube reactor were selected in a radial differential
mobility analyzer (rDMA). The analysis of the samples in the ToF-MS resulted in typical
mass spectra for SOA generated by dark ozonolysis of alpha-pinene. Collected masses for
the 0.5 hour experiment were estimated to be 2.1 to 2.6 ng. Sampling times below
0.5 hours did not yield quantifiable mass spectra.

CAChUP performed well in the laboratory, and is ready for further laboratory
experiments. A sensitivity analysis regarding the deployment of CAChUP to measure
atmospheric NPF in the field, showed that extended collection periods (8 hours for 20 nm
particles) are required with the current setup. Therefore, field measurements are assumed
to be possible for NPF events with continuous particle formation and high particle
number concentrations.



Zusammenfassung

Eine groe Zahl atmosphirischer Aerosolpartikel entsteht durch hiufig auftretende
sekundire Neubildungsprozesse. Die aus Vorldufergasen entstehenden Partikel tragen zu
einem groflen Teil zur Gesamtpartikelanzahl in der Atmosphire bei und haben somit
einen weitreichenden Einfluss auf das Klima. Die Klimaeffekte von Aerosolpartikeln
ergeben sich hauptsichlich durch die direkte und indirekte Interaktion mit kurzwelliger
Sonneneinstrahlung als auch mit planetarer Wirmestrahlung.

Wihrend der letzten zwei Jahrzehnte konnten die generellen Mechanismen der
Neubildung von sekundiren Aerosolpartikeln aufgedeckt werden. Heute ist bekannt, dass
erste ,,embryonale” Partikel aus Molekiilclustern bestehen. Diese ersten Cluster setzten
sich vermutlich aus einer Vielzahl von Vorlaufermolekiilen zusammen (z.B.
Schwefelsidure, Amine, Ammoniak und organische Molekiile). Nach der Bildung erster
stabiler Cluster (Durchmesser zwischen 1.5 und 1.9 nm) folgt ein Anwachsen zu
bestindigen Partikeln durch Kondensation von meist organischen Molekiilen. Trotz
weitreichender Erkenntnisse bleiben bis heute noch viele Fragen zur initialen
Partikelbildung als auch beziiglich des weiteren Partikelwachstums offen.

In der vorliegenden Arbeit werden Ergebnisse zu Untersuchungen iiber den Einfluss von
Luftionen auf Bildung und Wachstum von Aerosolpartikeln sowie die Entwicklung eines
Messgerdts zur Untersuchung der chemischen Zusammensetzung von wachsenden
Aerosolpartikeln vorgestellt.

Elektrische Ladungen sind permanent in der Atmosphire vorhanden und liegen
tiberwiegend in Form von ionisierten Clustern vor. Das Vorhandensein einer Ladung in
einem Cluster erhoht sowohl dessen Stabilitit als auch die Kondensation von
Vorldufergasen mit einem Dipolmoment (z.B. Schwefelsdure) an das Cluster. Somit
spielen Ladungen bei der Partikelneubildung wahrscheinlich eine wichtige Rolle.

Zur Klidrung der Rolle von Ionen bei der Partikelneubildung wurden atmosphérische
Messdaten zu Ionen- und Partikelanzahlgrofenverteilungen analysiert. Die Messungen
wurden mit dem gleichen Geridtetyp (Neutrale Cluster und Luftionen Spektrometer —
NAIS) an vier verschiedenen Standorten durchgefiihrt. Das NAIS misst zeitgleich die
Anzahlgroenverteilungen ionischer Cluster ab einem Mobilitdtsdurchmesser von
~0.8nm, und die AnzahlgroBenverteilungen neutraler Partikel ab einem
Mobilitdtsdurchmesser von ~2 nm.

An zwei Standorten mit vermutlich hoher Vorlidufergaskonzentration konnte
regelmifig die Bildung von Ionen mit 2 nm Durchmesser deutlich vor der Entstehung
neutraler 2 nm Partikel beobachtet werden. Wihrend des folgenden Partikelwachstums
nahm der zeitliche Vorsprung der Ionen jedoch rasch ab, um schlieBlich ganz zu
verschwinden. Ab Durchmessern zwischen 10 und 20 nm hatten neutrale Partikel den
Durchmesser der Ionen erreicht. Somit wiesen neutrale Partikel gegeniiber den Ionen eine
erhohte ~ Wachstumsrate auf. An  Standorten mit  vermutlich  geringen
Vorldufergaskonzentrationen war der zeitliche Vorsprung der Ionen weniger stark
ausgeprdgt und die Wachstumsraten von Ionen und neutralen Partikeln wiesen kaum
Unterschiede auf.

Messungen am Standort Waldstein, NO Bayern, Deutschland, bildeten einen
besonderen Schwerpunkt dieser Arbeit, da vor Ort erhohte Ionenkonzentrationen und



hohe Vorlaufergaskonzentrationen vorliegen. Fiir Messungen am Waldstein wurde die
Entstehung neutraler Partikel aus der Rekombination gegensitzlich geladener Ionen
berechnet. Eine hohere Wachstumsrate der so entstandenen neutralen Partikel im
Vergleich zur Wachstumsrate der gemessenen Ionen war zu beobachten. Somit scheint
ein Ionen-beschleunigtes Wachstum die erhohte neutrale Wachstumsrate an Standorten
mit hohen Vorldufergaskonzentrationen erkliren zu konnen. An Standorten mit
geringeren Vorldufergaskonzentrationen scheint die Ionenrekombination jedoch keinen
erheblichen Einfluss auf das neutrale Partikelwachstum zu haben. Nichtsdestotrotz haben
Ionen an diesen Standorten einen erhohten Einfluss auf die initiale Bildung der Partikel.

Die chemische Zusammensetzung von neugebildeten Aerosolpartikeln gibt Aufschluss
tiber die Mechanismen des Partikelwachstums. Zur chemischen Analyse von Partikeln
mit Durchmessern unter 30 nm wurde, im Rahmen der vorliegenden Arbeit, ein Partikel-
interface fiir ein Flugzeitmassenspektrometer (ToF-MS) entwickelt. Der chemische
Analysator fiir geladene ultrafeine Partikel (CAChUP) wurde erfolgreich in
Laborexperimenten getestet und charakterisiert. Das Herzstiick des CAChUP ist eine
Sammeleinheit, in welcher geladene und groBenselektierte Partikel elektrostatisch auf
einem Metalldraht gesammelt werden. Sobald eine geniigende Partikelmasse auf dem
Draht abgeschieden wurde, wird der Draht langsam aufgeheizt und die Partikelprobe
somit verdampft. Die entstandene Gasphase wird per Elektronenstofl ionisiert und auf
ihre chemische Zusammensetzung im ToF-MS analysiert.

Zur Charakterisierung von CAChUP wurden zwei Experimenttypen durchgefiihrt: (1)
das direkte Aufbringen von bekannten Mengen Camphen auf den Sammeldraht und (2)
die Sammlung von sekundiren organischen Partikeln mit einem Durchmesser von 25 nm.
Direktes Aufbringen und folgendes Verdampfen von bekannten Mengen Camphen auf
den Draht resultierte in einer Nachweisgrenze von besser als 5ng. Fir die
Sammelexperimente wurden in einem Flussreaktor organische Partikel durch Ozonolyse
von Alpha-Pinen produziert und iiber verschieden lange Zeitrdume auf dem Draht
abgeschieden. Die erhaltenen Massenspektren sind vergleichbar mit publizierten Spektren
von grofleren Partikeln aus der Ozonolyse von Alpha-Pinen. Sammelzeiten unter 0.5
Stunden fiihrten zu keinem klaren Signal im Massenspektrometer. Eine Abschitzung der
gesammelten Masse iiber einen Zeitraum von 0.5 Stunden resultierte in 2.1 bis 2.6 ng.

CAChUP ist fiir weitere Laborexperimente bestens geriistet. Fiir den Einsatz bei
Feldexperimenten wurde eine Sensitivititsstudie durchgefiihrt, mit dem Ergebnis der
Notwendigkeit von ausgedehnten Sammelzeiten (8 Stunden fiir 20 nm Partikel). Der
Einsatz von CAChUP im Feld ist somit vorstellbar, allerdings nur bei
Neubildungsereignissen mit einer intensiven und langanhaltenden Neubildung von
Partikeln.
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1 Introduction

Aerosol particles in general

The suspension of fine liquid and solid particles in a gas is defined as an aerosol (Seinfeld
and Pandis, 2006). Such aerosol particles are a ubiquitous component of the earth’s
atmosphere. Typical aerosol particle concentrations in the troposphere vary between
300 cm® and 10000 cm® for very remote and strongly polluted environments,
respectively (Spracklen et al., 2010), while concentrations in the stratosphere are
significantly lower (< 0.5 cm™; Deshler, 2008). Aerosol particles appear in various
shapes. Therefore, several definitions for the particle size are used. In this work the size
of a particle will be defined by its electrical mobility diameter (e.g. Hinds, 1999). The
diameters of individual atmospheric aerosol particles cover a range of five orders of
magnitude, exhibiting diameters between ~2 nm and 100 pm. Typically, tropospheric
aerosol particles are composed of sea salt, soot, minerals, pollen, bacteria, sulfuric acid,
organic compounds or inorganic salts like ammonium nitrate and ammonium sulfate.
Mostly, single particles are a mixture of the mentioned components, as permanent
interaction among particles as well as interactions of particles with the available gas
phase components alter the particles’ composition.

The earth’s hydrological cycle is strongly depending on atmospheric particles. Cloud
formation at typical water vapor supersaturation is only possible in the presence of cloud
condensation nuclei (Pruppacher and Klett, 2010). Furthermore, particles have a strong
impact on the climate by interacting directly and indirectly with solar radiation (Boucher
et al., 2013). Direct interactions are the scattering and absorption of solar shortwave
radiation and planetary infrared radiation on the particle surfaces. Indirect effects are due
to modified cloud formation and cloud properties depending on the number of cloud
condensation and ice nuclei. Besides the global climate effects of aerosol particles there
are several local and individual effects on plants (Burkhardt et al., 2001; Stoorvogel et al.,
1997), animals and humans. The major impact on human life is the health effect (e.g.
Riickerl et al., 2011), as aerosol particles are continuously inhaled and may penetrate
deep into the respiratory system as far as the bloodstream, depending on their size and
shape (e.g. Geiser et al., 2005). Depending on their chemical composition and size, the
inhaled particles may cause severe damage to the human body (e.g. Pope and Dockery,
2006).

Generally, aerosol particles may be classified into two categories: primary aerosol
particles and secondary aerosol particles. Primary particles are emitted directly into the
atmosphere, for example as mineral dust, sea salt, smoke or pollen. Therefore, primary
particles are mostly found in the so-called accumulation and coarse modes. On the other
hand, secondary aerosol particles are formed in the atmosphere by clustering and
condensation of atmospheric trace gas components. Secondary aerosol particles are
initially of a very small diameter (~1.6 nm) and eventually grow to larger diameters.
Sources for secondary aerosol particles are mainly exhaust gases from industrial activity,
volcanoes as well as organic and inorganic emissions from the biosphere. To date,
secondary particles are thought to contribute largely to the global particle number
concentration (Merikanto et al., 2009), and therefore exhibiting an enormous impact on
the formation of clouds and their life time.



Particle nucleation

The initial nucleation of secondary aerosol particles as well as the mechanisms governing
the consecutive growth are not yet understood to a sufficient degree to reliably predict
new particle formation events (NPF events) in the atmosphere. The first formation of
“embryonic” particles is thought to happen due to clustering of precursor gas molecules
to form stable clusters (diameter range 1.3 — 1.5 nm at tropospheric conditions; Kulmala
et al., 2013; Zhang, 2010). The gas phase molecules involved in the initial clustering are
thought to be sulfuric acid, water, ammonia, amines and organic compounds (e.g.
Kulmala et al., 2013; Metzger et al., 2010). Once a thermodynamically stable cluster is
formed, it serves as a surface for the condensation of low volatile trace gases and an
intense growth can be observed (e.g. Kulmala et al., 2004; Manninen et al., 2009).
Growth by condensation and coagulation eventually results in the formation of persistent
aerosol particles. The gas species mainly involved in the growth processes are thought to
be oxidation products of volatile organic carbon species in natural environments (e.g. Ehn
et al., 2007; Kulmala et al., 2013; Riipinen et al., 2009; Smith et al., 2008). However, the
exact mechanisms and involved gas species for the initial nucleation and further growth
are still a topic of research.

Ions in new particle formation

A common phenomenon during NPF events is the simultaneous occurence of charged
particles (e.g. Gagné, 2011; Hirsikko et al., 2005; Iida et al., 2006; Manninen et al.,
2010). In the diameter range between 2 and 3 nm, the appearance of ionic particles was
observed before the much more intense formation of neutral particles occurred (Manninen
et al., 2010).

The presence of a charge in a molecular cluster will enhance its thermodynamic
stability, and therefore facilitate the formation of the initial nuclei (Lushnikov and
Kulmala, 2004; Winkler et al., 2008). Further, the growth by condensation of precursor
gases with a dipole (e.g. sulfuric acid) is enhanced by the presence of charges (e.g.
Nadykto and Yu, 2003). Finally, the collision probability between ions of opposite
polarity as well as among ions and neutral particles is enhanced (e.g. Hoppel and Frick,
1986; Tammet and Kulmala, 2005), resulting in an enhanced growth rate due to
coagulation. When ionic clusters are involved, enhanced coagulation may happen by ion
recombination or ion-particle attachment. Therefore, the formation and growth of
particles in the presence of ions is more probable and happening faster than in the pure
neutral case.

A requirement for the involvement of ions in NPF is of course a sufficient abundance of
charges in the atmosphere. This is very probable, as already discovered more than one
century ago, the earth’s atmosphere is an electrically conducting medium (Gerdien,
1905). According to their electrical mobility diameter, atmospheric ions are usually
classified into three classes: cluster ions (D, < 1.6 nm), intermediate ions (1.6 nm < Dy,
<7.4nm) and large ions (D,, >7.4nm) (Hirsikko et al., 2011). Cluster ions are
ubiquitous in the atmosphere, while larger ions do only occur during NPF events, rain and
snow events (e.g. Manninen et al., 2010; Tammet et al., 2009; Virkkula et al., 2007).
Major sources for cluster ions are the ionization via radioactive decay and cosmic
radiation (Hirsikko et al., 2011). Major sinks are recombination with ions of opposite



polarity, dry deposition and attachment to present aerosol particles (e.g. Tammet et al.,
2006). In the troposphere, usual cluster ion concentrations are in the range of a few
hundred cm™ up to a few thousands cm™ depending on the present sources and sinks
(Hirsikko et al., 2011). The limiting factor for the role of ions in atmospheric NPF is the
ionization rate, also often referred to as the cluster ion production rate. If the cluster ion
production rate is below the total particle formation rate, ions cannot be the only factor
triggering NPF. Typical particle formation rates in the planetary boundary layer are
between 0.1 and 10 cm™ s (Kulmala et al., 2004; Manninen et al., 2010) and cluster ion
formation rates are often in the range of 2 to 15 ion pairs cm™s™ (Hess, 1912; Hirsikko et
al., 2007b; Horrak et al., 2008; Laakso et al., 2004; Tammet et al., 2006). Therefore, ions
could be the driving factor in NPF in the planetary boundary layer, but this is certainly
depending on regional variations in cluster ionization and particle formation rates.

When ions are involved in NPF two terms are usually used: ion induced nucleation
(IIN) and ion mediated nucleation (IMN). IIN refers to particle formation happening in
the ionized particle fraction, hence, the particle formation on charged clusters while the
charge is conserved during particle growth. On the other hand, IMN does additionally
consider the interactions of ions with oppositely charged cluster ions, oppositely charged
particles and neutral clusters or particles. Thus, IMN includes the recombination and
attachment of ions and particles during NPF to form neutral and charged particles of a
somewhat greater diameter. IIN and IMN should not be considered as separate
mechanisms, as IMN includes IIN. IMN is very likely to contribute largely to the
formation of stable clusters and to a further particle growth.

For the last two decades the role of ions in NPF has been widely discussed (for reviews
see Enghoff and Svensmark (2008); Hirsikko et al. (2011); Kazil et al. (2008)).
Approaches to clarify this topic included field measurements (e.g. Boulon et al., 2010;
Gagné et al., 2010, 2012; Tida et al., 2006; Kontkanen et al., 2013; Laakso et al., 2007;
Manninen et al., 2010; Nieminen et al., 2011) and comprehensive computer based
modeling (e.g. Leppd et al., 2009; Yu, 2006). Results from measurements at different
field sites in Europe suggest a minor contribution of IIN (1-30 %) to total particle
formation (Manninen et al., 2010). Estimates of the magnitude of IMN to total NPF, on
basis of field measurements, was up to 13 % in the Finnish boreal forest (Kontkanen et
al., 2013) and about 22 % on the high elevation site Jungfaujoch (Boulon et al., 2010).
Modeling results, on the other hand, suggest IMN to be the major contributor to NPF (Yu
and Turco, 2008, 2011). The discrepancies between modeling and field measurement are
very difficult to assess, as both approaches are subject to various uncertainties. Theories
describing microphysical processes of particle formation, either with or without the
presence of a charge, are not all-encompassing while concentration measurements in the
relevant size range are prone to errors. Therefore, a lot of open questions remain
unsolved. For example, Manninen et al. (2010) observed an earlier formation of 2 nm
ions prior to the formation of neutral particles at different field sites around Europe,
without applying the role of their observation on NPF.

Chemical analysis of nucleation mode particles

The major factor limiting the knowledge regarding the composition of individual freshly
nucleated particles is their vanishingly small mass. For example, a spherical particle of
10 nm diameter (which experienced a lifespan of a few hours since its nucleation) does



exhibit a mass of less than one attogram (10"® g). An analysis for the molecular
composition of such small masses is extremely difficult, and only feasible with
sophisticated analytical instruments in a laboratory. An online analysis for the molecular
composition of single freshly nucleated particles in the field is not yet possible. Various
direct and indirect methods have been used during the last decade to obtain an insight into
the mechanisms governing new particle formation and the further growth processes.

Indirect approaches used to infer information on the chemical composition of
nucleation mode particles are for example: the measurement of precursor trace gas
concentrations during particle formation events, to thereby deduce the individual
contribution of single trace gases (e.g. Boy et al., 2008; Ehn et al., 2010; Jokinen et al.,
2012) or the determination of hygroscopic or volatility characteristics of particles (e.g.
Ehn et al.,, 2007; Riipinen et al., 2009) and therefore gaining information about the
chemical composition.

Direct approaches often comprise the collection of a sufficiently large particle sample
on a filter for a later analysis in the laboratory, e.g. by means of an impactor (e.g. Makela
et al., 2001). For a direct online measurement in the field, mass spectrometry is the tool of
choice, since it exhibits a sufficiently low detection limit and a time resolution high
enough to resolve atmospheric NPF events.

To date two instruments are reported to be capable to measure the chemical
composition of nucleation mode particles (diameter < 30 nm) directly in the field: the
thermal desorption chemical ionization mass spectrometer (TDCIMS; Held et al., 2009;
Smith et al., 2004; Voisin et al., 2003) and the nano aerosol mass spectrometer (NAMS;
Wang et al., 2006; Zordan et al., 2008). The NAMS is capable of analyzing the atomic
composition of particles down to diameters of 7 nm (Wang et al., 2006). Single charged
particles are trapped in an ion trap and ablated by a high energy laser pulse. Due to the
intense laser pulse the particle is decomposed into positively charged atomic ions. A
time-of-flight mass spectrometer (ToF-MS) eventually analyzes the atomic composition
of the particle. Consequently, the NAMS measures the atomic composition of nucleation
mode particles, with the drawback that molecular information is lost due to the high
energetic laser ablation. On the other hand, the TDCIMS is capable of analyzing the
molecular composition of a bulk of size selected nucleation mode particles. Particles are
charged, size selected and collected on a metal filament. Once a sufficient particle mass is
collected, the sample is thermally desorbed, the resultant gas phase is chemically ionized
and analyzed for its molecular composition in a mass spectrometer (Voisin et al., 2003).
The use of the soft chemical ionization method minimizes fragmentation of the
molecules, eventually allowing to obtain relatively clear information about the particle’s
molecular composition. Both instruments are custom built and individual. Therefore,
direct studies on the chemical composition of freshly nucleated particles are still very
rare.



2 Objectives

The goal of this thesis is to extend the knowledge of atmospheric new particle formation
(NPF), with a special focus on the role of air ions and the chemical composition of freshly
formed aerosol particles.

To assess the role of ions in atmospheric particle formation, ion and particle size spectra
measured during NPF events at four different locations are analyzed. The background
conditions of the four locations are very diverse, covering altitudes from 86 m to 3580 m
above sea level. Ionization sources, precursor gas concentrations and precursor gas
species are expected to differ significantly between the four field sites. Therefore, the
dynamics of ions and neutral particles measured quasi-simultaneously in the size range
where particle formation takes place will be analyzed to answer the following questions:

L Are ions required for the formation of secondary particles?

IL. Do neutral particles and ions show different dynamics during NPF, regarding
growth behaviour and formation rates?

III. Can the dynamics of ions and neutral particles provide evidence on the role
of ions in NPF?

To assess the chemical composition of freshly formed secondary aerosol particles, the
development and characterization of an instrument capable of analyzing particles with
diameters below 30 nm is presented. In particular, the following questions will be
addressed:

L Can secondary organic aerosol particles smaller than 30 nm in diameter be
successfully collected and analyzed with the new instrument?

II. Are obtained aerosol mass spectra comparable to mass spectra of larger
organic aerosol particles?

III. Is the current detection limit of the instrument sufficient for analyzing
organic aerosol compounds under typical field conditions?



3 Ion and neutral particle dynamics during
particle formation

In order to shed light on the earliest stages of NPF and the role of ions, simultaneous
atmospheric measurements of number size distributions of ions and neutral particles are
crucial. Therefore, measurements were conducted at the Waldstein field site of the
University of Bayreuth during summer 2012. The Waldstein site is known to have an
elevated background radioactive radiation due to high radon soil gas concentrations
(Kemski et al., 2001; Liiers et al., 2007). As radioactive decay is one of the major cluster
ion sources, the Waldstein site is a suitable location to analyze the influence of ions on
NPF. A further insight into the subject was obtained by analyzing additional data from
ion and particle measurements from three other locations around Europe.

In total, 49 NPF events at four field sites were analyzed for the influence of ions on
NPF. At all four sites the same type of instrumentation was used. The field sites are
described in more detail by Gonser et al. (2014b) and in Tab. 1. A remarkable difference
among the four sites is their altitude above sea level. The lowest site is located at 86 m
while the highest site is at 3580 m. The concentration of precursor gas species is expected
to differ significantly, as anthropogenic and vegetation influences are different between
the sites.

Tab. 1: Location, elevation, landscape type and observation periods of measurement sites. Table
from Gonser et al. (2014b).

#
Site Coordinates  Elevation Landscape type Observation period events

Melpitz 12.928°E Rural - Meadow / 07.05.2008 -

(MLP) 51.526°N 86 m forest 24.07.2009 19
Waldstein 11.864°E Rural - Coniferous 17.06.2012 -

(WST) 50.143°N 776 m forest 18.08.2012 8
Puy de 02.964°E Mountainous - 04.02.2011 -

Dome (PDD) 45.772°N 1465 m Meadow / Forest 01.12.2011 11
Jungfraujoch 07.985°E Mountainous - 09.04.2008 -

(JFJ) 46.548°N 3580 m snow covered 05.05.2009 11




3.1 Methods

New particle formation events were recorded at four locations in Europe (c.f. Tab.1). In
order to determine the role of ions in NPF measured from a fixed location, the observed
NPF events have to be of regional character.

In regional NPF events it is assumed that the formation of particles happens at the same
time over a large area. This assumption is necessary as newly formed particles are carried
with the moving air masses past the measuring instrument. A regional NPF event is
assumed to be present when the observed particle number size distributions show a
constant growth of the nucleating mode with time. Hirsikko et al. (2007) proposed a
classification scheme for NPF events according to visual parameters deduced from
contour plots of recorded number size distributions. According to this classification only
events from classes Ia and Ib where utilized for further analyses. Regarding data from
WST, meteorological data was also considered in order to evaluate the regionality. The
selection of regional NPF events resulted in a total number of 49 events.

Once a NPF event meets the criterion of being of regional character several parameters
can be calculated from the number size distributions. For our analysis, we calculated the
particle and ion growth rates (GR [nm h'']), the particle and ion formation rates (J [cm”
s']) between 2 and 3 nm diameter, the time difference (At [min]) of the first occurrence
of ions in comparison to the first occurrence of neutral particles, the number
concentration of cluster ions (N [cm'3]) and their production rate (Q [cm™ s']), and the
neutral particle number size distribution resulting from recombination of oppositely
charged ions as well as the growth rates of recombined neutral particles.

Instrumentation

In order to deduce information about the influence of ions on NPF, instrumentation with a
sufficiently low detection limit and an adequate time resolution is necessary. An
instrument capable to resolve NPF at its earliest stages is the neutral cluster and air ion
spectrometer (NAIS, Airel Itd, Estonia). NAIS instruments were deployed to all four
different field sites. The NAIS obtains information on ion number size distributions in the
diameter range from 0.8 to 42 nm, while total particle number size distributions (neutral
particles plus ions of both polarities) are measured in the diameter range from 2 to 42 nm
(Manninen et al., 2009b, 2011; Mirme and Mirme, 2013). Both number size distributions
are measured consecutively within the same instrument with a minimum time resolution
for both measurements of about three minutes. The operation principle of the NAIS is
comparable to other particle mobility size spectrometers, as electrical mobilities of
charged particles or clusters are analyzed by means of a known electric field within a
cylindrical capacitor. The cylindrical capacitor is usually denoted as a differential
mobility analyzer (DMA), paying tribute to the intentional variation of the electric field in
order to analyze particles with differing electrical mobilities. In contrast to most other
particle mobility instruments the NAIS is equipped with two DMAs in order to analyze
both ion polarities at the same time. Further, the DM As don’t comprise only one variable
electric field, but several constant electric fields of different field strengths. The different
electric fields are obtained by the geometry of the DMAs as well as by the applied
voltages (Mirme and Mirme, 2013). Therefore, a broad range of electrical mobilities can



be analyzed at the same time. Concentrations of clusters or particles of a known electrical
mobility are measured by means of 21 electrometers directly inside the DMAs.

Usually, the NAIS is operated in three different consecutive operation modes: (1) the
ion mode, (2) the particle mode and (3) the offset mode. In the ion mode (1), the aerosol
is introduced without any treatment to the two DMAs, therefore only naturally charged
particles and clusters are analyzed. For the particle mode (2), ambient particles are
unipolarly charged by means of a corona discharge and afterwards introduced into the
DMAs for mobility analysis. For the offset mode (3), an electrical filter is activated in
order to remove all charges from the sample. By this way the background noise of the
single electrometers is determined and subtracted from the measurement signals. The
unipolar charging of clusters and particles prior to the mobility analysis is accompanied
by some inevitable side effects: cluster ions are formed due to the corona discharge and a
considerable fraction of particles with mobility diameters above 20 nm carry more than
one elementary charge. Manninen et al. (2011) examined the mobility and composition of
the corona generated cluster ions, concluding that measurements for total particles below
a mobility diameter of 2 nm could not be distinguished reliably from the corona generated
ions. Multiple charges on particles with diameters above 20 nm hamper the mobility
analysis for these diameters. Therefore, particle diameters analyzed to a satisfying degree
in the particle mode are 2 to ~20 nm.

Asmi et al. (2009) and Gagné et al. (2011) reported of extensive intercomparison and
characterization studies of different NAIS instruments. Gagné et al. (2011) concluded that
mobility analysis of the NAIS instruments can be trusted, provided the instrument is clean
and no problems with the aerosol and sheath flows are present. Concentration
measurements, on the other hand, were subject to higher uncertainties. Especially, total
particle concentrations are overestimated by a factor of 2-3 (Gagné et al., 2011). A reason
for this could be the inversion routine of the instrument software. The inversion routine
assumes the aerosol to be in bipolar Fuchs-charge equilibrium (Fuchs, 1963;
Wiedensohler, 1988) prior to charging by the unipolar corona discharge (Kulmala et al.,
2012). This assumption is surely not given for small particle diameters (< 5 nm) during
NPF, as small particles were observed not to be in charge equilibrium during NPF (e.g.
Gagné et al., 2008; Iida et al., 2006; Laakso et al., 2007). Therefore, total particle number
concentrations have to be considered with care when evaluating data recorded with the
NAIS.

Growth rate

The GR describes the rate at which the mean diameter of a newly formed particle
population grows with time [nm h™']. The total observed, or apparent, GR includes the
growth by condensation of precursor gases, coagulation of newly formed particles with
each other as well as coagulation with the background aerosol particles.

The GR was calculated for neutral particles as well as for the ion fraction by means of
two different methods: the maximum concentration method (MCM) and the mode fitting
method (MFM) (e.g. Kulmala et al., 2012; Yli-Juuti et al., 2011).

For the MCM, particle concentration time series in defined diameter intervals (e.g. the
NAIS size bins) are searched for the time of maximum concentration. For increasing
diameters the maximum of concentration will appear at later times during NPF.
Therefore, the change of particle diameter with the time of maximum concentration is a



measure for the particle GR. As data obtained with the NAIS instruments in the field are
subject to artificial and natural fluctuations, the data have to be smoothed in order to
obtain a clear time of maximum concentration. The smoothing is performed by means of
a Savitzky-Golay smoothing algorithm (Savitzky and Golay, 1964), which fits a running
least square low degree polynomial to the concentration time series. By further Savitzky-
Golay smoothing of the found times of maximum concentration it is possible to deduce a
GR between single NAIS size bins. Additionally, linear least square regressions were
fitted to the times of maximum concentration in the diameter ranges 2-3 nm, 3-7 nm and
7-15 nm. The slopes of the fits give therefore the GR in the considered diameter interval.

The MFM on the other hand, fits a series of Gaussian log-normal distributions to the
number size distributions obtained for each measurement interval (Hussein et al., 2005).
From the log-normal distribution fitted to the growing mode the mean diameter can be
deduced. The GR is subsequently determined from the mean diameters at known times.
Again, linear least square fits were adapted to defined diameter intervals (2-3 nm, 3-7 nm
and 7-15 nm) in order to obtain GR for these intervals.

The two methods are not expected to give the exact same results for atmospheric NPF
events, as they consider NPF from two different perspectives. The MCM considers NPF
from a vertical perspective, providing a time of maximum concentration for every
considered diameter interval. The MFM on the other hand, considers NPF from a lateral
perspective, supplying a mean diameter for every time step but not necessarily for every
diameter. Further, if the contour plot does exhibit a broad base, hence small particles are
formed persistently over a rather long time period, both methods will deviate
considerably from each other (c.f. Fig. 6 a).

Time difference in occurrence of ions and neutral particles

During an intensive observation period in the frame of the EUCAARI campaign
(Kulmala et al., 2011), NPF was measured at several locations in Europe with a special
focus on the ion fraction. In this context, Manninen et al. (2010) observed a prior
formation of 2-3 nm ions to total particles in the same diameter range, giving rise to the
question which role this prior formation plays for NPF. To assess the observed prior
formation of ions we applied a cross correlation analysis to the data recorded with the
NAIS instruments. The cross correlation method compares the similarity of two time
series with respect to a possibly present time lag. Therefore, this method was chosen to
identify the time of advance At [min] of ion occurrence in comparison to neutral particle
occurrence, for every NAIS size channel. To illustrate the method, Fig. 1 shows the
concentration time series for ions and total particles in five NAIS size bins for a NPF
event at WST.
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Fig. 1: Temporal evolution of total particle concentrations as well as positive and negative ion
concentrations during a NPF event on 12 August 2012 at WST. Shown are concentrations in
diameter ranges of (a) 1.8-2.1 nm, (b) 3.7-4.3 nm, (c) 7.6-8.8 nm, (d) 13.6— 15.7 nm and (e)
21.1-24.5 nm. Additionally shown is an illustration of the time difference in occurrence of
positive ions and total particles (red shaded area). Data was smoothed for illustrational purpose.
Figure adapted from Gonser et al. (2014a).

Particle formation- and ionization rates

The particle formation rate J is defined as the number concentration of particles growing
into a defined diameter interval per second [cm'3 s']. In most cases, the diameter interval
is chosen to be 2 to 3 nm as particles in this interval are very likely to eventually
experience an intense growth. J was calculated according to equations 9 and 10 from
Kulmala et al. (2012). Examples for the progression of J for ions and neutral particles
during a NPF at the four locations are shown in Fig. 3.
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The ionization rate or cluster ion production rate Q [cm'3 s is an essential factor for the
role of ions in NPF. Q was calculated according to the simplified balance equation
proposed by Hoppel and Frick (1986). It assumes the recombination of cluster ions of
opposite polarity and the attachment of cluster ions to the background aerosol as the only
ion sinks. This assumption is not fully adequate as more sinks are surely present in the
planetary boundary layer. Horrak et al. (2008) estimated the real ion production rates to
be about a factor of 2 higher than the values deduced with the simplified balance
equation. The balance equation was extended in the present work as concentration
symmetry of positive and negative cluster ions were not assumed and size dependent
recombination and attachment coefficients were utilized. The balance equation in steady
state is:

Q* = Xjk N} Ny + X BijpiNi Ni-. (1)

Here, j and k represent the size classes below a diameter of 1.6 nm, N]-+ and Ny are

positive and negative ion concentrations in size class j and k, and N;j is the concentration
of neutral particles in size class i.

Ion recombination

The probability for recombination of ions with opposite polarity is enhanced in
comparison to pure neutral coagulation. The recombination of ions of opposing polarity
will result in the formation of a somewhat larger neutral particle. Therefore, a fraction of
neutral particles during NPF may originate from ion-ion recombination. Kontkanen et al.
(2013) proposed a formulation to evaluate the contribution of recombination during NPF
on neutral particle concentrations with diameters below 2.1 nm. For the present work, the
formulation by Kontkanen et al. (2013) was extended to calculate the recombination of
ions with diameters up to 42 nm (Gonser et al., 2014a):

dNj®€ N rec GRi—1
ar = ZikTjkageNj Ny + NiZ3 =08 —

N7e< ((Coag$; + CharS;’ + CharS; + %) )

The balance equation (2) for neutral particles generated by ion recombination consists of
two source terms (first and second term) and four sink terms (third to sixth term). Sources

for recombined particles N;j °© in size class i are the recombination of positive ions N]-+ and
GRj_;
A

negative ions Ny in size classes j and k, and the growth of recombined particles

N;i£{ from size class i — 1 into size class i. The sink terms are the coagulation sink CoagsS;
(Kulmala et al., 2012; Tammet and Kulmala, 2005), the positive and negative charging

. . . GRj . . . . .
sinks CharSii and the growth sink E of recombined particles growing out of size class i.

Ijk is a coefficient allocating the resulting recombined neutral particles to size class i by
assuming spherical ions with a given density, and oy is the size dependent recombination

coefficient for size classes j and k.
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According to Horrak et al. (2008) the charging sink for neutral particles in size class 1 is:
CharS{" = p; ¥; BN (3)

where p; is the probability of a particle in size class i to carry one elementary charge and
Bjj is the size dependent attachment coefficient.

To assess the contribution of recombined particles to NPF, the number size distributions
deduced from Eq. 2 may be compared to the measured neutral particle number size
distributions. However, this is not thought to be reasonable as neutral particle number
concentrations from NAIS measurements are most probably overestimated by a factor of
2-3 (Gagné et al., 2011). The measured mobilities are more reliable (Gagné et al., 2011).
Therefore, the GR of the recombined neutral particles is expected to be a better measure
to evaluate the influence of recombination on NPF. The GR of the recombined neutral
particles was determined by means of the MCM.

3.2 Results

Timing of ions and neutral particles

Manninen et al. (2010) observed an earlier formation of 2 nm ions prior to the formation
of 2 nm neutral particles at different locations in Europe. We analyzed data from four
locations around Europe, with a distinct gradient in altitude above sea level and
presumably varying precursor species and concentrations, for the occurrence of ions and
neutral particles during NPF. At all four sites, the cross correlation analyses showed a
prior formation of ions compared to neutral particles (Fig. 2).

A further pattern of the occurrence of ions and neutral particles was a rapid decrease of
At with increasing particle diameter. The highest median At of 2-3 nm ions could be
observed at the field sites MLP and WST. Both sites exhibited a median advance of 25 to
30 minutes (cf. Tab. 2).

Tab. 2: Median values of 2-3 nm formation rate J [cm™ s™] and 2-3 nm growth rate GR [nm h™]
for neutral particles, negative and positive ions, respectively; time difference in first occurrence
of ions and neutral particles At [min] in the diameter interval of 2-3 nm, and negative and
positive cluster ion concentrations Ny [cm'3]. Growth rates are determined by means of the
maximum concentration method. Table from Gonser et al. (2014b).

Location Jneut Jneg Jpos G Rneut G Rneg G Rpos Atneg Atpos Nclus neg Nclus pos

MLP 13.3 0.010 0.012 5.1 2.8 2.8 30 25 176 185
WST 3.0 0.012 0.027 6.4 3.2 3.5 30 27 145 338
PDD 0.4 0.009 0.023 21 1.6 2.0 2 9 132 419
JFJ 0.4 0.022 0.020 3.7 3.7 3.1 14 17 166 383
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The clearest advances, according to the cross correlation analyses, showed NPF events at
MLP and JFJ. Both sites exhibited only minor variations around the median values (cf.
Fig. 2). At JFJ the median 2-3 nm ion advance was 14 to 17 minutes for negative and
positive ions, respectively. The lowest At was observed at PDD, where negative and
positive ions occurred in median only 2 and 9 minutes prior to neutral particles,
respectively. Regarding the rate of decrease of At with growing particle diameter, WST
showed the slowest decrease, reaching At values around zero at diameters of about 10 to
20 nm. All other sites showed a decrease of At with increasing particle diameter, reaching
At values around zero at about 5 to 10 nm diameter.

Moreover, from Fig. 2 a remarkable broadening of the 25" and 75™ percentile interval
is visible, when small particle diameters are considered. Therefore, the results from the
cross correlation at small diameters have to be considered with caution.

The temporal advance can also be seen in the 2-3 nm formation rates. Figure 3 shows
exemplary NPF events at the four sites, in panels b, e, h and k, the formation rates for
ions and particles are depicted. For both lower altitude sites (MLP and WST) a very clear
prior ion formation is visible, while at PDD and JFJ the advance is less obvious, probably
due to strong fluctuations in the neutral particle formation rate. The fluctuations are
expected to have an impact on the cross correlation analysis, visible also from the broad
percentile interval of At at small diameters in Fig. 2. Further, the cross correlation results
at JEJ and PDD are in contrast to the findings of Manninen et al. (2010). They reported of
an earlier formation at MLP but no visible prior formation during NPF at JFJ.
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Fig. 2: Median values of the size dependent time difference At at Melpitz (a, b), Waldstein (c, d),
Puy de Dome (d, f) and Jungfraujoch (g, h) for positive and negative ions during all analyzed NPF
events. Shaded areas represent the 25" and 75" percentile. Figure from Gonser et al. (2014b).
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Fig. 3: Exemplary NPF events at Melpitz (a, c), Waldstein (d, f), Puy de Déme (g, i) and Jungfraujoch (j, I) for neutral particles and positive ions as
measured with different NAIS instruments. Additionally, the formation rates in the diameter interval 2-3 nm for neutral, negative and positive ions
are shown (b, e, h, k). Figure from Gonser et al. (2014b).
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Growth rate differences

GR analysis with the maximum concentration method (MCM) at the four field sites
resulted in generally enhanced neutral GRs for the lower altitude sites (MLP and WST)
compared to the higher altitude sites (PDD and JFJ; cf. Tab. 3). Another typical pattern
for the MCM at MLP and WST are generally higher neutral GRs in comparison to ion
GRs. At PDD and JFJ on the other hand, ion and neutral GRs determined with the MCM
are in the same range. The mode fitting method (MFM) did mostly not result in
reasonable results for the diameter range between 2-3 nm. Further, the MFM showed not
the same differences between neutral and ionic GRs as the MCM. For the diameter range
between 3-7 nm the MFM gave enhanced ion GRs compared to the neutral GRs at all
considered field sites (cf. Tab. 3). In the diameter range 7-15 nm ion and neutral GRs
determined with the MFM were of comparable magnitudes. The generally elevated
neutral GRs, as visible from the MCM at lower altitude sites compared to high altitude
sites, are not visible in the 3-7 nm diameter range for the MFM. Nevertheless, the MFM
showed enhanced neutral GRs at MLP and WST when the diameter range 7-15 nm was
considered.

In general, the MCM did result in higher GRs than the MFM. The differences between
the two methods were up to one order of magnitude in extreme cases for the 3-7 nm
diameter range (cf. Tab. 3). At larger diameters the differences were less distinct. Fig. 4
shows exemplary NPF events at the four field sites with the results of the two applied GR
methods.

Tab. 3: Median growth rates [nm h™'] for neutral particles, negative and positive ions for diameter
ranges 2-3 nm, 3-7 nm and 7-15 nm for the maximum concentration method (MCM) and the
mode fitting method (MFM) at the four field sites. For missing values the respective method gave
no results. Table from Gonser et al. (2014b).

23nm  MFMpewr  MCMpew  MFMpee  MCMgeg MFMgos  MCMoos
MLP - 5.1 0.8 2.8 5.7 2.8
WST - 6.4 - 3.2 - 3.5
PDD 3.4 2.1 2.0 1.6 1.7 2.0

JF) 0.9 3.7 2.6 3.7 4.7 3.1
3-7nm  MFMpew  MCMpew  MFMo;  MCMoe MFMgos  MCMoos
MLP 0.7 7.8 3.2 4.7 3.1 4.9
WST 1.4 11.1 3.5 6.0 4.0 5.6
PDD 1.4 3.3 2.9 3.4 3.4 3.5

JF) 1.4 6.9 - 6.0 7.4 5.4
7-150m MFMpewr  MCMpew  MFMp;  MCMoe MFMgos  MCMoos
MLP 4.8 12.0 5.1 9.9 4.8 9.9
WST 4.2 16.4 4.7 12.0 3.7 10.1
PDD 2.5 8.2 1.9 8.7 3.3 7.1

JF) 2.7 13.3 2.4 11.1 2.2 11.4
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Fig. 4: Exemplary NPF events at Melpitz (a, b, c), Waldstein (d, e, f), Puy de Dome (g, h, i) and Jungfraujoch (j, k, I) for neutral particles, as well as negative and
positive ions measured with different NAIS instruments. Additionally, times of maximum concentration with linear fits for the maximum concentration
method (black crosses and lines) and the maxima of the growing modes with their linear fits for the mode fitting method (blue crosses and lines) are shown.
Figure from Gonser et al. (2014b).
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For measurements conducted at WST the neutral particle number size distribution
originating from recombination of oppositely charged ions was calculated. An exemplary
contour plot of the resultant recombined fraction is shown in Fig. 2 in Gonser et al.
(2014a). Further, the MCM method was applied to the neutral recombined particle
number size distributions, in order to determine GR of recombined particles. GR of
recombined neutral particles was clearly elevated in comparison to GRs of the two ion
polarities (Gonser et al., 2014a). Fig. 5 shows the median GRs of ions, neutral particles
and recombined neutral particles as a function of particle diameter, determined for all 8
considered NPF events at WST. The median GR of recombined particles smaller than
7 nm is elevated compared to ion GRs, but still below the observed total particle GR.
Therefore, ion recombination is likely to be a factor influencing the observed higher GRs
of the total particles at WST.

30 —r r r . r T T T T T T T
= Total particles H
= Negative ions

| == Positive ions

Recombined particles :

GR [nm h™']

Dp [nm]

Fig. 5: Median growth rates of negative ions, positive ions, total particles and recombined neutral
particles determined from NAIS measurements of 8 selected NPF events at WST during summer
2012. Hatched areas denote the 25" and 75™ percentile. Figure adapted from Gonser et al.
(2014a).
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3.3 Discussion

New particle formation (NPF) at MLP and WST generally showed comparable patterns.
NPF events at both sites were very intense, 2 nm ions occurred well before neutral
particles, GRs of neutral particles were elevated in comparison to ion GRs and the first
neutral particles to appear often exhibited diameters above 2 nm (cf. Tab. 2, Fig. 2, Fig. 3
and Fig. 4). As measurements at MLP were conducted over the period of more than one
year (cf. Tab. 1), a high number of NPF events were observed at this field site. The
benefit from such a long dataset is the availability of a few very clear and undisturbed
“ideal” events. Fig. 6 depicts such an “ideal” NPF event on 31 August, 2008, with wind
speed, solar radiation, air temperature, relative humidity and ozone concentration
exhibiting smooth and continuous progressions over the day, and a constant wind
direction from the east. Therefore, this event will be used as a representative example to
discuss dynamics of ions and neutral particles at MLP and WST. Clearly visible during
this event is the first occurrence of neutral particles larger than 2 nm in diameter and a
persistent formation of 2 nm particles over the course of about four hours. Striking is also
the most intense 2-3 nm neutral particle formation about 2 hours after the onset of the
event. It is also from this time on that the most intense neutral particle growth can be
observed (black curve in Fig. 6). On the other hand, the maximum ion formation is
occurring about one hour before the maximum of neutral particle formation.

The observed patterns in the ionic and neutral particle formation suggest NPF at MLP
and WST to be a dynamic process, with several factors influencing the intense formation
of neutral particles. The high altitude sites did not show the persistent 2 nm neutral
particle formation and the prior occurrence of the ion fraction to the same extent as the
low altitude sites.

A major difference among the sites is presumably the availability of precursor gas
sources. PDD and JFJ are expected to exhibit rather low precursor gas concentrations as
both sites are influenced by free tropospheric air during the night. Only during daytime,
air from the planetary boundary layer reaches the sites (Lugauer et al., 2000; Venzac et
al., 2009). On the other hand, both MLP and WST exhibit several precursor gas sources
in their surroundings (e.g. forests). Therefore, the often observed persistent 2 nm neutral
particle formation at MLP and WST is thought to be related to changes in precursor gas
chemistry and a rise in precursor concentrations during the course of NPF. However,
these changes have to be of a sufficient magnitude to surpass the present condensational
sink of the already present growing particles. If the increase in precursor gas
concentrations is too low, the available gas phase will solely condense to the present
particles instead of contributing to the intense formation of 2 nm neutral particles.
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Fig. 6: Contour plot of a NPF-event recorded with the NAIS at Melpitz on 31 August ,2008. Shown
are (a) neutral particles, (b) negative ions, (c) positive ions and (d) the 2-3 nm formation rates J
for neutral, negative and positive particles. Additionally shown are the times of maximum
concentration and linear fits in the diameters 2-3 nm, 3-7 nm and 7-15 nm as determined with
the maximum concentration method (black crosses and lines). Blue crosses represent the results
from the mode fitting method, linear fits are shown for the diameters 3-7 nm and 7-15 nm (blue
lines). The slopes of the linear fits represent the GR [nm h™]. Figure adapted from Gonser et al.
(2014b).

Further, the growth of the neutral particles may be accelerated by recombination of
cluster ions with the earlier formed intermediate ions of opposite polarity. Fig. 7 displays
a conceptual mechanism likely to accelerate neutral particle growth during NPF, as
proposed by Gonser et al. (2014a). The top panels show the permanent pool of positive
cluster ions (red) as well as the initially formed negative intermediate ions (blue). The
bottom panels represent the neutral particle fraction. Fig. 7 panel (a) shows the
recombination of the initially occurring negative intermediate ions with positive cluster
ions, to form small neutral particles at conditions not yet favorable for neutral particle
formation. Therefore, the resulting neutral particles are likely to evaporate. Once
sufficient precursor gas molecules are available for an intense formation of neutral
particles (Fig. 7 panel b), the intermediate ions have already grow to larger diameters.
Now, the recombination will result in stable neutral particles as enough precursor
molecules are available to prevent the particles from evaporation and the recombined
particles exhibit diameters of a thermodynamically stable size. As the recombined neutral
particles are somewhat larger in diameter than the freshly formed neutral particle
population they will contribute to an acceleration of the neutral particle population’s
apparent GR (Fig. 7 panels b and c).
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Fig. 7: Conceptual model of the influence of cluster ion recombination and attachment at
different stages of particle nucleation and growth (a-d). Permanently available positive cluster
ions are denoted in red, the negative growing mode in blue and neutral particle modes in black.
The black and red arrows denote the generation of neutral and charged particles, respectively.
The thickness of the arrows and dashed lines denotes the prevailing mechanism. Numerals
indicate the orders of magnitude of the number concentrations of the respective modes. Figure
from Gonser et al. (2014a).

On the other hand, the withdrawal of intermediate ions from the ion population through
recombination, and the formation of intermediate ions by attachment of cluster ions to the
smaller neutral particles, results in an apparent deceleration of the intermediate ion GR
(Fig. 7 panels b and c). Therefore, after some time both the ionic and the neutral
population approach the same mean diameter and no further acceleration of the neutral
GR is apparent (Fig. 7 panel d).

Most probably, the persistent formation and enhanced GR of neutral particles at MLP
and WST are induced by both mechanisms, the change in precursor chemistry and
concentration as well as by ion accelerated growth.

At PDD and JF]J, differences in GRs of ions and neutral particles were not observed to
the same extent as at MLP and WST. Further, the ion fraction at PDD and JFJ did not
occur with a comparable temporal advance prior to neutral particle occurrence. Finally, a
persistent formation of 2 nm particles, as often observed at MLP and WST, was not often
visible at PDD and JFJ. Therefore, the above suggested mechanisms are not likely to play
a role for NPF at more remote sites. Nevertheless, ions seem to play a considerable role at
JFJ. Boulon et al. (2010) report of ion mediated nucleation to contribute 22 % to NPF at
JFJ. However, the high relative contribution of ions to NPF at JFJ is not caused by
especially high ion formation rates but rather by the comparably low neutral formation
rates. Therefore, PDD is also expected to exhibit high contributions of ions to NPF, also
at this site neutral particle formation rates are relatively low while ion formation rates are
in the same range as at the other sites.

A reason for the large differences among the two GR methods at MLP and WST is
thought to be due to the patterns governing neutral particle formation at these sites.
Neutral particle formation at MLP and WST mostly began at diameters well above 2 nm,
and after the first occurrence of neutral particles a persistent formation of 2 nm particles
was often observed. Therefore, the contour plots result in a rather broad based particle
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banana (cf. Fig. 6 a). As the two methods use different approaches to determine the GR,
the shape of the NPF event has a considerable influence on the results. While the MCM
uses a vertical approach, considering each measured diameter interval to find a time of
maximum concentration, the MFM considers the NPF event horizontally, with the course
of time. Depending on the shape of the NPF event, the MFM will not always find a
solution for the smallest measured particle diameters. Further, the persistent formation of
2 nm neutral particles shifts the results of the MFM towards lower GRs. In extreme cases,
the GRs of both methods varied by up to one order of magnitude (cf. Tab. 3), while still
giving visually reasonable results (cf. Fig. 6).

Ion and neutral GRs determined at the high altitude sites were observed to be similar to
each other (cf. Tab. 3). Even though the two methods exhibit differences among each
other, within the two methods ion and neutral GRs were of comparable magnitude at
PDD and JFJ.

As both GR methods give reasonable results at all field sites it remains unclear which
method better represents the “real” growth of the neutral particle population below a
diameter of 10 nm. Despite the differences among the two methods, it is crucial to
determine ion and neutral particle GRs separately at sites with high precursor gas
concentrations, as considerable differences among the two fractions may be present.
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4 Mass spectrometry of nucleation mode
particles

A major factor limiting today’s knowledge of the chemical processes governing NPF and
particle growth is the lack of appropriate instrumentation for the online analysis of
particles with diameters below 30 nm. It is a challenging task to analyze the chemical
composition of particles with diameters below 30 nm due to the vanishing small mass of
individual particles, being close to the analytical detection limits. A promising analytical
method exhibiting detection limits low enough for this task is mass spectrometry.
Therefore, a time of flight mass spectrometer (ToF-MS) is used to measure the chemical
composition of nucleation mode particles.

4.1 Chemical analyzer for charged ultrafine particles

In order to shed light on the chemical composition of nucleation mode particles, a particle
interface for a mass spectrometer was developed, allowing to determine the chemical
composition of particles with diameters below 30 nm (Gonser and Held, 2013). The
instrument is in principle comparable to the thermal desorption chemical ionization mass
spectrometer (TDCIMS; Voisin et al., 2003), as it charges, sizes, collects and desorbs a
bulk particle sample, to finally analyze its molecular composition in a ToF-MS. The
working principle of the chemical analyzer for charged ultrafine particles (CAChUP) and
its components are described below. A sketch of the components forming the CAChUP is
shown in Fig. 8.

24



DC HV supply

Aerosol

DC HV supply

Fil. current supply|

TOF-MS

Electron | Fused silica
Ilonization capillary

CPC

ump

Fig. 8: Sketch of CAChUP, with unipolar charger, radial differential mobility analyzer (rDMA),
collection unit and time of flight mass spectrometer (ToF-MS). The condensation particle counter
(CPC) is located downstream of the collection unit to determine the number of collected
particles. The gas phase resulting from particle desorption in the collection unit is transferred via
a heated fused silica capillary to the ionization unit of the ToF-MS. Figure from Gonser and Held
(2013).

Particle charging

Particles are collected electrostatically on a NiCr filament in the CAChUP. Therefore,
only charged particles may be analyzed for their chemical composition in the ToF-MS.
Additionally, an accurate size selection in a differential mobility analyzer does require the
particles to carry one elementary charge. Therefore, CAChUP is equipped with a
charging unit (cf. Fig. 8), charging the particles via diffusion charging (Hinds, 1999). For
this purpose two different charger types are available, either a bipolar radioactive charger
or a unipolar corona discharge charger. Both chargers exhibit individual advantages as
well as some drawbacks. The custom built unipolar corona charger (Han et al., 2008) is
able to charge particles at typical ambient concentrations with a relatively high efficiency
(cf. Fig. 2 in Gonser and Held (2013)). Charging particles in a unipolar ion environment
was observed to result in a considerable amount of multiple charges carried by the
particles (Gonser and Held, 2013). Therefore, an electrostatic size selection of a single
desired particle diameter is not possible with the current setup. Further, the corona
charger is not able to efficiently charge aerosols with very high particle number
concentrations (> 10° cm™). This is especially relevant when conducting laboratory
experiments. On the other hand, the radioactive charger produces only negligible multiple
charges for particles with diameters below 30 nm (e.g. Wiedensohler, 1988), but exhibits
a low charging efficiency for one polarity (cf. Fig. 2 in Gonser and Held (2013)).
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Nevertheless, the charging efficiency of the bipolar radioactive charger is nearly
independent of particle number concentrations up to 10° cm™. Further, transportation
regulations of radioactive material are very strict, making field measurements difficult.
Therefore, the radioactive charger is ideal for laboratory measurements with high particle
number concentrations, while the corona charger is better fitted for measurements in the
field.

Particle size selection

In order to analyze particles of only one defined size range for their chemical composition
particle size selection is accomplished electrostatically, in a radial differential mobility
analyzer ({fDMA). An rDMA separates particles according to their electrical mobility
diameter by exposing the laminar particle flow to a freely selectable electric field between
two circular electrodes. The rDMA used in CAChUP is custom built and based on the
design of Zhang et al. (1995) and Zhang and Flagan (1996), optimized to select particles
in the diameter range of 1 to 100 nm. The rDMA selects quasi mono disperse particle
distributions (geometric standard deviation of 1.09) from a bulk particle population
carrying one elementary charge on each particle (cf. Fig. 3 in Gonser and Held (2013)).

Particle collection and desorption

To collect the charged and sized particles, the sample is introduced into the collection unit
(Fig. 9). The unit is of a circular design with the particles entering from an annular gap at
the edge of the collection unit (No. 6 in Fig. 9). Within the unit, a NiCr filament serves to
collect the particles. Particles are electrostatically precipitated onto the filament as it is
biased with a high voltage. The collection efficiency depends on particle size, sample
flow rate and applied voltage. At a flow rate of one liter per minute and a voltage of 4 kV,
Berberich (2014) reported of a collection efficiency variation between 28 and 52 % for
particles with diameters of 59 and 20 nm, respectively. However, when the collection
voltage is increased to 5 kV the collection efficiency increases to values above 95 %.
Once a sufficiently large sample is collected, the filament is transported, by means of a
movable polyetheretherketone (PEEK) piston, to the desorption region of the sampling
unit. During particle collection the desorption chamber and the NiCr filament are
permanently flushed with molecular nitrogen to prevent contamination by gas phase
components. The desorption region is a conical cavity made of aluminum forming an air
tight volume (~0.4 cm?3) once the NiCr filament is in desorption position. Finally, the
collected sample is desorbed by heating the desorption chamber’s walls up to 200 °C and
eventually resistively heating the filament, by applying up to 3 A at 5 V, to a maximum
temperature of about 800 °C.
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To estimate the collected particle number, a condensation particle counter (CPC) is
attached downstream of the collection unit’s exhaust. The collected number of particles is
the measured particle number concentration with no voltage applied to the collection
filament minus the concentration with a voltage applied to the filament, multiplied with
the sampled air volume. This approach is only valid if the particle number concentration
entering the collection unit remains constant over the whole collection phase.
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Fig. 9: Schematic of the radial collection and desorption unit with NiCr filament in collection
position: (1) collection region, (2) desorption region, (3) collection tube, (4) PEEK piston, (5)
collection filament, (6) aerosol inlet, (7) collection flushing inlet, (8) desorption flushing inlet, (9)
exhaust and (10) screw connection for transfer capillary. Positions of O-rings are shown in black.
Figure from Gonser and Held (2013).
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Chemical analysis

The desorbed particle sample is introduced to the electron impact ionization source of the
ToF-MS for ionization and the eventual mass spectrometric analysis. The transport of the
sample from ambient pressure to high vacuum (10° mbar) within the ToF-MS is
conducted via a deactivated fused silica capillary, with an inner diameter of 25 um. To
minimize losses in the capillary the whole transfer line is heated to 200 °C. Electron
impact ionization of the gas phase sample is performed with standard 70 eV, therefore the
fragmentation patterns for several molecules are known. In the aerosol mass spectrometer
(AMS; Aerodyne Research Inc., Billerica, MA, USA) the same ionization type and
energy is used. Therefore several methods have been developed for the AMS to
determine chemical particle compositions on basis of the molecular fragmentation
patterns (e.g. Allan et al., 2004). The used mass spectrometer for CAChUP is a compact
time of flight mass spectrometer (CTOF; Tofwerk AG, Thun, Switzerland), yielding a
mass resolving power of 800 Th and a mass accuracy of better than 100 ppm. Typically,
the recorded mass spectra are averaged to obtain a time resolution of one second and
saved in a hierarchical data format (HDFS5).

4.2 Characterization

In order to characterize the detection limit as well as the capability to collect and detect
particles, laboratory experiments were performed with CAChUP. The detection limit was
assessed by manual application of known masses of camphene (C,0Hs) to the NiCr
filament. For this purpose, a dilution series of differently concentrated camphene-ethanol
solutions was produced. 1 pL of the solution was applied to the filament by means of a
5 uL syringe, through an aperture in the housing of the sampling unit. Following the
application, the desorption filament was moved to the heated desorption region (80° C),
in order to desorb the gas phase for the eventual analysis in the ToF-MS. Fig. 10 shows
the results of the camphene application experiments. Camphene masses of 5 ng to 5 ug
applied to the filament showed a near to linear relation in the signal intensity of the ToF-
MS. Applied camphene masses below 5 ng did not result in clear mass spectra.
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Fig. 10: Detection performance of CAChUP for different camphene masses applied to the
desorption filament. Normalized signal intensity equals the sum of the integrated peak areas of
m/z 93, 121 and 136 normalized with m/z 207 (for further detail see Gonser and Held (2013)).
Open cycles denote the mean signal intensity and the error bars show the standard deviation. A
linear fit curve is shown to indicate the near to linear behavior of the signal. Figure from Gonser
and Held (2013).

To characterize the capability of CAChUP to analyze the composition of particles with
diameters below 30 nm, secondary organic aerosol (SOA) was produced in the
laboratory, and collected and analyzed with CAChUP. SOA was produced by means of a
laminar flow tube reactor for dark ozonolysis of alpha-pinene, similar to the work of
Tolocka et al. (2006). Therefore, alpha-pinene vapor was introduced together with ozone
into a flow tube reactor with a volume of about 10 cm3. The alpha-pinene mixing ratio in
the tube was estimated to be about 250 ppm. The ozone concentration was measured in
the absence of alpha-pinene by means of an ozone monitor (Model 49i; Thermo
Scientific, Franklin, MA, USA) and exhibited a mixing ratio of 13 ppm. These mixing
ratios at a residence time of 0.5 s in the flow reactor resulted in a narrow particle number
size distribution with a mean diameter of 31 nm. In order to remove the excess organic
gas phase and ozone at the outlet of the flow tube a charcoal denuder was mounted in
front of the radioactive bipolar charger. Nevertheless, the sample flow still contained a
considerable amount of gas phase precursors, as was visible in the ToF-MS signal when
turning off the desorption chamber’s nitrogen purge flow. Therefore, a background
experiment was necessary prior to every collection experiment, in order to remove the
potential influence of the gas phase from the measured spectra. Fig. 6 in Gonser and Held
(2013) depicts a typical procedure of background and collection experiments.

Unit mass resolution mass spectra from three collection experiments of particles with a
diameter of 25 nm are shown in Fig. 11. The Mass spectra correspond well to published
SOA mass spectra obtained with the AMS from dark ozonolysis of alpha-pinene

29



(Chhabra et al., 2010; Shilling et al., 2009). For the three presented experiments the
collection time was varied. In Fig. 11 mass spectra for collection times of 0.5 h (a), 1 h
(b) and 2 h (c) are shown. The lower panel in Fig. 11 shows the sum of the signal
intensity of the molecular masses 55, 65, 77 and 91 as a function of collection time. The
increase in signal intensity with collection time is near to linearity, deviations from
linearity could be due to variations in collection efficiency as well as to variations in the
number concentrations of the particles generated in the flow tube (Gonser and Held,
2013).

Estimates of the collected masses during the collection experiments are 2.1-2.6, 4.0-5.0
and 5.3-6.5 ng for 0.5, 1 and 2 h collection periods, respectively (Gonser and Held, 2013).
Therefore, the detection limit of CAChUP for organic compounds is thought to be below
2 ng. For compounds exhibiting a smaller number of fragments due to electron impact
ionization at 70 eV, the detection capabilities could be substantially better.
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Fig. 11: Mass spectra of organic particles with a diameter of 25 nm from dark ozonolysis of alpha-
pinene; (a), (b) and (c) are spectra after collection times of 0.5, 1 and 2 h, respectively. The lower
panel (d) shows the sum of the signal intensities of four major peaks (m/z 55, 65, 77 and 91) in
relation to the collection time. Figure from Gonser and Held (2013).
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5 Conclusions and outlook

In this thesis, considerable effort has been put into a better understanding of atmospheric
new particle formation (NPF). This was done by analyzing atmospheric NPF events,

measured at different locations, for the dynamics of ions and neutral particles (Gonser et
al., 2014a, 2014b), and by developing an appropriate measurement technique for the
chemical analysis of ultrafine particles (Gonser and Held, 2013).

Regarding the role of ions in NPF the major conclusions are:

L

II.

III.

From the analyzed data, ions did not appear to be essential for the formation
of secondary aerosol particles. At field sites with elevated precursor gas
concentrations, secondary particles seem to form predominantly by neutral
nucleation mechanisms. Neutral formation rates are two to three orders of
magnitude higher than the corresponding ion formation rates, and ion
recombination is not able to explain the intense neutral particle formation
(Gonser et al., 2014a).

On the other hand, when precursor gas concentrations are low, ions
contribute considerably to the initial particle formation (Boulon et al., 2010),
and may be an important factor to trigger NPF.

Ions were observed to form earlier than the corresponding neutral particles,
especially at locations with high precursor gas concentrations. Neutral
particle growth rates (GRs) exhibited higher values compared to the ion
fraction at small diameters (< 10 to 20 nm). Therefore, when analyzing the
growth behaviour of particles at small diameters, ions and neutral particles
have to be considered separately (Gonser et al., 2014b).

Calculations of ion recombination during NPF at locations with high
precursor gas concentrations resulted in a considerable contribution of ion
recombination to particle growth (Gonser et al., 2014a). On the other hand,
when precursor gas concentrations are low the growth process is not clearly
enhanced by ion recombination.

Regarding the development and characterization of the chemical analyzer for charged

ultrafine particles (CAChUP), the major conclusions are:

L

II.

Collection experiments with laboratory generated secondary organic aerosol
(SOA) particles of 25 nm diameter were conducted successfully with
CAChUP. Extending the collection periods resulted in increasing signal
intensities in the mass spectrometer (Gonser and Held, 2013).

The mass spectra obtained from the collection experiments were comparable

to published mass spectra of larger SOA particles from dark ozonolysis of
alpha-pinene (Gonser and Held, 2013).
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III.

From the direct application of known masses of camphene to the collection
filament and the collection experiments, the detection limit of CAChUP is
estimated to be better than 2 ng (Gonser and Held, 2013).

Therefore, field experiments with CAChUP are feasible during NPF events
with high particle concentrations. When sampling particles with 20 nm in
diameter, assuming particle concentrations of 3000 cm™ in this diameter, a
sampling time of about 8 hours would be necessary with the current setup.
For particles with a diameter of 30 nm the time necessary to collect 2 ng will
be about 3 hours.

The current setup is ready for analyzing particles with 30 nm diameter or
larger in reasonable time frames during atmospheric NPF. However, for the
analysis of particles with smaller diameters, the collected mass needs to be
enhanced. This could be done by increasing the flow rate through the
collection unit, enhancing the collection efficiency to the NiCr filament, and
by realizing more efficient particle charging.

Future applications of CAChUP in the field and in the laboratory will shed more light on
the mechanisms governing particle formation and growth.

For example, experiments to investigate the role of ion recombination on particle
growth from a chemical point of view are now possible with the help of CAChUP. In

flow tube experiments, two different organic precursor gases could be used which yield

distinct differences in the particle mass spectra (e.g. alpha-pinene and mesitylene).
Exposing one of the precursor gases to elevated ion concentrations should result in

particles predominantly composed of oxidation products of this gas. Therefore, ion
recombination could be investigated directly from the chemical composition of secondary
organic particles with CAChUP.
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Nomenclature

Acronyms

AMS
CAChUP
CpC
CTOF

DMA/rDMA

EUCAARI

GR
HDFS
IIN
IMN
JFJ

MCM

MFM

MLP
NAIS
NAMS
NiCr
NPF
PDD
PEEK

SOA

Aerosol mass spectrometer

Chemical analyzer for charge ultrafine particles
Condensation particle counter

Compact time of flight mass spectrometer

Differential mobility analyzer / radial differential mobility
analyzer

European integrated project on aerosol cloud climate and air
quality

Growth rate of a particle population
Hierarchical data format

Ton induced nucleation

Ton mediated nucleation

Jungfraujoch field station, Switzerland

Maximum concentration method to determine the growth rate of

a particle population

Mode fitting method to determine the growth rate of a particle
population

Melpitz field station, Germany

Neutral cluster and air ion spectrometer

Nano aerosol mass spectrometer

Nichrome — an alloy of nickel and chromium

New particle formation

Puy de Dome field station, France

Polyetheretherketone — an organic polymer thermoplastic

Secondary organic aerosol
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TDCIMS
ToF-MS

WST

Symbols

Ok
Bi;
CharS

At

GR

Pi

Ijk

34

Thermal desorption chemical ionization mass spectrometer
Time of flight mass spectrometer

Waldstein field station, Germany

Size dependent ion recombination coefficient [cm3 s']
Size dependent ion attachment coefficient [cm3 s
Charging sink [s']

Coagulation sink [s']

Particle mobility diameter [nm]

Mobility diameter [nm]

Time difference in the occurrence of ions and neutral particles
[min.]

Growth rate of a particle population [nm h™']

Formation rate [cm'3 s

Particle or ion number concentration [cm'3 ]

Probability of a particle of size i to carry one elementary charge
Cluster ion production rate [cm'3 s']

Diameter allocating coefficient

time [s]
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manuscripts

Gonser, S. G., Klein, F., Birmili, W., Grof, J., Kulmala, M., Manninen, H. E.,
Wiedensohler, A. and Held, A.: Ion - particle interactions during particle formation
and growth at a coniferous forest site in central Europe, Atmospheric Chem. Phys.
Discuss., 14(1), 171-211, doi:10.5194/acpd-14-171-2014, 2014.

All data analysis was performed by myself. Interpretation of data and results was done
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conducted the field measurements. W. Birmili, J. Groff, M. Kulmala and A. Wiedensohler
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of ions and neutral particles during particle formation events in four different
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All data analysis was performed by myself. Interpretation of data and results was done
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K. Sellegri provided data and helped in editing the manuscript. A. Held provided data,
helped to interpret the data, discussed the results and helped in writing the manuscript.

Gonser, S. G. and Held, A.: A chemical analyzer for charged ultrafine particles,
Atmospheric Meas. Tech., 6(9), 2339-2348, doi:10.5194/amt-6-2339-2013, 2013.
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experimental setup was partly my idea. All data analysis was performed by myself.
Interpretation of data and results was done largely by myself. The manuscript was largely
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partly to the experimental setup, helped in the interpretation of the data and results and
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Abstract

In this work, we examined the interaction of ions and neutral particles during atmospheric
new particle formation (NPF) events. The analysis is based on simultaneous field
measurements of atmospheric ions and total particles using a neutral cluster and air ion
spectrometer (NAIS) across the diameter range 2 - 25 nm. The “Waldstein” research site
is located in a spruce forest in NE Bavaria, Southern Germany, known for enhanced
radon concentrations, presumably leading to elevated ionization rates. Our observations
show that the occurrence of the ion nucleation mode preceded that of the total particle
nucleation mode during all analysed NPF events. The time difference between the
appearance of 2 nm ions and 2 nm total particles was typically about 20 to 30 minutes. A
cross correlation analysis showed a rapid decrease of the time difference between the ion
and total modes during the growth process. Eventually, this time delay vanished when
both ions and total particles did grow to larger diameters. Considering the growth rates of
ions and total particles separately, total particles exhibited enhanced growth rates at
diameters below 15 nm. This observation cannot be explained by condensation or
coagulation, because these processes would act more efficiently on charged particles
compared to neutral particles. To explain our observations, we propose a mechanism
including recombination and attachment of continuously present cluster ions with the ion
nucleation mode and the neutral nucleation mode, respectively.
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1 Introduction

Tropospheric new particle formation (NPF) is a worldwide phenomenon (Kulmala et al.,
2004a; Kulmala and Kerminen, 2008) contributing to the global particle number and total
amount of cloud condensation nuclei (Makkonen et al., 2012, Merikanto et al., 2009;
Spracklen et al., 2006;). The first step leading to NPF is thought to be the formation of
stable clusters from precursor gas phase components as sulfuric acid, amines, ammonia
and organic vapors (Almeida et al. 2013; Kulmala et al., 2013; Schobesberger et al.,
2013). The formation of stable clusters happens in the mobility diameter (D,,) range
between 1 to 2 nm. Once formed, the stable clusters are activated and experience rapid
growth (Kulmala et al., 2013). Atmospheric ions are very likely to play a considerable
role in atmospheric nucleation processes, as ions reduce the critical cluster size and
facilitate cluster activation (e.g. Enghoff and Svensmark, 2008; Winkler et al., 2008; Yue
and Chan, 1979). In fact, comprehensive field measurements of NPF events at different
locations in Europe showed an earlier formation of charged particles compared to total
particles (Manninen et al., 2010). Furthermore, the charging state of aerosol particles (i.e.
the ratio of the present charged particle fraction to the bipolar charge equilibrium charged
fraction (Fuchs, 1963; Wiedensohler, 1988)) during NPF was observed to be frequently
overcharged (Gagné et al., 2010; Iida et al., 2006; Laakso et al., 2007).

When ions are involved in the nucleation process, two terms are usually used: ion
induced nucleation (IIN: e.g. Manninen et al. (2010)) and ion mediated nucleation (IMN;
e.g. Yu and Turco (2000)). IIN denotes the formation of particles from small ionic
clusters, preserving the charge during growth process. Additionally, when interactions of
ions and particles are taken into account the term IMN is used. Hence, IMN includes 1IN
and does also consider interactions among ions and particles, like recombination and
attachment.

Yu (2006) developed a detailed model to simulate the IMN process. Results from this
model point towards the dominant role of ions in NPF, especially, when the actual aerosol
charged fraction is elevated in comparison to the equilibrium charging state (Yu and
Turco, 2011). On the other hand, when comparing formation rates of charged particles to
total particle formation rates, only a small fraction (less than 10 %) of the particle
formation can be attributed to IIN (Manninen et al., 2009a; 2010). Only recently, Kulmala
et al. (2013) published results of field measurements with a sophisticated set of
instruments, covering the size range where the very first steps of NPF take place. From
their data and theoretical calculations of ion-ion recombination, Kulmala et al. (2013)
concluded that pure neutral nucleation processes dominate over IMN.

Atmospheric ions are generally classified according to their mobility diameter D,, into
three classes: (1) small ions or cluster ions (D, < 1.6 nm), (2) intermediate ions (1.6 nm <
D, <7.4nm) and (3) large ions (D,, >7.4 nm) (e.g. Hirsikko et al., 2011). Small
atmospheric ions are always present in the atmosphere, being mainly generated by
radioactive decay and cosmic radiation. The total concentration of small ions varies
spatially and temporally, depending on ion sources and sinks (Hirsikko et al. (2011) and
references therein). Intermediate and large ions are usually only present during NPF
events, snow fall and rain (Tammet et al., 2009; Virkkula et al., 2007).

Only during the last decade, appropriate instrumentation became available to measure
neutral and charged cluster size distributions down to diameters relevant for NPF
(Kulmala et al., 2012). One instrument capable of measuring ions down to D, of about
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0.8 nm and neutral particles down to 2 nm is the neutral cluster and air ion spectrometer
(NAIS) (Manninen et al., 2009b; 2011; Mirme and Mirme, 2013). In this paper, we
present measurements performed with the NAIS during NPF. A new approach to evaluate
the data is proposed to elucidate the interactions of ions and neutral particles in the
formation and growth of atmospheric particles.

2 Measurements and data analysis
2.1 Measurement setup

New particle formation (NPF) events were observed from 17 June to 18 August, 2012 at
the “Waldstein” ecosystem research site in the Fichtelgebirge mountain range, NE
Bavaria, Southern Germany. The measurements were carried out in a coniferous forest
(50°08°35° N, 11°51°49”’ E, 776 m above sea level) dominated by Norway spruce. NPF
was measured by means of a neutral cluster and air ion spectrometer (S/N NAIS15) (Airel
Ltd., Tartu, Estonia) and a mobility particle size spectrometer (reference system of
TROPOS, Leipzig, Germany; Wiedensohler et al., 2012).

The NAIS is capable of measuring neutral particles in the diameter range from about 2
nm to 42 nm and atmospheric ions in the range of 0.8 nm to 42 nm (Manninen et al.,
2011). The NAIS is composed of two cylindrical differential mobility analyzers (DMA),
each with a sample flow of 30 standard liters per minute (SLM) and a sheath flow of 60
SLM. Each DMA is equipped with 21 electrometers for simultaneous detection of ions.
Positive and negative ions are analyzed separately in a positive and a negative DMA,
respectively. The NAIS can be used in different operating modes. In the particle mode,
clusters are charged by corona discharge prior to the mobility analysis in one of the
DMAs. During ion measurement mode the sample is directed to the DMAs without any
prior treatment. The offset mode is used for detection of the electrometer background
noise level. To do this, charging to opposite polarity and an electric filter is activated
inhibiting the introduction of ions to the DMAs. During the whole campaign the NAIS
was operated alternatingly with these three modes: offset mode, ion mode and particle
mode. The cycle time of the consecutive modes was 200 seconds, with the particle mode
set to 66 seconds, the ion mode set to 67 seconds and the offset mode set to 67 seconds.
Therefore, the overall temporal resolution of the NAIS was 200 seconds.

In particle mode, the recorded data is inverted by the instrument software, assuming the
Fuchs-charge equilibrium of the sample prior to charging and that all classified particles
are singly charge. However, if the particle population is not in charge equilibrium but
either overcharged or undercharged, the NAIS will overestimate or underestimate the
total particle concentrations, respectively (Kulmala et al., 2012). Additionally, an
overestimation of the total particle concentration by a factor of 2-3 is a general
characteristic of NAIS instruments, as was shown by an intercomparison of several NAIS
instruments by Gagné et al., (2011). In the ion mode, no charging of the sample is
performed and the DM As sample the naturally charged clusters. The NAIS is described in
more detail by Manninen et al. (2009b) and Mirme and Mirme (2013).

The particle number size distributions measured with the mobility particle size
spectrometer cover a diameter size range from 10 nm to 680 nm with a temporal
resolution of 5 minutes. It was operated with a closed loop sheath flow of 5 SLM and a
sample flow of 1 SLM. More details about the mobility particle size spectrometer are
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described in Wiedensohler et al. (2012; cf. Fig. 1). Both instruments were located in a
container on a clearing in the forest with the inlets pointing towards east, at a height of 2
m above ground. Additionally, meteorological parameters including ozone concentration,
wind speed, wind direction, temperature, relative humidity as well direct and diffuse solar
radiation were measured at the forest clearing.

To obtain robust information about the processes governing NPF from measurements at
a fixed location, the analyzed nucleation events have to be of regional character, and
occur in a generally homogenous air mass. The homogeneity of air masses was assessed
by considering the following parameters: Wind direction, wind speed, ozone
concentration, relative humidity and particle concentration in the diameter range from 4
to 10 nm. Only when wind speeds varied less than 0.5 m s and wind directions varied
less than 60° prior and during NPF, and all other parameters showed a continuous and
consistent progression, the air mass was judged to be homogeneous.

The focus of this study is to determine ion interactions during NPF measured with the
NAIS. Hence, the data of the mobility particle size spectrometer was mainly considered
for calculations of ion and total particle sink rates. For this purpose, the NAIS particle
data were merged with this data by means of a linearly weighted merging algorithm in the
overlapping region of both instruments between 15 and 27 nm. The mobility particle size
spectrometer was measuring with a 5 minute temporal resolution and its size bins were
different from the NAIS size bins. Both the size bins and the time resolution were
interpolated to match the NAIS time resolution and size bins. The resultant particle
number size distribution between 2 nm and 680 nm was used for calculating the sink rates
for ions and total particles according to Horrak et al. (2008), Kulmala et al. (2012) and
Tammet and Kulmala (2005).

2.2 Interactions of ions and neutral particles

The major interactions of ions and neutral particles among themselves and with the
background aerosol particle population are (1) coagulation of neutral particles, (2)
attachment of ions to neutral particles and (3) recombination of ions with ions of
opposing polarity. The magnitude of these interactions can be calculated theoretically as
corresponding coefficients (see appendix for the formulations).

Coagulation (1) is an important sink for freshly nucleated particles and a factor
enhancing the particle growth rate (GR) during NPF events (Kulmala et al., 2004b). To
determine the size-dependent coagulation coefficient K;;, an approximation from Tammet
and Kulmala (2005) was used (cf. Eqs. Al and A2). The theoretical approach for K; jis
valid for the interaction of neutral particles and clusters of all diameters i and j.

The ion aerosol attachment (2) is described by the attachment coefficient § for the
interaction of small air ions with neutral particles. f is commonly assumed constant
(1x10% cm? s™') when determining ion formation rates, where the attachment of small ions
to neutral particles of a large diameter is considered a source for ions of the same
diameter (Hirsikko et al., 2011; Kulmala et al., 2012; Manninen et al., 2010). However,
this size-independent approach is only an approximation. In particular, when the diameter
i of neutral particles is greater than 10 nm, a constant value is inaccurate (cf. green solid
line in Fig. 1). Therefore, when calculating ion sinks, the size dependence of § has to be
taken into account. The size dependent f5;; varies by three orders of magnitude, when the
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interactions of small ions of size j with neutral particles of size i are considered (cf. solid
green line in Fig. 1; Hoppel and Frick, 1990; Horrak et al., 2008; Tammet and Kulmala,
2005). For this study, we determined f;; by applying a formulation by Horrak et al.
(2008), which is an approximation of the tabulated results by Hoppel and Frick (1990)
(cf. Egs. A3 and A4). Since intermediate and large ions also have a slightly enhanced
attachment probability compared to pure neutral coagulation (cf. Fig. 1, dashed lines), we
extrapolated f3;; for all measured ion size ranges, still using the formulation by Horrak et
al. (2008).

In principle, the ion-ion recombination (3) can also be described by the attachment
coefficient, assuming the interaction of clusters with opposite charges. Usually, the
recombination coefficient is denoted as o and assumed to be constant (1.6)(10'6 cm’ s
when the interaction among small ions is considered (Hoppel and Frick, 1990; Kulmala et
al., 2013; Tammet and Kulmala, 2005). Considering the case of cluster ions of diameter j,
interacting with oppositely charged clusters of a similar diameter k, S should be equal
to o (Hoppel and Frick, 1986). In fact, Bjk for ions with j = 1.5 nm interacting with
oppositely charged ions with k = 1.5 nm, as used in this study, is 1.3x10° cm3 s (solid
orange line in Fig. 1). Therefore, Bk for the interaction of oppositely charged clusters in
the sizes class j and £, i.e. the size-dependent recombination coefficient, will be denoted
as ajy in the following (Eq. AS).

Dp [nm]

Fig. 1: Coagulation coefficient K, attachment coefficient 8 and recombination coefficient a
[cm® s] for small cluster ions and particles (1.5 nm, solid lines) and large ions and
particles (10 nm, dashed lines) as function of ions and particles of diameter D,.
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The theory for ion attachment and recombination was developed to calculate the
attachment of small ions to larger particles or ions, in order to theoretically assess the
particle charge distribution in a bipolar ion environment (Hoppel and Frick, 1986; 1990;
Reischl et al., 1996). The interaction of intermediate and large ions with even larger
neutral or charged particles was not the aim of these studies. Nevertheless, the sinks and
sources for all ion sizes have to be taken into account when analyzing ion interactions in
NPF. Therefore, we chose to use the approximated theory from Horrak et al. (2008) to
obtain a first order approximation of the coefficients governing the behavior of larger
ions, and to apply the calculations also for larger diameters. A validation of this approach
is given by comparing the size dependence of B and a to K. In Fig. 1, all three coefficients
are depicted for aerosols of two different diameters (1.5 and 10 nm). As electrical effects
will enhance the probability of an encounter of two particles, K is the lower limit for the
three considered interactions. When small ions (1.5 nm) and small neutral particles
interact with each other (green solid line in Fig. 1), the electrical effect can enhance the
collision probability by more than one order of magnitude. Considering the interaction of
oppositely charged ions, the enhancement can be greater than three orders of magnitude
(orange solid line in Fig. 1). The largest differences are found for interactions of small
particles or ions. However, when small ions interact with larger particles or ions, o and f
approach K, indicating a smaller influence of the charge on the collision probability. A
similar pattern can be seen when considering the interaction of large ions with larger
aerosol particles (dashed lines in Fig. 1). For the interaction of particles or ions with a
diameter of 10 nm, a and B decrease about 1-2 orders of magnitude while K is not that
strongly affected. The difference among the three coefficients is less pronounced,
pointing towards a smaller influence of the charge on collision probabilities when larger
ions and particles are considered.

2.3 lon-ion recombination

Knowing the recombination coefficient aj, and the number concentration of ions of both
polarities, a theoretical number size distribution of neutral particles from ion-ion
recombination can be deduced. Kontkanen et al. (2013) and Kulmala et al. (2013)
propose a method to calculate the number size distribution resulting from recombination.
Both authors used a constant value of 1.6x10° cm3 s for a. This is justified since only
recombination of charged clusters below 2.1 nm in diameter was considered. However,
we use the size-dependent aj, for our approach as the recombination of charged clusters
up to 42 nm is considered. Furthermore, Kulmala et al. (2013) used a very simple balance
equation, by assuming recombination as the only source of neutral clusters and
coagulations as the only sink. Similar to Kontkanen et al. (2013), our analysis includes
additional sinks and source terms. The sources are given by the recombination of positive
and negative ions contributing to size class i as well as the growth of recombined neutral
particles into size class i. The sinks include (1) the coagulation sink (CoagS;; cf. Eq. A6)
describing the loss of the recombined neutral particles to the background neutral particles,
(2) the charging sink (C hargeSii; cf. Eq. A7) defining the number of recombined neutral
particles in size i being charged either positively or negatively by the present ions (Horrak
et al.,, 2008), and (3) the growth sink, describing the growth of recombined neutral
particles out of the size class i. The balance equation for recombination is therefore:
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where, N/°¢ is the number concentration of recombined neutral particles in size class i

. - . . . . . GR; .
and 7y is a coefficient allocating the recombined neutral particles to size class i. AD; 1S

the neutral growth rate normalized by the size bin width and N]-+ and N, are the positive

and negative ion number concentrations, respectively. Assuming steady state conditions,
Eq. 1 provides the number of recombined neutral particles for each size class i. Breakup
of the formed clusters as proposed by Kontkanen et al. (2013) and Kulmala et al. (2013)
is not taken into account in our formulation. Since the concentration of recombination
products did never reach the measured neutral cluster concentration, making the
determination of a breakup term impossible.

The key parameter governing the concentration of small ions in the atmosphere is the
ionization rate Q. For our site, Q was calculated by means of a simplified ion equilibrium
equation (Hoppel and Frick, 1986). This equation assumes the ion production rate to be a
function of two ion sink terms only, the recombination and the attachment of ions to the
present background aerosol (cf. Eq. A8).

2.4 Formation- and growth rate

The formation rate J describes the flux of particles or ions into a defined size interval. J
was calculated for every size class using Egs. 9 and 10 from Kulmala et al. (2012).

The growth rates were also deduced for every size class, this was done separately for
total particles (GR;) as well as positive (GR,,) and negative ions (GR,). Growth rates
were determined using the maximum concentration method described in detail in section
6A by Kulmala et al. (2012). In order to determine the point in time of the maximum
concentration (black filled circles in Fig. 2), we applied a least square polynomial
smoothing filter (Savitzky and Golay, 1964) to each of the NAIS size classes. Further
smoothing of the determined maxima resulted in smooth size dependent growth rates
(black curves in Fig. 2). The determination of the growth rates with this method is surely
associated with uncertainties (Yli-Juuti et al., 2011). Besides, as the probability of
particles carrying multiple charges in the NAIS increases with particle diameter, the
measured number size distribution for larger sizes is less reliable. However, the growth
rates for particles smaller than 20 nm in diameter give reasonable results. For ion/particle
diameters above 20 nm, the applied method results in an overestimation of the growth
rates (cf. Fig. 2). By comparing concentrations as well as growth rates of total particles
(Fig. 2 a) and neutral particles (Fig. 2 b), it becomes evident that neutral and total
particles exhibit equivalent values. Therefore, data from the NAIS’s total particle
measurements are used to describe neutral particle characteristics in the following. As the
same procedure was applied to all ion and particle measurements, the determined growth
rates are well comparable. Further, a correction for self-coagulation of the growing mode
was applied to obtain the rates for pure condensational growth (Leppi et al., 2011).
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Fig. 2: NPF event of 12 August 2012 as measured with the NAIS. Shown are a) total
particles, b) neutral particles, c) positive ions, d) negative ions and e) calculated neutral
particles from ion-ion recombination. Black filled circles denote the concentration maxima
for each size class, while black lines are smoothed fits in order to obtain continuous
growth rates.

3 Results
3.1 General event characteristics

Simultaneous measurements of neutral and charged clusters and particles at the
“Waldstein” ecosystem research site from 17 June to 18 August 2012 showed a frequent
occurrence of new particle formation events. Typically, the events occurred during sunny
morning hours while wind directions from the east prevailed. However, several events did
also occur in the afternoons and when wind directions were not from the east. A total
number of 17 NPF events (28 % of measurement period) were observed, while 29 days
(47 %) could not be defined as clear events but did still show particle formation. Non-
event days were less frequent with only 15 out of 61 days. Since the measurements were
taken at a fixed location, a reliable evaluation of the patterns governing the formation and
growth of particles were only possible in homogeneous air masses. After careful
evaluation for homogeneous air masses as described above, a total of 8 events were
chosen for detailed analysis. Fig. 2 shows a typical NPF event. Growth rates of those 8
days compare well to prior observations, reporting growth rates in the range from 2.2 to
5.7 nm h™” at the same location (Held et al., 2004). For particles in diameter range 2 — 3

51



nm median total particle growth rates (GR,), negative (GR,,) and positive growth rates
(GR,os) were found to be 4.1 nm h', 24 nm h"' and 2.8 nm h’', respectively. Median
formation rates J for 2-3 nm particles were in the order of 3.5 cm™s™, 0.015 cm®s™ and
0.02 cm”s™ for total, negative and positive particles, respectively.

3.2 lon concentrations and ionization rates at “Waldstein”

The “Waldstein” site is located in the Fichtelgebirge mountain range, NE Bavaria, which
is known for its enhanced background radioactive radiation levels. In particular, radon
concentrations are elevated reaching soil gas concentrations of up to 4000 kBq m™
(Kemski et al., 2001; Liiers et al., 2007). As the primary sources for atmospheric ions are
radon decay, gamma radiation and cosmic radiation (Hirsikko et al., 2011), ion
concentrations and ionization rates Q are expected to be elevated at the “Waldstein” site.

550

550 T T T T
a NPF event

Non event

500

450

400

350

300

N [em™]
N [em™]

250

200

150 4 B 1 - 150

Positive 1 Positive
100

100

00:00 0400 0800 12:00 16:00 2000 24:00 00:00 04:00 0800 12:00 16:00 20:00  24:00

1d Non event

2404C - 240

NPF event

220

200

180

N [cm™]
N [em™]

120
100+
80+
so{ Negative Negative 60

00:00 04:00 08:00 12:00 1 6!00 20:00 24:00 00:00 04:00 08:00 12:00 16:00 20:00 24:00
Local time Local time

Fig. 3: Median diurnal variation of cluster ion concentrations (diameter < 1.6 nm) during 8
selected NPF event days (a, ¢) and 13 non-event days (b, d), as measured with the NAIS
during summer 2012 at the “Waldstein” site. The shaded areas denote the 25" and 75"
percentile.
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Tab. 1: Median, 25" and 75" percentile of cluster ion concentrations [cm™] (diameter
< 1.6 nm) during 8 selected NPF event and 13 non-event days, measured with the NAIS
during summer 2012 at the “Waldstein” site.

Median 25" 75"
Non-event negative 129 101 186
NPF-event negative 148 126 176
Non-event positive 314 252 422
NPF-event positive 339 285 395

The measurements with the NAIS in summer 2012 showed median concentrations of
positive and negative cluster ions on NPF event days of 339 and 148 cm”, respectively
(cf. Tab. 1). The cluster ion concentrations show a clear diurnal variation both on NPF
event days and non-event days (Fig. 3). Liiers et al. (2007) conducted radon
measurements at the “Waldstein” site and found similar diurnal patterns, hinting towards
radon as the major ionization source. Furthermore, our measurements show that cluster
ion concentrations are slightly enhanced on NPF events days (Tab. 1). Nevertheless, the
concentrations seem quite low compared to values measured at various locations around
the world. Ion concentrations measured at 2 meter above ground are typically in the range
of 500 to 1000 cm™ (Hirsikko et al., 2011). In summer 2013, measurements with an air
ion spectrometer (AIS) were performed at the same clearing at the “Waldstein” site. The
AIS is very similar to the NAIS, except that it is not equipped with a corona charger for
charging the neutral particles. Measurements with the AIS resulted in typical positive and
negative cluster ion concentrations of 600 and 900 cm™, respectively. These values
compare much better with the concentrations published by Hirsikko et al. (2011), and
range close to the upper end of typical values. The obvious discrepancy between the AIS
and NAIS may be explained by different inlets of the two instruments. The inlet of the
NAIS was 1.8 m long and was bended by 180°, while the AIS inlet was about 1 m long
and had a bending of only 90°. An enhanced ion loss in the NAIS inlet due to diffusion is
probable, as the penetration for cluster ions through the NAIS inlet is only about half of
the penetration through the AIS inlet. Further, electrostatic losses for the NAIS
measurements could give an explanation for the generally lower concentrations of
negative ions in compare to positive ions. Negative ions have a higher electrical mobility
and are therefore preferentially lost due to a present electro static field. Considering the
much higher ion concentrations and the optimized inlet of the AIS, absolute ion
concentrations measured with the NAIS in 2012 are probably underestimated. The
underestimation of the absolute concentration does not affect the determination of the
growth rates with the maximum concentration method.

The median ionization rates Q determined with the NAIS during NPF events are 0.8
and 0.9 cm” s™' for negative and positive cluster ions, respectively (cf, Tab. 2). The
calculated Qs are most probably underestimated since Q depends directly on ion
concentrations, which are underestimated by the NAIS. Furthermore, the simplified
balance equation for determining Q does not consider all active ion sinks, resulting in a
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general underestimation of about a factor of 2 (Horrak et al., 2008). Considering these
facts, Q was probably well above 3 ion pairs cm™ s during summer 2012 at “Waldstein”.

3.3 Time difference

In all 8 evaluated NPF events, 2 nm ions (NAIS size bin limits were 1.8 — 2.1 nm)
showed a concentration increase before the concentrations of total particles of the same
size increased. Fig. 4 (a) shows the course of concentration for 2 nm total particles and
ions for an exemplary NPF event on 12 August, 2012. The occurrence of an earlier ion
formation prior to total particle formation seems to be a typical pattern during NPF.
Manninen et al. (2010) report of NAIS measurements during NPF at several locations in
Europe. They also observed the earlier formation of 2 nm ions prior to 2 nm total particle
formation in different environments. However, this behavior was not investigated in more
detail in other studies. When considering the concentrations of larger particles and ions,
the time gap between the appearance of charged and total particles becomes smaller with
increasing particle size (Fig. 4 b-e). This behavior was observed throughout all NPF
events considered in our study. In order to determine the time difference At between the
appearance of ions and total particles, a cross-correlation analysis was performed
individually for each size class. Cross-correlation analysis is a standard procedure to
analyze time shifts in two time series. The result of the cross-correlation analysis can be
seen in Fig. 5. For small particles, At is largest and sharply decreases as the particle
diameter increases, eventually reaching At = O for diameters of about 20 nm. Therefore,
the total particles seem to grow faster than ions after the onset of a NPF event, as At
becomes smaller during the growth process.
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Fig. 4: Temporal evolution of total particle concentrations as well as positive and negative
ion concentrations in diameter ranges of a) 1.8-2.1 nm, b) 3.7-4.3 nm, c) 7.6-8.8 nm, d)
13.6-15.7 nm and e) 21.1-24.5 nm. The data originates from single NAIS size channels,
measured during the NPF event on 12 August 2012 at “Waldstein”. lon concentrations
increase during the growth process, while total particle concentrations increase rapidly at
the beginning of NPF but begin to decrease at diameters above 8 nm. Note that the ion
concentrations (right axes) are always smaller than the particle concentrations (left axes).
Data was smoothed for illustrational purpose.
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Fig. 5: Results from the cross-correlation study showing the size-dependence of the time
difference (At). Appearance of a) positive and b) negative ions compared to total particles
measured with NAIS on 12 August, 2012, and median values of At for all 8 selected NPF
event days for c) positive and d) negative ions. Shaded area denote the 25" and 75"
percentile

3.4 Growth rates

Due to the decrease of At during NPF, GR; is expected to differ from GR,., and GR,
especially when considering small particle diameters. In fact, our analysis yields an
increased GR; compared to GR,., and GR,,. At this point, it should be mentioned once
more that the growth rates above an ion/particle diameter of 20 nm are most probably
overestimated by the maximum concentration method. Fig. 6 (a) shows the growth rates
for the NPF event on 4 July, 2012. GR,., and GR,, are similar to each other, while the
total particles grow faster. Fig. 6 (b) shows the median growth rates of all 8 regional NPF
events. A clearly enhanced GR; is evident in the median values. The observation of
enhanced GR, compared to charged particle growth rates stands in contrast to growth
theories, wherein the presence of a charge enhances the growth rates of small and
intermediate ions (e.g. Yu and Turco, 2000; Yue and Chan, 1979). To further support our
observations at the “Waldstein” site, we analyzed additional data recorded with a NAIS
instrument during summer 2008 at the “Melpitz” field site in NW Saxony, Germany.

In these data, the same patterns are found: At decreases during the growth process and
total particles show an enhanced growth rate compared to ions. As the determination of
the growth rates is always connected to some error, the enhancement of GR; over to GR,
and GR, cannot be regarded as significant, but still it is considered to be plausible.
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NAIS measurements, a) for a single event on 04 July, 2012 and b) median values for all 8
selected NPF events used for this study. Hatched areas denote the 25" and 75"
percentile. Additionally, GR,. deduced from ion-ion recombination is shown in orange.
Dashed segments of the curves denote inaccurate growth rates.

3.5 Recombination

The number size distributions deduced from ion-ion recombination as described by Eq. 1
are generally comparable to the measured total particle distributions. However, the
resulting absolute concentrations of particles from ion-ion recombination are one to three
orders of magnitude smaller than the observed total particle distributions. Particularly,
when diameters below 10nm are considered, recombination cannot explain the
abundance of total particles (cf. Fig. 2). This may be partly due to the performance of the
NAIS, as it generally underestimates the ion concentrations and overestimates the total
particle concentrations. Therefore, the absolute values are not taken into consideration for
our study. Nevertheless, the recombination gives valuable information regarding the
growth behavior of neutral particles. A measure which can still be used for our analysis is
the growth rate of the recombination products (GR..). As mentioned above, GR; is
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elevated at small particle diameters compared to GRye; and GRos. GRec seems to behave
similar to GR; as can be seen in Figs. 2 and 6. For most of the NPF events considered in
our study, GR. is well above GR,., and GR, (Fig. 6 b) and sometimes matches GR,
quite well (Fig. 6 a).

Tab. 2: Event features of all 8 selected NPF events used for this study. Shown are: NPF
event start time (CET), prevailing wind direction, time difference At of 2-3 nm ions [min.],
growth rates GR of 2-3 nm total particles and ions [nm h™'], formation rates J of 2-3 nm
total particles and ions [cm™ s™'] and ionization rates Q for cluster ions [cm™ s™]. Values
for Qnegy Qpos, Jneg @Nd Jpos are probably underestimated, please refer to section 3.2 for
detail.

Wind
Date Start sector Atnegy Atges GR: GRpeg GRpos Ji Jneg  Jpos Qneg Qpos

17 June 2012 13:00 w 20 5 28 63 32 04 002 0.02 04 04
19 June 2012 12:00 E -62 0 15 2 1.9 0.4 0.002 0.006 0.5 0.7
04 July 2012 09:30 E 33 22 29 24 23 0.5 0.006 0.007 0.7 0.9

23July 2012 07:30 E 102 97 53 15 14 5 0.02 002 09 1

24 July 2012  08:30 E 67 42 9 24 37 23 0004 001 0.8 0.9
12 August 2012 08:30 E 53 38 69 32 38 47 002 004 11 1.2
13 August 2012 07:30 E 17 13 6 35 44 52 002 005 13 1.6
17 August 2012 08:30 E 10 5 16 16 18 52 0.01 0.02 08 0.8

Median - - 265 175 41 24 275 3.5 0.015 0.02 0.8 0.9
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4 Discussion

The 8 particle formation events at the “Waldstein” site considered in this study can be
separated into two distinct stages. The formation of the first stable clusters and particles
seem to happen in the ion fraction. Later, the ion formation step is followed by a very
intense formation and growth of neutral clusters and particles. The initial ion induced
nucleation (IIN) typically happens about 20 - 30 minutes before the first appearance of
neutral particles (Fig. 5 c, d; Tab. 2) at “Waldstein”. This observation can most likely be
explained by the higher stability of charged clusters over neutral ones at a certain
precursor gas saturation ratio (Enghoff and Svensmark, 2008; Yue and Chan, 1979).
Furthermore, charged clusters clearly activate more easily and grow more quickly (e.g.
Lushnikov and Kulmala, 2004; Winkler et al., 2008; Yu and Turco, 2000). Keeping this
in mind and neglecting any ion-ion and ion-particle interactions, the temporal advanced
of the ion fraction during the growth process should increase or remain constant.
However, our measurements show a contrary behavior: once formed, the neutral particles
grow considerably faster than the ion fraction, and eventually, the earlier occurrence of
the ions vanishes completely. As this behavior can most likely not be explained by pure
condensational growth, ion-ion and ion-particle interactions are thought to play a key role
in the growth behavior of charged and neutral particles.

Neutral particles and ions are related due to two different types of interaction. Either
ions carrying opposite charges recombine to form a somewhat greater neutral particle, or
an existing neutral particle grows and becomes charged by the attachment of an ion.
Considering these ion-particle interactions by applying theoretical parameterizations of
the attachment and recombination processes to the combined NAIS and mobility particle
size spectrometer measurements, we obtained the ion-mediated or -recombined fraction
of neutral particles. As the NAIS number concentration measurements are subject to
uncertainties both for ions and total particles (Asmi et al., 2009; Gagné et al., 2011), the
absolute concentrations of the recombination products are not considered in our work.
However, particle mobility measurements and particle sizing with the NAIS are more
accurate (Gagné et al., 2011). The growth rate analyses are not influenced by the
uncertainties in NAIS number concentrations as it is based on locating the peak of each
size fraction. Therefore, we chose GR,. deduced from the calculated recombination
number size distribution as a measure for the influence of ions on neutral particle
formation. Considering the growth rates in Fig. 6 (b), GR, is generally elevated, while
median GR,., and GR,, are very similar to each other. Recombined particles have a
median GR,.. somewhere between ions and neutral particles. During some of the NPF
events, GR,. was very close to GR; while GR,.; and GR,, were lower (Fig. 6 a; Tab. 2).

In general, our analyses show an earlier formation of charged particles compared to
total particles (Fig. 5). When looking more closely at the time difference of appearance
(At) of ions and total particles, the 8 considered NPF events can be divided in two classes:
(1) initial At is larger than 20 minutes (Fig. 7) and (2) initial At is smaller than 20 minutes
(Fig. 8).

Median values of four NPF events (04 July; 23 July; 24 July; 12 August 2012; cf. Tab.
2) with At > 20 minutes are shown in Fig. 7. The large differences in the growth rates for
ions and total particles (Fig. 7 a) are remarkable.
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Fig. 7: Median evolution of ions and particles for four NPF events with At > 20 minutes. a)
GR for total, positive, negative and recombined particles. b) Time evolution of the growing
modes (Dpmax) Of negative, positive and total particles, respectively. Hatched areas
denote the 25" and 75" percentiles. ¢, d) Time difference (At) for negative and positive
ions, respectively. Dotted black lines are time differences calculated from the negative
and positive growing mode to the total one, in principle this is the difference between the
three Dpna-values from section b).

While GR,.; and GR, are as expected for small diameters, GR, for small total particles is
strongly elevated (cf. Tab. 2). This strong growth is maintained until a sharp drop for
diameters above 10 nm is evident. The unusual sharpness of the decrease can most likely
be attributed to limitations of the maximum concentration method and the inversion
routine of the NAIS. Nevertheless, qualitatively the decrease in GR, is considered real,
indicating a change in the prevailing growth conditions. Fig. 7 (b) shows the time
evolution of the growing mode’s diameter of maximum concentration (Dpy,.x) for both
ion polarities as well as for total particles. More specifically, Dp.x is the result of the
maximum concentration method for the determination of the growth rates (cf. black lines
in Fig. 2). The origin of the horizontal axis (time = 0) indicates the first appearance of the
total particle growing mode. The time of initial ion appearance is offset by the median of
At at 2 nm for positive and negative ions, respectively (cf. Fig. 7 ¢, d). The initial offset of
the ion growing mode is about 60 minutes. As total particles exhibit a higher GR,, their
growing mode finally reaches the same Dpy,.x as the ion modes, about 40 to 60 minutes
after the first appearance of total particles.
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Fig. 7 (¢) and (d) show the temporal advance (At) of ions compared to total particles. At
exhibits a rapid decrease as the particles grow. Eventually, for particle diameters above
10 nm, the advance of ions is fairly small and continues to decreases at a slower rate, to
approach At = 0 at about 20 nm. Additionally, Fig. 7 (c) and (d) show the independently
derived time difference between the negative and positive Dpy.x to the total one (cf. Fig.
7 c, d as black dotted lines). Basically, this is a comparison of At derived from the cross-
correlation method with the time difference derived from the maximum concentration
method. The general patterns of these time differences are very similar: the rapid decrease
of At is clearly evident until particle diameters of about 10 nm are reached. For greater
particle diameters the time differences of Dp,,,x become negative, indicating a persistently
enhanced growth rate of the total particle growing mode. However, our data do not show
a temporal advance of the total growing mode compared to the ion modes (cf. Figs. 4, 5
and 7 c,d). This discrepancy may be explained by the increasing uncertainty associated
with the growth rate determination for larger diameters. As discussed above, growth rates
for diameters up to 20 nm are considered reliable, while growth rates for larger diameters
are considered unreliable.
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Fig. 8: Same as Fig. 7 but for four NPF events with At < 20 minutes.
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Median values for four NPF events with At < 20 minutes (17 June; 19 June; 13 August;
17 August 2012; cf. Tab. 2) are shown in Fig. 8. The median growth rates for these events
(Fig. 8 a) are significantly lower compared to the high growth rates presented in Fig. 7.
Additionally, there is no visible difference in GRye,, GRos and GR,. They exhibit similar
values throughout the whole growth process (cf. Tab. 2). Typically, 2 nm positive and
negative ions show an earlier appearance (At) of about 15 and 10 minutes, respectively
(Fig. 8 ¢, d). The decrease of At during the growth process is relatively slow.
Nevertheless, the diameter at which At approaches zero is still at about 20 nm. The time
needed for the total particle mode to grow to this size is approximately 200 minutes (Fig.
8 b). The time difference deduced from Dp,,.x becomes negative at a diameter of about 20
nm, supporting the assumption that growth rates above this diameter are overestimated.
As At shows a slow decrease during the growth process, GR; should be slightly enhanced
compared to GR,ee and GR,. This is not visible in our data. Presumably, the accuracy of
the applied growth rate determination is not sufficient to resolve such slight differences.

As the absolute contribution of ion-ion recombination and ion-particle attachment to
NPF is not quantitatively assessed in this work we propose a conceptual mechanism
governing our observations. Fig. 9 shows the conceptual model for interactions of
positive cluster ions (red) with the negative growing ion mode (blue), the neutral
background particles and the neutral growing mode (both black). For illustrational
purposes, we will focus on the ion attachment (green dashed lines) and the recombination
of cluster ions with the growing ion mode (yellow dashed lines) and neglect the
recombination of cluster ions with each other.

a Recombination b c d
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Charged particles =3
#
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Fig. 9: Conceptual model of the influence of cluster ion recombination and attachment at
different stages of particle nucleation and growth (a-d). Permanently available positive
cluster ions are denoted in red, the negative growing mode in blue and neutral particle
modes in black. The black and red arrows denote the generation of neutral and charged
particles, respectively. The size of the arrows and dashed lines denotes the prevailing
mechanism. Numerals indicate the orders of magnitude of the number concentrations of
the respective modes.
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At the onset of NPF (Fig. 9 a), first particles are formed in the ion fraction, exhibiting
concentrations in the order of 10' cm™. Ion-ion recombination occurs among cluster ions
and the freshly nucleated ion mode (yellow dashed line). Additionally, the background
aerosol particles, exhibiting concentrations in the order of 10° cm®, are available for the
attachment of cluster ions (green dashed line). Considering the recombination coefficient
a at 2 nm and the attachment coefficient § at 100 nm (cf. Fig. 1, yellow and green solid
lines), the probabilities for cluster ions to interact with the growing ion mode and with the
neutral background particles are approximately the same. As the background aerosol is
more numerous than the freshly nucleated ion mode, attachment to the background
particles dominates over recombination. Hence, only a very small number of neutral
particles are formed by recombination.

Once precursor gas phase components are available in a sufficient quantity for neutral
nucleation (cf. Almeida et al. 2013; Kulmala et al., 2013; Schobesberger et al., 2013), a
strong nucleation burst of neutral particles occurs (Fig. 9 b). The freshly nucleated neutral
mode has a very small mean diameter (e.g. 1.5-2 nm) and shows typical concentrations in
the order of 10’ cm™. The background particle number size distribution stays mostly
unchanged (Dp > 100 nm; 10° cm™). Now, the neutral nucleation mode and the
background particles are available for the attachment of cluster ions. Meanwhile, the ion
mode has grown to a greater diameter (e.g. 4 nm), exhibiting only a slightly enhanced
number concentration still in the order of 10' cm™. f for cluster ion attachment to the
background particles is elevated by 2 orders of magnitude compared to the neutral
nucleation mode (cf. Fig. 1). Therefore, cluster ion attachment to the background particles
dominates over the attachment to the neutral nucleation mode, as both modes have similar
concentrations. On the other hand, a for cluster ions with the growing ion mode is
elevated by 2 orders of magnitude compared to £ for the neutral growing mode. As the
neutral mode exhibits approximately 2 orders of magnitude more particles, the absolute
number of cluster ions recombining with the ion mode is comparable to the number of
ions attaching to the neutral mode. In other words, background particles are charged
strongly (bold red arrow), the neutral nucleation mode experiences moderate charging
(red arrow) and the formation of neutral particles by recombination is also moderate
(black arrow). This moderate formation of somewhat greater neutral particles from
recombination contributes to the growth of the neutral mode and slightly reduces the
growth of the ion mode. On the other hand, the ions formed by attachment to the neutral
mode are somewhat smaller than the mean ion mode diameter, and contribute to a slower
growth of the ion mode. The absolute production of neutral and charged particles by this
mechanism depends on the concentration of cluster ions as well as on the concentration of
the growing ion- and neutral modes, and is thought to be in the order of 0.01 cm™s™.

As the growth continues, the neutral particle mode reaches a number concentration peak
(order of 10* cm™) at diameters of approximately 4 - 5 nm (Fig. 9 c). Due to the high
concentration, the attachment probability of cluster ions to the neutral nucleation mode
and the background particles is similar (green dashed lines). Meanwhile, the ion mode has
grown further (e.g. 6 nm diameter), and is slightly more numerous but still in the order of
10" cm”. Therefore, recombination is somewhat enhanced compared to stage (b).
Nevertheless, the neutral nucleation mode experiences a stronger loss of particles due to
attachment of cluster ions. As a result, the concentration of the growing ion mode is
further enhanced by the addition of somewhat smaller charged particles. Again, the loss
of ions (due to recombination) and the addition of newly formed smaller ions (due to
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attachment) results in an apparent growth rate reduction of the ion mode. On the other
hand, the concentration of the neutral mode is constantly reduced, while its growth rate
stays elevated.

Finally, the diameters of the neutral and ion growing modes approach each other (Fig. 9
d). By this time the concentration of the ion mode is further enhanced (102 cm'3) and the
neutral mode concentration has decreased to about 10° cm”. The converging
concentrations and similar diameters result in a comparable magnitude of attachment and
recombination to the ion and neutral growing modes. As the neutral particles (formed
from recombination) and the charged particles (formed from attachment) have
approximately the same diameter, an enhancement or slowing of the growth rates is not
expected. This results in an equilibrium state where ions and neutral particles grow at
similar rates.

5 Conclusions

Data from 8 NPF events measured with the NAIS at the “Waldstein” site clearly showed
an earlier appearance of the ion modes in the beginning of NPF and a higher initial
growth rate of the “delayed” total particle mode in comparison to the ion modes. The
enhanced growth of the total particle mode does eventually result in the disappearance of
the ion’s temporal advance. To our knowledge, such differences of ion and total growth
rates in the initial stages of cluster growth have not been presented before. Therefore, it is
an interesting yet open question if these observations are just a special feature of the
“Waldstein” site, or if they can also be found elsewhere. An earlier appearance of the ion
mode is plausible, as ions reduce the critical cluster size and facilitate the cluster
activation (e.g. Lushnikov and Kulmala, 2004; Winkler et al., 2008; Yu and Turco, 2000;
Yue and Chan, 1979). To explain the difference in the growth rates we have proposed a
mechanism including ion-ion recombination and ion-particle attachment (cf. Fig. 9).

Due to limitations of our measurement equipment (detection limit for neutral particles ~
2 nm), no direct conclusions on the influence of ions on neutral particle nucleation can be
deduced at the size range where the onset of NPF occurs. As stated by Kontkanen et al.
(2013) and Kulmala et al. (2013), pure cluster ion recombination is not thought to be of
sufficient magnitude to explain the intense neutral nucleation bursts. Further, Manninen et
al. (2010) reported that ion induced nucleation does only contribute about 10 - 13 % to
NPF. Nevertheless, ion interactions may play an important role in NPF by simultaneously
enhancing the neutral particle growth rate and reducing the ion growth rate. However, the
proposed mechanism is only valid in environments where the ionization rate (Q) is strong
enough to provide sufficient cluster ions for recombination and attachment.
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Appendix

According to Tammet and Kulmala (2005), the size dependent coagulation coefficient
K;; is defined as

__ 2nkT(B;+B;)(Di+Dj+2h)

Kij T 402y 1p (Al)
Yy TTr0ed Vp

B;+B; 2nkTm;m;
y =2 D-+LD -+]2h i L- . (A2)
i+Dj mi+m;

Here, k is the Boltzmann constant, 7T is the absolute temperature, B is the particle's
mechanic mobility, D is the particle diameter, % is the van der Waals interaction distance,
p is the sticking probability and m is the mass of an individual particle.

An approximation for the size dependent attachment coefficient f;; is given by Horrak et
al. (2008):

2mDkTZ; 2
g = .

e exp(x)-1 - 2+n(n-1)+D;/(10 nm) ’

where,

ne?

X = .
2nDiggkT

(A4)

Here, Z is the electric mobility of the ion, e is the elementary electric charge, n is the
number of elementary charges carried by a charged particle, and &, is the electric
constant.
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For the interaction of two oppositely charged ions of size j and k, the size dependent
recombination coefficient aj, can be described by the attachment coefficient B, (Hoppel
and Frick, 1986):

Ak = Bjk- (AS)

The coagulation sink is calculated according to Kulmala et al. (2012):

Coag$; = LIzl Ky Ny, (A6)

where N;is the number concentration of the background aerosol in the size class .

The calculation of the charging sink follows Eq. 3 from Horrak et al. (2008):

CharSi = p; % BiiN;*, (A7)

where, p; is the probability of a neutral particle in size class i to carry one elementary

charge and N;~ is the number concentration of positive or negative ions in size class j.

Hoppel and Frick (1986) proposed a simplified balance equation for the cluster ion
production rate. For our work, we use a slightly altered version, not assuming symmetric
concentrations of positive and negative small ions and considering size-dependent
attachment and recombination coefficients. In equilibrium state, the ionization rate is
defined as:

Q* = Y apNj N + X4 BipiNiNE (A8)

where size classes j and k& < 1.6 nm, N]-+ and N, are positive and negative ion

concentrations in size class j and k, and Nj; is the concentration of neutral particles in size
class i.
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Abstract

New particle formation (NPF) strongly contributes to the number concentration of
atmospheric aerosol particles. The formation of neutral particles in the atmosphere is
always accompanied by the formation of intermediate and large ions. Previous
investigations trying to quantify the contribution of ions to particle formation yielded
contrasting findings. While modeling approaches did indicate a major role of ions, most
field measurements suggested a minor role of the ion fraction. However, an earlier
occurrence of ions in comparison to neutral particles was observed at several field sites.
In this work, we analyze the occurrence and growth behavior of ions and neutral particles
at the four field sites Melpitz (86 m), Waldstein (776 m), Puy de Dome (1465 m) and
Jungfraujoch (3580 m) with distinct differences in their altitude above sea level. Ion and
neutral particle number size distributions were measured with the neutral cluster and air
ion spectrometer (NAIS), down to a mobility diameter of 0.8 and 2 nm, respectively. At
all four field sites, 2-3 nm ions occurred earlier than 2-3 nm neutral particles. During the
following growth process the time gap decreased, approaching zero at diameters between
10 and 20 nm. Growth rates (GRs) for ions and neutral particles were determined by
means of two independent methods: the maximum concentration method and the mode
fitting method. Neutral GRs showed distinct differences between some sites, with
generally higher GRs at lower altitude sites. Ion GRs were of the same magnitude at all
four sites. The maximum concentration method, which is more appropriate to determine
GR for very small particle diameters, resulted in elevated GRs for neutral particles
compared to ion GRs in environments with considerable precursor gas sources. At the
more remote sites, the GRs for ions and neutral particles were more similar. This
phenomenon may be explained by a persistent formation of neutral 2 nm particles during
the progression of an event at the low altitude sites. However, this was not observed at the
high altitude sites to the same extent. It remains an open question if GRs of ions or GRs
of neutral particles are more representative for the growth of a whole particle population.
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1 Introduction

New particle formation (NPF) in the atmosphere is always related to simultaneous
formation of charged particles (e.g. Boulon et al., 2010; Gonser et al., 2014; Hirsikko et
al., 2011; Iida et al., 2006; Leppd et al., 2011; Manninen et al., 2010). Therefore, the role
of atmospheric ions in NPF is still widely discussed (e.g. Gonser et al., 2014; Iida et al.,
2006; Kontkanen et al., 2013; Kulmala et al., 2013; Yu and Turco, 2011). Ions are likely
to contribute to or even be essential for NPF, as the presence of an elementary charge
increases the thermodynamic stability of initial clusters as well as their growth rate (e.g.
Lushnikov and Kulmala, 2004; Nadykto and Yu, 2003; Winkler et al., 2008; Yu and
Turco, 2000).

The limiting factor for the role of ions in NPF is the ionization rate, hence the formation
of cluster ions with an electric mobility diameter below 1.6 nm. Clearly, when the
ionization rate is below the particle formation rate, ionic clusters cannot be the only factor
triggering NPF. Typical formation rates in the planetary boundary layer are between 0.1
and 10 cm™ ™! (Kulmala et al., 2004; Manninen et al., 2010) while ionization rates are
often in the range of 2 to 15 ion pairs cm?s! (Hess, 1912; Hirsikko et al., 2007b; Horrak
et al., 2008; Laakso et al., 2004; Tammet et al., 2006). Therefore, ion induced nucleation
(IIN) in the planetary boundary layer seems to be possible, but is certainly depending on
regional variations in ionization and formation rates.

A comprehensive computer-based modeling approach for the role of ions in NPF was
presented by Yu and Turco (Yu and Turco, 2000, 2001, 2008, 2011; Yu, 2006). In their
work, Yu and Turco take into account the recombination of cluster ions and the
attachment of cluster ions to the background aerosol. This so-called ion mediated
nucleation (IMN) differs from IIN which does not include the interactions among ions
and particles but assumes the preservation of the charge during particle growth. Results
from their simulations and comparisons with data measured at the Hyytidld field site,
Finland, pointed towards IMN as the major factor driving NPF.

On the other hand, field measurements suggest a minor role of ions in NPF (e.g. Iida et
al., 2006; Manninen et al., 2010). Only recently, the first simultaneous measurements of
sub-2 nm neutral clusters and ions at Hyytidld where analyzed for the role of ion
recombination in NPF (Kontkanen et al., 2013; Kulmala et al., 2013). The results suggest
a contribution of ion recombination to NPF of up to 17 %. At the high altitude station
Jungfraujoch (3580 m a.s.l.), Switzerland, the contribution of ions to NPF was estimated
to be in the order of 22 % (Boulon et al., 2010).

While trying to clarify the role of ions in NPF it was observed that ions form prior to
neutral particles. At different locations around Europe Manninen et al. (2010) observed
an earlier formation of 2 nm ions compared to the formation of 2 nm total particles
(neutral particles plus ions of both polarities). Gonser et al. (2014) observed a similar
pattern at a coniferous forest site in Germany, with a presumably high ionization rate due
to elevated background radioactive radiation. The time difference between the first
occurrence of 2 nm ions and neutral particles was typically in the order of 20 to 30
minutes. Further analysis showed a decrease of the time difference during the growth
process. Once the particles reached diameters between 10 to 20 nm, the time difference
was not observed anymore. Further, total particles showed an elevated growth rate (GR)
for diameters below 10 to 20 nm compared to the ion mode. Gonser et al. (2014)
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concluded that this observation could be explained by a GR enhancement due to
interactions of ions and neutral particles.

The question remains whether ions are essential for tropospheric NPF or if their role
during NPF is only minor. To shed more light on this topic we analyzed ion and particle
data from different field sites in Europe for the temporal dynamics of the ion mode and
differences in GR for neutral and charged particles, extending the work by Gonser et al.
(2014).

2 Methods

The present study is based on measurements of the number size distribution of neutral
particles and ions in the diameter range from 2 nm to 20 nm at different field sites in
Europe. All data were recorded with the same type of instrument, the neutral cluster and
air ion spectrometer (NAIS). The different NAIS instruments were located in different
environments, in order to analyze ion concentration patterns during new particle
formation (NPF) under different conditions with respect to ion abundance, precursor gas
concentrations and types as well as background particle number concentrations. The four
field stations Melpitz (MLP), Waldstein (WST), Puy de Dome (PDD) and Jungfraujoch
(JFJ) are described in more detail in the following. A total number of 49 NPF events were
analyzed for the occurrence and growth of ions and neutral particles. For the analysis only
regional NPF events were utilized. Hirsikko et al. (2007a) proposed a visual classification
scheme on basis of ion and particle contour plots to identify regional events. For our
analysis, only class Ia and Ib events were used.

2.1 Description of measurement sites

Data presented here were measured during different time periods at four different
locations in Europe. The most prominent difference among the field sites is the altitude
above sea level and their location in different environments. For an overview of the
measurement site locations and measurement periods see Tab. 1.

Tab. 1: Location, elevation, landscape type and observation periods of measurement
sites.

Site Coordinates  Elevation Landscape type Observation period  # events
Melpitz 12.928°E Rural - Meadow / 07.05.2008 -
(Germany) 51.526°N 86 m forest 24.07.2009 19
Waldstein 11.864°E Rural - Coniferous 17.06.2012 -
(Germany) 50.143°N 776 m forest 18.08.2012 8
Puy de Dome 02.964°E Mountainous - 04.02.2011 -
(France) 45.772°N 1465 m Meadow / Forest 01.12.2011 11
Jungfraujoch 07.985°E Mountainous - 09.04.2008 -
(Switzerland) 46.548°N 3580 m snow covered 05.05.2009 11
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2.1.1 Melpitz

The Melpitz (MLP) site is located in NW Saxony, Germany. The site is located on a
pasture at 86 m a.s.l. in a rural landscape with no considerable orography in the
immediate surroundings. The site can be characterized as a central European background
site. More information can be found in Poulain et al. (2011) and Spindler et al. (2010)
and in Tab. 1. The NAIS (serial number SN-4) was located in a container with the inlet
emerging from the roof top. Cluster ion concentrations at MLP do show a diurnal pattern,
with a maximum in concentration during night time and a minimum during the day.

2.1.2 Waldstein

The Waldstein (WST) site is located in the Fichtelgebirge low mountain range in NE
Bavaria, Germany. The research station is located in a rural area dominated by coniferous
forest at 776 m a.s.l. The NAIS (serial number SN-15) was located in a container on a
clearing in a forest dominated by Norway spruce. The inlet of the NAIS was positioned at
2 m above ground and pointed towards the east. The Fichtelgebirge low mountain range
is known for its enhanced background radiation due to high radon soil concentrations
(Kemski et al., 2001). Radon concentrations exhibit a clear diurnal variation at WST with
the minimum concentration around noon and the maximum during the night. This is
thought to be due to stable stratification at night and mixing of the planetary boundary
layer during daytime, respectively (Liiers et al., 2007). The same diurnal variation can
also be seen in cluster ion concentrations, leading to the conclusion that radon is the
major ionizing component at the WST site (Gonser et al., 2014).

2.1.3 Puy de Déme

The Puy de Dome (PDD) field site is located in the Auvergne region in central France.
The measurement station is located on the peak of the extinct volcano Puy de Dome at an
altitude of 1465 m a.s.l. The greater surroundings of the field site are characterized by
agriculture and forests, while the top of the mountain is covered with grassland. For more
detail regarding the site refer to Venzac et al. (2009). A diurnal variation in cluster ion
concentrations at PDD can only be seen in positive ion concentrations, as they exhibit a
slight concentration maximum during daytime (Rose et al., 2013).

2.1.4 Jungfraujoch

The Jungfraujoch (JFJ) site is located on the northern ridge of the Bernese Alps,
Switzerland. The measurement station is located on an anticline between the Jungfrau
(4158 m) and the Monch (4089 m) peaks. Air masses being advected to the station
originate mostly from the Swiss plateau or from the inner Alpine area (Lugauer et al.,
1998). Due to its high altitude at 3580 m a.s.l, the atmosphere at the JFJ is not
significantly influenced by anthropogenic pollution sources. During daytime and summer,
air masses from the planetary boundary layer are transported to the JFJ site (Lugauer et
al., 2000). Diurnal variations in cluster ion concentrations show a maximum during
midday (Boulon et al., 2010).
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2.2 The neutral cluster and air ion spectrometer (NAIS)

The NAIS is a unique instrument as it is capable of measuring total particle
concentrations down to a mobility diameter of 2 nm and air ions down to a mobility
diameter of 0.8 nm, with an upper limit of 42 nm both for ions and total particles
(Manninen et al.,, 2009, 2011; Mirme and Mirme, 2013). The NAIS measures
alternatingly total particle number size distributions and ion number size distributions.
Positive and negative ions are analyzed simultaneously in a positive and a negative
differential mobility analyzer (DMA) each equipped with 21 electrometers. To measure
total particle concentrations the aerosol is charged prior to the mobility analysis by means
of a unipolar corona discharger. The unipolar charging results in a considerable amount
of multiply charged particles, which is especially notable for mobility diameters above 20
nm. Further, total particles below a diameter of 2 nm cannot be distinguished clearly from
the corona-generated ions (Manninen et al., 2011). Therefore, in this study we only
consider the diameter range from 2 nm to 20 nm when ions and particles are compared. In
addition to every ion and particle measurement, the NAIS performs an offset
measurement to obtain the magnitude of the background noise of the electrometers. For
the offset mode, particles and ions are prevented from entering the DMAs by means of
electrical filters. The total time necessary for one measurement cycle (ion, total particle
and offset measurement) depends on the instrument settings. For our study, the data of the
different NAIS instruments were kept at the time resolution as provided by the instrument
operators. Therefore, data from MLP has a resolution of 5 minutes, data from WST and
JFJ a resolution of 3 minutes, and data from PDD a resolution of 2 minutes. In order to
analyze the neutral particle fraction we subtracted the measured positive and negative ion
concentrations from the measured total particle concentrations.

2.3 Determination of formation rate, growth rate and ion/particle
temporal dynamics

From the NAIS number size distribution data various parameters were determined. The
most important parameters to describe NPF are the formation rate J in the diameter
interval 2-3 nm, the growth rate GR in defined diameter intervals and the timing of first
occurrence of ions and neutral particles in a defined diameter interval.

The formation rates for neutral particles (J,) and negative and positive ions (Jneg; Jpos) 1N
the diameter interval from 2 to 3 nm were calculated according to equations 9 and 10 in
Kulmala et al. (2012), respectively. For this approach, knowledge of the coagulation sink
for small particles and ions is required. As no data for the background aerosol particles
was analyzed in this study, the coagulation sink was assumed to be constant and the same
at all measurement sites (10 s™). This assumption is certainly not appropriate for all field
sites; especially the high elevation sites do have considerably lower coagulation sinks.
Therefore, the obtained formation rates are not quantitative but do rather serve as relative
values to compare the different field sites to each other.

Manninen et al. (2010) and Gonser et al. (2014) observed an earlier formation of ions in
comparison to total particles during NPF. In order to determine a diameter-dependent
time difference in appearance of ions and neutral particles (At) during NPF, a cross-
correlation analysis was performed for particle/ion concentrations of each NAIS size
channel (Gonser et al., 2014). In principle, this method calculates the time difference
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between the occurrence of the ion and neutral maximum concentration for each NAIS
size channel.

As proposed by Gonser et al. (2014), differences in the growth rates (GR) of ions and
particles may help to identify the role of ions in NPF. Therefore, GRs were determined
with special care by applying two independent methods: (1) the maximum concentration
method (Kulmala et al., 2012; Lehtinen and Kulmala, 2003; Yli-Juuti et al., 2011) and (2)
the mode fitting method (Hussein et al., 2005; Kulmala et al., 2012; Dal Maso et al.,
2005; Yli-Juuti et al., 2011).

(1) The maximum concentration method (MCM) is an approach considering the particle
concentration time series of a defined diameter interval (e.g. a single size channel of the
NAIS) to find the time of maximum concentration. By considering multiple size intervals
and the time differences between the different times of maximum concentration in the
respective intervals, the growth rate can be determined. In order to find the best estimate
for the time of maximum concentration, in most approaches a Gauss normal distribution
is fitted to the data (e.g. Kulmala et al., 2012; Yli-Juuti et al., 2011). For the present
study, we did not fit a normal distribution to the time series of single NAIS size channels,
but rather smoothed each time series with a Savitzky-Golay smoothing algorithm
(Savitzky and Golay, 1964) to reduce the measurement noise. This approach is thought to
better describe the real concentration progression of aerosol particles in a defined size
range, as concentration time series are not expected to follow the progression of a
Gaussian normal distribution. The resulting times of maximum concentration for each
considered diameter interval were further smoothed by means of a Savitzky-Golay
smoothing algorithm and a linear regression was fitted for the diameter ranges of 2-3 nm,
3-7 nm and 7-15 nm. The slopes of the fitted functions give the GR for the considered
diameter intervals.

(2) Our application of the mode fitting method (MFM) is based on the work of Hussein
et al. (2005), optimized for data obtained with the NAIS. Hence, a log normal distribution
was fitted to the narrow diameter range of 2 to 16 nm of number size distributions
obtained from NAIS measurements using an automated fitting algorithm. The Gauss-
Newton method was used to solve the least square estimate problem in the nonlinear case.
It improves the least squares iteratively with a linear approximation until there is no
further change above a defined threshold (Bates and Watts, 2008). The geometric mean
diameter of the fitted log normal distribution gives the mean diameter of the nucleation
mode at a certain point in time. Again, linear regressions in the diameter ranges 2-3 nm,
3-7nm and 7-15 nm were fitted to the results. However, most of the measured number
size distributions did not allow the determination of GR for the lowest diameter range, as
the first neutral particles visible during NPF events often exhibited diameters well above
2 nm.

3 Results and discussion
3.1 General event characteristics

New particle formation at WST and MLP is a common phenomenon during spring and
summer (e.g. Birmili et al., 2001; Gonser et al., 2014; Held et al., 2004; Wiedensohler et
al., 2002), while at PDD and JFJ NPF does occur during spring, summer and fall with a
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minimum in Winter (e.g. Boulon et al., 2010; Rose et al., 2013). At all field stations, NPF
is accompanied by the formation of charged particles. Hirsikko et al. (2011) proposed a
division of atmospheric ions into three classes according to their mobility diameter:
cluster ions (< 1.6 nm), intermediate ions (1.6 — 7.4 nm) and large ions (> 7.4 nm).
Cluster ions are always present in the atmosphere, being formed by radioactive decay and
cosmic radiation. On the other hand, intermediate ions do only form during NPF and
precipitation (Tammet et al., 2009; Virkkula et al., 2007). Cluster ions at MLP, WST,
PDD and JFJ were always present, exhibiting median concentrations on event days in the
range of 130 to 420 cm™. At WST, PDD and JFJ positive cluster ion concentrations were
found to be elevated by at last a factor of 2 over negative cluster ion concentrations. MLP
was the only site with comparable concentrations for both polarities. The highest positive
cluster ion concentrations as well as the lowest concentrations in negative cluster ions
were measured at PDD. A general increase of cluster ion concentrations with increasing
altitude can be deduced from the data (for more details see Tab. 2). At all sites
intermediate and large ions could be observed during NPF, while at the mountainous sites
PDD and JFJ larger ions do also appear when the stations are engulfed in clouds (Boulon
et al., 2010; Rose et al., 2013).

Fig. 1 shows exemplary NPF events for all four field sites for neutral particles as well
as positive and negative ions. A rather typical characteristic of NPF at the MLP and WST
field sites was the deviation from a perfect banana shape for small neutral particles (< 10
nm). At small diameters, the contour plots typically show a very broad base. Additionally,
most events did not start with particle diameters of 2 nm but the first particles to appear
rather exhibited diameters around 3 to 5 nm. Only during the progression of the event,
also particles with diameters as small as 2 nm did form. Once the particles have grown to
diameters larger than 10 nm a typical banana-shaped growth can be observed in the
contour plots. On the other hand, both ion polarities typically exhibited a clear banana
shape for all considered diameters at MLP and WST, as the first intermediate ions to
appear exhibited diameters of 2 nm and below.

For the two high elevation sites PDD and JFJ, a banana shape can typically be observed
in the contour plots for ions and neutral particles (e.g. Fig. 1 g-I). At both locations,
intermediate ions and neutral particles appeared at diameters around 2 nm at the onset of
NPF events and continued to grow in a similar fashion. Additionally, NPF in the ion
fraction at PDD and JFJ did always show a clear connection to the present cluster ions
(cf. Fig. 1 h, 1, k, I). This could not be observed to the same extent at the low altitude filed
sites MLP and WST.

Further differences among the field sites can be found in neutral particle concentrations
as well as in different formation and growth rates (for an overview refer to Tab. 2 and
Tab. Al). In general, particle formation was more intense at the field sites located at
lower altitudes. Therefore, the formation rates were elevated for neutral particles at MLP
and WST. Regarding positive and negative ion formation, the differences among the field
sites are not that pronounced (Tab. 2). GRs determined with two independent methods
resulted in considerable differences among the field sites as well as among the two
methods (cf. Fig. 1, Tab. 2 and Tab. 3). Neutral GRs were observed to be elevated at
MLP and WST, while ion GRs were comparable at all four field sites.
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Tab. 2: Median values of 2-3 nm formation rate J [cm™ s™'] and 2-3 nm growth rate GR
[nm h™] for neutral particles, negative and positive ions, respectively; time difference in
first occurrence of ions and neutral particles At [min.] in the diameter interval of 2-3 nm,
and negative and positive cluster ion concentrations N [cm's] (for more detail see Tab.
A2). Growth rates are determined by means of the maximum concentration method.

Location Jneut Jneg Jpos G Rneut G Rneg G Rpos Atneg Atpos Nclus neg Nclus pos

MLP 13.3 0.010 0.012 5.1 2.8 2.8 30 25 176 185
WST 3.0 0.012 0.027 6.4 3.2 3.5 30 27 145 338
PDD 0.4 0.009 0.023 21 1.6 2.0 2 9 132 419
JFJ 0.4 0.022 0.020 3.7 3.7 3.1 14 17 166 383

3.2 Size dependent occurrence of ions and neutral particles

As already observed by Gonser et al. (2014) at the WST site, intermediate ions appear
earlier than neutral particles of the same size. This earlier occurrence of ion formation can
be described by the size dependent time of advance At. Typical values of At at a diameter
of 2 nm at WST were reported to be in the order of 20 — 30 minutes, and to decrease as
the particles and ions grow (Gonser et al., 2014). To further analyze this phenomenon, At
was calculated for all considered events at the four field sites. However, the results have
to be interpreted with care for the high elevation sites PDD and JFJ, as neutral particle
measurements at diameters smaller 3 nm are subject to high noise levels (cf. Fig. 2 g, j
and Fig. 3 g, h, j ,k).

The analysis showed very similar patterns for all field sites. In particular, MLP, WST
and JFJ clearly showed the occurrence of ions prior to neutral particles (Fig. 2 a, b, c, d,
g, h). The median At of 2-3 nm positive ions at MLP, WST and JFJ was 25, 27 and
17 minutes, respectively. The median At of 2-3 nm negative ions was 30, 30 and 14
minutes for MLP, WST and JFJ, respectively (cf. Tab. 2). The only site with a less
pronounced time gap between the ion and neutral fractions was PDD. Here, the median At
is only 2 and 9 minutes for 2-3 nm negative and positive ions, respectively (cf. Fig 2 e, f
and Tab. 2). Compared to the other sites, WST showed a less steep decrease of At with
increasing particle diameter. While At at MLP and JFJ reached zero at diameters of
around 10 nm, the difference did not vanish before the particles reached diameters of
about 20 nm at WST.

The observation of earlier ion formation at JFJ stands in contrast to the observations of
Manninen et al. (2010), as they observed no earlier occurrence of the ion fraction at JFJ.
As mentioned above, the results from the cross correlation analysis for JEJ and PDD are
subject to rather high uncertainties due to a high background noise in the neutral particle
fraction.
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Fig. 2: Median values of the size dependent time difference At at Melpitz (a, b), Waldstein
(c, d), Puy de Déme (d, f) and Jungfraujoch (g, h) for positive and negative ions during all
analyzed NPF events. Shaded areas represent the 25" and 75" percentile.

3.3 GRs of ions and neutral particles determined by two independent
methods

The aim of our study is to characterize the occurrence and growth behavior of ions and
neutral particles during NPF events. In order to analyze the growth rates (GR), two
methods were applied: the maximum concentration method (MCM) and the mode fitting
method (MFM) (cf. section 2.3 for details). Growth rates obtained with the two methods
showed considerable differences, especially for neutral particles (cf. Fig. 1 and Tab. 3). In
many cases, GRs for neutral particles with diameters below 3 nm could not be deduced
with the MFM, as the diameter of the first particle occurrence was above 3 nm. A visual
comparison of the two methods can be seen in Fig. 1. Most striking are the generally
lower GRs for the MFM (cf. Tab. 3) compared to the MCM. The reason for the
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pronounced differences can be found in the fundamental principles of the two methods:
the MCM analyzes the data in a "vertical" manner, beginning with the smallest diameter
class, while the MFM considers the NPF event from a temporal point of view, proceeding
"horizontally" with the course of time. Therefore, when an NPF event does not exhibit a
perfect banana-shaped evolution, both methods will inevitably deviate from each other.
This is especially the case for the neutral fraction in NPF events at MLP and WST. At
both sites, NPF events are frequently accompanied by a persistent formation of 2 nm
particles leading to a broad based banana in the contour plots (cf. Fig. 1 a, d and Fig. 3 a,
d). Therefore, the deviation among the two methods is greatest for neutral particles at
MLP and WST (cf. Tab. 3). At the two high elevation sites the differences are less
pronounced. In general, the MFM and the MCM do agree much better for ion growth
rates, as ion formation does mostly show a nice banana shaped growth (cf. Tab. 3 and
Fig. 1).

Furthermore, a rather striking difference between the two methods is a contrasting
behavior regarding the differences in GRs for ions and neutral particles. While neutral
particles show elevated GRs for the MCM, the results from the MFM point towards a
faster growth of charged particles.

Tab. 3: Median growth rates [nm h'] for neutral particles, negative and positive ions for
diameter ranges 2-3 nm, 3-7 nm and 7-15 nm for the maximum concentration method
(MCM) and the mode fitting method (MFM) at the four field sites.

2-3nm  MFMpewr MCMper MM MCMyeq MFMoos MCMos
MLP - 5.1 0.8 2.8 5.7 2.8
WST - 6.4 - 3.2 - 3.5
PDD 3.4 2.1 2.0 1.6 1.7 2.0
JF) 0.9 3.7 2.6 3.7 4.7 3.1

3-7nm  MFMpewr MCMpew  MFMoq MCMyeq MFMoos MCMos
MLP 0.7 7.8 3.2 4.7 3.1 4.9
WST 1.4 11.1 35 6.0 4.0 5.6
PDD 1.4 3.3 2.9 3.4 3.4 3.5
JF) 1.4 6.9 - 6.0 7.4 5.4

7-150m  MFMpeyr MCMpew  MFM,q MCMyeq MFMoos MCMos
MLP 4.8 12.0 5.1 9.9 4.8 9.9
WST 4.2 16.4 4.7 12.0 3.7 10.1
PDD 2.5 8.2 1.9 8.7 3.3 7.1
JF) 2.7 13.3 2.4 11.1 2.2 11.4
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3.4 Cluster ion concentrations

The field sites show significant differences in cluster ion concentrations (cf. Tab. 2).
While median concentrations for negative and positive cluster ions did not vary
significantly at MLP, clear differences in positive and negative concentrations could be
observed at the other field sites. At WST, PDD and JFJ, positive cluster ion
concentrations prevailed by at least a factor of two. This may be explained by the
atmospheric electrode effect, which causes the repulsion of negative cluster ions from the
negatively charged surface. This effect results in elevated positive cluster ion
concentrations in the first few meters of the planetary boundary layer (e.g. Hirsikko et al.,
2011; Hoppel et al., 1986). On the other hand, this effect should also be visible at MLP.
Rose et al. (2013) and Gonser et al. (2014) report of measurements performed at PDD and
WST with air ion spectrometers (AIS; Mirme et al., 2007), and both studies did not show
a dominance of positive cluster ions. Therefore, it is not clear whether positive cluster ion
concentrations prevail over negative cluster ions at the four measurement sites.

To calculate the ionization rate for cluster ions, sink and source terms have to be
considered. The major sinks for cluster ions are recombination and the attachment to
background aerosol particles. Sources for cluster ions are the ionization of air molecules
by means of cosmic radiation as well as radioactive decay. The ionization rate was not
calculated for the different field sites, as no data of the background aerosol was
considered for our analysis. Therefore, we only report the measured absolute
concentrations.

3.5 Differences in the onset of NPF at the four field sites

NPF events showed several different characteristics at the four field sites. While neutral
formation rates (J,e,) and growth rates (GR,.,) were elevated at the lower altitude sites
MLP and WST, ion formation rates (Jueg, Jpos) and ion growth rates (GRyee, GRpos) Were of
the same magnitude at all sites (cf. Tab. 2 and Tab. Al). Considering the contour plots in
Fig. 1 and Fig. 3, a striking difference regarding the smallest detectable diameter in
neutral NPF was observed. At MLP and WST neutral NPF often did not begin with the
smallest detectable diameter, while neutral NPF at PDD and JFJ mostly began in the
lowest detectable size class. The first occurrence of particles larger than 2 nm in diameter
at MLP and WST is thought to be related to the advection of particles formed upwind or
in higher altitudes of the measuring instrument. This is very likely due to spatial
variations of precursor gas sources and sinks in the greater surroundings of the
measurement locations. The advection of charged particles was not that strongly
pronounced, as intermediate ions are likely to achieve the Fuchs equilibrium charging
state (Fuchs, 1963; Wiedensohler, 1988) by recombining with cluster ions during the time
necessary to reach the measurement location. Interestingly, neutral particle formation
seems to begin after the first advection of intermediate neutral particles at MLP and WST.
The data show the maximum J,., after the appearance of the first intermediate particles
(cf. Fig. 3 a, b and d, e). Obviously, local formation of neutral particles is triggered even
at the presence of elevated background particle concentrations. This is a rather
astonishing fact, as condensation of precursor gases should happen predominantly onto
preexisting particles of larger diameters.
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Fig. 3: Typical NPF events at Melpitz (a, c), Waldstein (d, f), Puy de Déme (g, i) and Jungfraujoch (j, I) for neutral particles and positive
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and positive ions are shown (b, e, h, k).
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Considering the formation rates in Fig. 3 (b, e), an earlier formation of intermediate ions
can be observed compared to neutral formation at MLP and WST. Therefore, the
triggering mechanism of the neutral formation may be related to the ion fraction as
proposed by Gonser et al. (2014). However, once the formation of 2 nm neutral particles
began, it usually lasted for a few hours.

At the high altitude sites PDD and JFJ, an earlier occurrence of the ion fraction is not as
clearly visible as for MLP and WST (cf. Fig. 3 h, k). Neutral NPF at PDD and JFJ mostly
exhibited a less persistent 2-3 nm particle formation in comparison to the lower altitude
sites. The contour plots of the ion fraction and neutral particles are much more similar (cf.
Fig. 1 g-1, Fig. 3 g, 1, j, 1). Therefore, neutral particles and ions generally exhibited similar
GRs (cf. Tab. 2). Nevertheless, at PDD a persistent formation of 2-3 nm neutral particles
could also be observed in some cases (e.g. Fig. 3 g).

3.6 Potential mechanisms of initial new particle formation

In Fig. 4 a regional NPF event is shown at MLP on 29 May, 2008. This event is
undisturbed, as this day showed ideal conditions for regional particle formation. Wind
speed was moderate and wind direction was very constant throughout the whole event.
Additionally, solar radiation, air temperature, relative humidity and ozone concentration
showed smooth and continuous progressions. In the neutral particle fraction, the initial
advection of intermediate particles was followed by the formation of 2 nm particles.
Following the first formation event, a second and more intense formation event of 2 nm
neutral particles occurred. These patterns are also very clearly reflected in the neutral
formation rate (Fig. 4 d), as two maxima are visible. Both sub-events showed distinctly
different GRs. This difference is quite well represented by the two GR methods in the
diameter range from 3 to 7 nm. The mode fitting method (MFM) fits well onto the first
nucleating mode (GR 3.7 nm h'"), while the maximum concentration method (MCM)
represents the second and more intense formation event (GR 13.2 nm hh.

The first formation of 2 nm neutral particles occurred approximately 10 minutes after
the maximum formation rate in the ion fraction (Fig. 4 d). The 3-7 nm GR for neutral
particles determined by MFM was 3.7 nm h™', and the GR of positive ions determined by
MCM was 7.1 nm h". Keeping in mind that both methods principally deviate from each
other, these GRs agree quite well. Therefore, the first formation of 2 nm neutral particles
may be related to ion mediated nucleation (Yu and Turco, 2008, 2011). On the other
hand, the second and stronger formation of 2 nm neutral particles differs strongly from
the ion GR patterns. Its GR is elevated (13.2 nm h™') and its occurrence is delayed by a
considerable time period. Gonser et al. (2014) proposed a conceptual explanation for this
enhanced growth behavior, including the recombination and attachment of ions. Another
explanation may be a shift in concentrations and available precursor gas species during
the event. When the precursor gas composition changes or shows a significant
concentration increase, a very intense neutral particle formation may result. This requires
the change in precursor gases to be of such intensity to surpass the condensational sink of
the background particles, formed earlier during the event. If the change is not sufficient,
the majority of the available precursor gas molecules will inevitably condense onto the
background particles, and the precursor concentration would remain too low for such
intense neutral particle formation.
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Sulfuric acid, amines, ammonia and organic molecules are potential precursor gas species
possibly involved in this mechanism. Unfortunately, no data on precursor gas
concentrations was available in our study to further investigate this possible mechanism.
Thus, with the present set of data it is not possible to determine whether the mechanism
triggering the second and very intense neutral NPF is ion recombination, a change in
precursor chemistry and concentration, or a combination of both mechanisms. However,
the persistent formation of neutral 2 nm particles frequently observed at MLP and WST,
which is indicated by the broad base of the observed NPF banana, may be related to these
mechanisms.

Whichever of the proposed mechanisms is responsible for the persistent formation of
neutral particles at MLP and WST, the phenomenon is not as clearly visible at the high
altitude sites PDD and JFJ (cf. Fig. 1 and Fig. 3). NPF events at PDD and JFJ generally
show slower GRs and less intense 2-3 nm particle formation rates. Therefore, the events
shown in Fig. 1 and Fig. 3 still appear to exhibit relatively broad bases, but this is due to
the slow growth rate rather than to a persistent formation of 2-3 nm particles. Less
persistent formation of 2-3 nm neutral particles at PDD and JFJ is supported by less
pronounced differences among the GRs determined from the MCM and the MFM at the
individual sites (cf. Tab. 3 and Tab. A2). The lack of persistent production of 2-3 nm
neutral particles can be explained by a much cleaner atmosphere at PDD and JFJ, not
exhibiting an excess of precursor gases. Both sites are influenced by free tropospheric air
during the night. Only during daytime, air from the planetary boundary layer reaches the
sites (Lugauer et al., 2000; Venzac et al., 2009). Furthermore, air masses reaching the
field sites already travelled for a considerable amount of time, giving more time to
dilution, oxidation processes and aging of air masses. Therefore, less pronounced changes
in precursor concentrations and their chemical composition are expected, resulting in less
intense but more ideally banana-shaped NPF events.
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4 Conclusions

Atmospheric NPF often does not follow an ideally banana-shaped growth for particle
diameters below 10 nm. We observed a persistent formation of small neutral particles
(~2 nm) at measurement sites with presumably high precursor gas concentrations (MLP
and WST). The formation of 2 nm particles did continue, even when freshly grown
particles already exhibited diameters above 10 nm, being an efficient condensational sink
for the precursor gas phase. In the ion fraction, this phenomenon was not visible to the
same extent. Neutral particle formation at high altitude sites (PDD and JFJ) did not show
such a persistent formation of 2 nm particles, and is therefore comparable to ion
formation.

At locations with high precursor concentrations NPF is most intense, exhibiting high
GRs and high formation rates. Therefore, NPF at such locations contributes the most to
secondary particle number concentrations in the troposphere. However, when NPF events
at these locations are observed, GR determination for diameters below 10 nm can give
strongly deviating results (cf. Fig. 5 a), depending on the applied method. In the present
study two independent methods were applied, the mode fitting method and the maximum
concentration method. In extreme cases, the GRs of both methods varied by up to one
order of magnitude (cf. Tab. A2), while still giving visually reasonable results (cf. Fig. 5
a). The reason for the observed discrepancies is thought to be due to the advection of
earlier formed particles exhibiting diameters well above 2 nm, as well as ion-accelerated
growth (Gonser et al., 2014), and presumably a change in precursor gas species and
concentrations. As both methods give reasonable results it remains unclear which GR
better represents the “real” growth of the neutral particle population below a diameter of
10 nm. Most probably the two methods approximate GRs of two or more different
particle formation mechanisms. Considering the maximum of neutral particle formation
rates, the maximum concentration method seems to be the better choice to represent
particle formation in the lowest detectable diameter (cf. Fig. 5 b). However, it is crucial to
deduce neutral particle GRs separately from ion GRs, as different mechanisms seem to
dominate the growth and formation of both fractions.

g ‘.!N-'UIIO!I Op} fem],

Jneut [iem? 5]

200

1 L L 1 L
‘JB'QO o700 08:00 Q800 10:00 1100 12:00 1300 14:00 15:00 1600 17:.00 18:00
Lacal time

Fig. 5: NPF event on 31 August, 2008 at Melpitz measured with the NAIS. Shown are (a)
neutral particles and the results of two GR methods. Blue crosses and lines represent
results from the mode fitting method, black lines and crosses represent results from the
maximum concentration method. Panel (b) shows the progression of the neutral particle
formation rate in the diameter range 2-3 nm.
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6 Appendix

Tab. A1: Formation rates (J [cm™® s]) and growth rates (GR [nm h™']) for 2-3 nm neutral
particles, negative and positive ions, time difference (At [min.]) for 2-3 nm negative and
positive ions as well as positive and negative cluster ion concentrations (Ngus [cm™]) for
all observed NPF events at the different locations. For missing values the respective
method gave no result. Also shown are the median values for each site.

Date Location Jneut Jneg Jpos GRpeut GRneg GRpos Atneg Atpos Neius neg Neius pos

07.05.2008 MLP 14.1 0.015 0.017 3.0 3.1 2.0 -10 30 111.7 110.3
11.05.2008 MLP 3.9 0.009 0.007 3.8 3.0 3.2 10 15 139.2 130.2
14.05.2008 MLP 10.3 0.012 0.010 8.6 6.2 4.2 5 15 102.3 122.9
19.05.2008 MLP 2.0 0.016 0.023 2.1 14 1.9 45 50 121.7 147.2
25.05.2008 MLP 1.8 0.006 0.007 7.1 3.1 3.4 40 70 128.8 144.0
29.05.2008 MLP 7.2 0.010 0.007 8.5 3.7 4.0 45 50 88.9 112.8
02.06.2008 MLP 1.0 0.000 0.003 5.1 2.8 2.8 25 15 125.3 145.0
06.06.2008 MLP 6.7 0.010 0.010 4.0 2.4 2.4 20 25 124.0 175.6
03.07.2008 MLP 2.2 0.003 0.012 8.4 3.3 5.0 35 15 153.1 182.4
06.08.2008 MLP 263 0.015 0.017 146 5.1 5.5 30 20 240.9 277.3
07.08.2008 MLP 3.5 0.005 0.010 2.0 1.9 2.1 45 55 255.7 276.3
31.08.2008 MLP 13.3 0.008 0.018 5.3 2.8 2.9 45 45 260.1 271.6
01.04.2009 MLP 74.1 0.016 0.020 5.1 3.6 3.6 -5 5 186.6 187.6
03.04.2009 MLP 349 0.007 0.017 3.9 2.6 3.1 15 20 175.5 185.4
24.04.2009 MLP 29.3 0.008 0.012 2.9 1.8 1.8 15 25 248.3 234.3
25.04.2009 MLP 95.1 0.000 0.005 5.2 2.2 2.1 45 65 251.5 247.8
26.04.2009 MLP 22.0 0.012 0.019 3.5 1.9 1.8 20 70 297.7 295.0
27.04.2009 MLP 53.7 0.026 0.028 9.8 1.4 1.4 50 55 302.0 285.6
02.05.2009 MLP 16.0 0.018 0.024 3.0 1.9 2.1 30 25 297.6 302.8

Median MLP 13.3 0.010 0.012 5.1 2.8 2.8 30 25 175.5 185.4

17.06.2012 WST 1.3 0.022 0.030 6.4 8.7 4.3 23 17 156.2 455.9
19.06.2012 WST 0.4 0.001 0.006 2.1 2.7 24 -127 0 142.8 382.5
04.07.2012 WST 1.2 0.007 0.005 4.6 3.4 3.3 37 37 137.3 351.7
23.07.2012 WST 0.015 0.032 1.6 2.2 100 97 132.2 306.4
24.07.2012 WST 5.2 0.004 0.011 103 3.0 3.7 67 50 147.4 297.4
12.08.2012 WST 9.4 0.020 0.028 104 4.0 4.5 53 37 158.6 340.6
13.08.2012 WST 11.8 0.023 0.048 8.4 4.9 6.2 23 10 172.6 335.9
17.08.2012 WST 3.0 0.010 0.026 2.1 1.9 2.3 17 10 123.6 207.3

Median WST 3.0 0.012 0.027 6.4 3.2 3.5 30 27 145.1 338.2

06.02.2011 PDD 0.5 0.012 0.031 1.6 13 1.6 8 12 131.8 419.1
24.03.2011 PDD 0.4 0.002 0.006 2.6 13 1.5 0 -2 80.7 97.1
25.03.2011 PDD 0.3 0.002 0.006 1.2 1.5 1.2 2 16 89.4 163.3
02.04.2011 PDD 0.4 0.003 0.010 2.1 1.4 2.0 0 95.9 157.3
05.04.2011 PDD 0.3 0.002 0.006 1.4 1.6 2.0 0 10 82.8 150.3
08.05.2011 PDD 0.4 0.006 0.019 1.4 1.7 1.5 2 60 145.1 202.0

03.07.2011 PDD 0.1 0.009 0.045 10.5 4.7 4.2 52 32 129.3 424.7
06.09.2011 PDD 1.2 0.043 0.149 3.8 2.6 4.7 22 6 156.5 493.7
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09.11.2011 PDD 0.1 0.046 0.054 3.1 2.4 2.5 0 8 632.3 752.0
14.11.2011 PDD 0.1 0.018 0.023 1.3 1.0 11 6 8 317.0 486.4
18.11.2011 PDD 2.1 0.035 0.077 33.9 5.3 5.7 -26 8 366.6 646.0

Median PDD 0.4 0.009 0.023 2.1 1.6 2.0 2 9 131.8 419.1
10.07.2008 JFJ 0.3 0.036 0.048 3.1 6.3 3.1 14 -34 197.4 381.1
23.09.2008 JFJ 0.2 0.014 0.020 11 0.9 0.9 11 17 114.7 434.2
26.09.2008 JFJ 0.2 0.022 0.020 13 0.7 0.9 3 238.5 480.3
13.11.2008 JFJ 0.3 0.043 0.012 4.8 4.6 4.3 0 143.8 398.6
14.11.2008 JFJ 0.3 0.010 0.005 1.9 1.7 1.6 8 -3 311.4 503.8
26.12.2008 JFJ 2.4 0.047 0.032 2.4 2.1 2.2 251.0 382.5
20.01.2009 JFJ 0.6 0.034 0.021 6.5 3.7 3.9 125.6 237.3
21.01.2009 JFJ 0.4 0.007 0.010 3.7 2.0 2.3 37 51 57.0 322.2
03.02.2009 JFJ 2.2 0.020 0.009 25.1 4.6 6.0 74 74 166.0 450.0
19.03.2009 JFJ 83 0.045 0.044 185 5.3 5.5 23 23 173.0 267.8
03.04.2009 JF) 0.7 0.011 0.006 9.8 4.9 5.1 31 23 93.3 248.0

Median JFJ 0.4 0.022 0.020 3.7 3.7 3.1 14 17 166.0 382.5
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Abstract

New particle formation is a frequent phenomenon in the atmosphere and of major
significance for the Earth's climate and human health. To date the mechanisms leading to
the nucleation of particles as well as to aerosol growth are not completely understood. A
lack of appropriate measurement equipment for online analysis of the chemical
composition of freshly nucleated particles is one major limitation. We have developed a
Chemical Analyzer for Charged Ultrafine Particles (CAChUP) capable of analyzing
particles with diameters below 30 nm. A bulk of size separated particles is collected
electrostatically on a metal filament, resistively desorbed and subsequently analyzed for
its molecular composition in a time of flight mass spectrometer. We report of technical
details as well as characterization experiments performed with the CAChUP. Our
instrument was tested in the laboratory for its detection performance as well as for its
collection and desorption capabilities. The manual application of defined masses of
camphene (C;oH;¢) to the desorption filament resulted in a detection limit between 0.5 ng
and 5 ng, and showed a linear response of the mass spectrometer. Flow tube experiments
of 25 nm diameter secondary organic aerosol from ozonolysis of alpha-pinene also
showed a linear relation between collection time and the mass spectrometer’s signal
intensity. The resulting mass spectra from the collection experiments are in good
agreement with published work on particles generated by the ozonolysis of alpha-pinene.
A sensitivity study shows that the current setup of CAChUP is ready for laboratory
measurements and for the observation of new particle formation events in the field.
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1 Introduction

Aerosol particles are of significant relevance for the Earth's radiation balance (Forster et
al., 2007) and human health (Delfino et al., 2005; Stieb et al., 2002). It is well known that
part of the aerosol forms in the atmosphere through nucleation of gas-phase precursor
molecules. The formation of these so-called secondary aerosol particles can be observed
in the planetary boundary layer at a multitude of locations around the world both in
natural backgrounds as well as in polluted industrial areas (e.g. Kulmala et al., 2004).
Typically, particle nucleation events begin in the morning hours and the nucleated
particles grow for several hours to a few days by coagulation and condensation, reaching
diameters in the order of 100 nm. Typical aerosol growth and nucleation rates are in the
range of 1-20 nm h™' and 0.01-10 cm™ s™', respectively (Kulmala et al., 2004). Once the
initial nuclei are formed the particles will grow due to condensation of certain trace gases.
The main contributors to the growth of particles are thought to be sulfuric acid, oxidation
products of volatile organic compounds (VOCs), ammonia salts such as ammonium
sulfate and aminium salts, as has been shown by several studies using direct as well as
indirect methods (e.g. Barsanti et al, 2009; Held et al., 2004; Laaksonen et al., 2008;
Riipinen et al., 2009; Smith et al., 2010). Even though there is a general idea about the
mechanisms governing the growth of freshly nucleated particles a lot of processes remain
unrevealed. This is due to the challenging task of performing online chemical analysis of
sub-30 nm particles. The small mass of these ultrafine particles is a limiting factor. For
example, a particle of 10 nm diameter has a mass of a few attograms (10"® g). The
preferred method to perform such measurements is the mass spectrometric approach, as
the achieved detection limits are low enough to analyze chemical components of ultrafine
particles.

To date there are two instruments available which are capable of performing online
measurements of the chemical composition of sub-30 nm aerosol particles in the field: (I)
NAMS - the Nano Aerosol Mass Spectrometer (Wang et al., 2006) and (II) TDCIMS -
the Thermal Desorption Chemical Ionization Mass Spectrometer (Voisin et al., 2003).
NAMS is capable of measuring the quantitative atomic composition of individual
particles down to diameters of 7 nm (Wang et al., 2006). Its principle of operation is the
laser induced ablation of single particles captured in an ion trap, and the subsequent
elemental analysis with a time of flight mass spectrometer (TOF-MS). Due to the high
energetic laser pulse the particles break up into ionized atomic elements. Thus, molecular
information about the sampled aerosol is not available. The TDCIMS, in contrast,
analyzes the molecular composition of a particle bulk of one size range, down to
diameters of 6 nm (Smith et al., 2004). The particles are charged in a unipolar charger,
size selected in a differential mobility analyzer (DMA), collected on a filament and
subsequently evaporated. The resulting gas is chemically ionized and analyzed for its
molecular composition in a triple-quadrupole mass spectrometer, an ion trap mass
spectrometer (Held et al., 2009), or a high resolution time of flight mass spectrometer
(Winkler et al., 2012). Both instruments are custom-built. Considering the scarcity of
available instrumentation to measure the molecular composition of sub-30 nm particles,
we present the design and first measurement results of an additional aerosol mass
spectrometer for this size range. In principle, our instrument is similar to the TDCIMS,
with a few major differences: Firstly, for charging the particles we optionally use a non-
radioactive source, thus facilitating the transport of the instrument to field sites in
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consideration of the transport restrictions regarding radioactive material. Secondly, we
use a compact TOF-MS, minimizing the overall size of our instrument while accepting a
lower mass resolution. Thirdly, we use electron ionization instead of chemical ionization
resulting in well-known fragmentation of many molecules.

For characterization of the instrument we analyzed particles generated in the laboratory
using a 10 cm® laminar flow tube. Secondary organic aerosol (SOA) was produced by
dark ozonolysis of alpha-pinene resulting in an aerosol size distribution with a mean
diameter of 31 nm.

2 Chemical analyzer for charged ultrafine particles

The general setup for aerosol collection and desorption of our Chemical Analyzer for
Charged Ultrafine Particles (CAChUP) is similar to the TDCIMS. A size-segregated
particle sample is collected by electrostatic precipitation and subsequently desorbed for
mass spectrometric analysis. Figure 1 shows a sketch of the complete setup: In the
charger, ambient aerosol particles are charged either by corona discharge or by a
radioactive neutralizer. The radial differential mobility analyzer (rDMA) selects particles
with a defined mobility diameter, which then are collected on a high voltage biased
filament in the collection unit. After the collection period, the sample is evaporated by
resistive heating of the filament. The resultant gas phase is transferred via a heated fused
silica capillary to the TOF-MS and ionized by electron impact before mass spectrometric
analysis. Following the collection unit, the aerosol flow is measured for its particle
concentration with a condensation particle counter (CPC), allowing to determine the
collection efficiency as well as to estimate the collected particle mass. The individual
parts of the instrument are described in more detail below.

DC HV supply

Aerosol

DC HV supply

Fil. current supply

TOF-MS

Electron
lonization

capillary

CPC

Ump

Fig. 1: Sketch of the instrument setup, with particle charging unit, radial differential
mobility analyzer (rDMA), collection and desorption unit and electron ionization time of
flight mass spectrometer (TOF-MS).
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2.1 Aerosol charging

For size separation in an rDMA and electrostatic precipitation, aerosol particles have to
be electrically charged. Efficient charging of the aerosol is crucial for the overall
performance of the mass spectrometer. Due to the small mass of individual nucleation
mode particles it is necessary to charge as many particles as possible, in order to collect a
sample mass sufficiently large for reliable analysis in the TOF-MS. This depends both on
the charging efficiency of the aerosol charger as well as the collection efficiency of the
collection filament. Two charging methods have been used with our instrument, i.e.
corona discharge based diffusion charging and bipolar diffusion charging with a
radioactive source (Kr-85).

A corona discharge ionizes the molecules of the carrier gas (ambient air in our case),
and these ions pass their charges to the aerosol particles by collision. Corona discharge is
generated by applying a high voltage to a conductor with a highly curved surface (e.g. a
thin wire or the tip of a needle). The intensity of the corona depends solely on the strength
of the resulting electric field in the immediate vicinity of the conductor, which is
controlled by the curvature of the conductor as well as by the applied voltage.

A corona discharge may also create a considerable amount of ozone, depending on the
diameter of the conductor as well as on the voltage applied to the conductor (Chen and
Davidson, 2002; Han et al., 2008). To avoid the chemical alteration of the aerosol sample
through oxidation, the production of ozone, OH and other oxidizing gas phase species has
to be prevented or kept as low as possible. The design of our charger is based on the
development by Han et al. (2008). In order to produce an efficient corona with a
negligible production of oxidizing species, the charger is equipped with two carbon fiber
bundles, with about 100 fibers per bundle and a fiber diameter of about 25 um, instead of
a corona needle. The thin fiber diameter and the large number of fibers comprised in the
bundle allows the production of sufficient ions for charging aerosol particles in
environmentally relevant concentrations, while still applying relatively low voltages of 2
kV, thus minimizing the production of ozone and other oxidants. Only the production of
ozone was monitored in the laboratory due to a lack of measuring capabilities for OH
radicals. Ozone mixing ratios were below 1 ppb, which is the detection limit of the used
ozone monitor (Model 49i, Thermo Scientific, Franklin, MA, USA). Based on these
results, the production of other oxidizing species like OH cannot be excluded but is
considered to be small.

A positive DC voltage of 2 kV is applied to the carbon fiber bundles resulting in the
production of positive air ions. The aerosol sample is introduced into the charging volume
with a flow rate of 1 SLM (standard liter per minute), and the air ions transfer their
charges to the particles by collision. The charging efficiency depends strongly on aerosol
particle concentration, ion concentration and residence time of the aerosol sample in the
charging region. For particle concentrations of about 10* cm™ and below, and a residence
time of 4 seconds, our corona charger showed an extrinsic charging efficiency of 20 to 30
% for 10 and 20 nm particles, respectively (cf. Fig. 2). The extrinsic charging efficiency
is defined as the number of charged particles exiting the charger divided by the total
number of particles entering the charger. Since no sheath flow is used in our charger the
extrinsic charging efficiency is the same as the overall charging efficiency.
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Fig. 2: Size dependent extrinsic charging efficiency of the unipolar carbon fiber corona
charger, and the theoretical charging efficiency of the bipolar charge equilibrium
(Wiedensohler, 1988) for singly positive charged particles. Additionally, the number size
distribution of the aerosol used for characterization is shown.

A known problem for unipolar charging is the occurrence of multiply charged particles. A
doubly charged particle exhibits a larger diameter than the singly charged particle of the
same electrical mobility. Hence, both sizes will be selected in the rDMA, and the
collected aerosol sample will be contaminated by the larger doubly charged particles. In
fact, under certain experimental conditions we observed considerable double charging of
sub-30 nm particles with the unipolar corona charger. This observation is consistent with
the size dependent charge distribution of a unipolar charger (Chen and Pui, 1999) shown
in McMurry et al. (2009) (Fig. 2). The perturbing influence of doubly charged particles
could be minimized by applying a pre-separator prior to the unipolar charger, preventing
particles with diameters above 50 nm to enter the charger. Otani et al. (2007) report of a
metal fiber filter having a high penetration efficiency in the size range between 5 nm and
50 nm exhibiting only a small pressure drop of 130 hPa. Alternatively, a radioactive
bipolar diffusion charger (Kr-85) can be used to minimize multiple charging of aerosol
particles. According to Wiedensohler (1988), particles smaller than 30 nm in diameter
exhibit less than 0.1 % positive double charges in the bipolar charge equilibrium state.
However, the radioactive charging results in much lower charging efficiencies than our
unipolar design (cf. Fig. 2). For characterization experiments in the laboratory, the
radioactive bipolar charger was used with sufficiently high particle concentrations
produced in the flow tube and minimized production of doubly charged particles.
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2.2 Aerosol size separation

Size separation of the aerosol particles was performed with a custom built radial
differential mobility analyzer (rDMA). The rDMA design is adapted from Zhang et al.
(1995) and Zhang and Flagan (1996) and optimized to separate particles in the size range
1-100 nm. In principle, the layout of an rDMA is similar to a plate capacitor composed of
two separated circular electrodes with central outlets. A voltage is applied to one
electrode while the other electrode is grounded, resulting in the formation of a uniform
electric field. The charged aerosol particles enter the space between the electrodes from
an annular gap at the outer edges with the flow directed radially towards the center, where
the sample is extracted at the outlet of the grounded electrode. When an electric field is
applied between the electrodes, the charged particles follow distinct trajectories
depending on their electrical mobility and the field strength. Thus, the application of a
specific electric field strength will result in the selection of particles with a distinct
mobility diameter.

In contrast to the original design by Zhang et al. (1995) the spacing of the two
electrodes is 9 mm while the radius between the annular aerosol inlet and the central
outlet is 30 mm, shifting the design's operation range towards smaller particles. Flows in
the rDMA were set to a sheath flow of 4 SLM and an aerosol flow of 1 SLM. Figure 3
shows the performance of the rDMA in laboratory experiments, by coupling the rDMA to
a reference scanning mobility particle sizer (SMPS, TROPOS Leipzig). Charged ambient
aerosol was introduced into the rDMA while applying a constant electric field. The size
segregated aerosol was then introduced into the SMPS, recharged and scanned in a size
range from 10 to 800 nm. Additionally, the theoretical transfer functions including
particle diffusion (Stolzenburg and McMurry (2008), Zhang and Flagan (1996)) for the
sequential setup of the rDMA and the cylindrical DMA as described above are shown.
The maxima of the calculated transfer functions lie within a maximum deviation of 0.7
nm of the geometric mean diameter calculated from the size distributions of the tandem
DMA measurements. Differences between the measured distributions (Fig. 3 a) and the
theoretical transfer functions (Fig. 3 b) are thought to be due to additional broadening in
the real flow path through the rDMA and the SMPS’s cylindrical DMA. As a result, the
custom-built rDMA is capable of separating quasi monodisperse aerosol samples with a
geometric standard deviation of about 1.09 in the relevant diameter range from 10 nm to
50 nm from ambient aerosol samples.
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Fig. 3: Comparison of the performance of the rDMA coupled to an SMPS system (a) with
theoretical transfer functions (b). A sheath flow of 4 SLM and voltages of 116 V, 504 V,
1003 V and 2000 V resulted in geometric mean diameters measured by an SMPS system
of 11.3 nm, 22.0 nm, 31.7 nm and 46.4 nm, respectively. The theoretical transfer
functions peak at 10.7 nm, 22.7 nm, 32.4 nm and 46.7 nm, respectively.

2.3 Aerosol collection and desorption

Exiting the rDMA, the size-segregated charged particles are introduced into the collection
and desorption unit. Particles are collected on a high voltage (3 - 5 kV) biased NiCr
filament. The circular design (see Fig. 4 for details) can be divided into two distinct
regions, i.e. (1) the collection region and (2) the desorption region. The collection region
is composed of a collection tube (3) containing a movable PEEK (polyetheretherketone)
piston (4) with the collection filament attached to its top (5). The collection tube is
enclosed in a cylindrical housing. The sample flow with the charged particles is
introduced between the collection tube and the housing via an annular gap (6) and
extracted above (9). Due to the electric field originating from the collection filament,
charged particles are directed towards the filament. For protection of the collected sample
from contamination with gaseous constituents of the sample flow, the collection tube is
permanently flushed with molecular nitrogen (7). A second nitrogen flow is introduced
through an annular gap above (8), protecting the desorption region from contamination.
The sample flow rate is set to 1 SLM while the collection region flushing flow rate (7) is
set to 1.3 SLM, assuring that both flows have the same velocity at the upper edge of the
collection tube. Both nitrogen flows and the sample flow are extracted through another
annular gap (9) located above the collection tube.
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Fig. 4: Schematic of the radial collection and desorption unit with NiCr filament in
collection position: (1) collection region, (2) desorption region, (3) collection tube, (4)
PEEK piston, (5) collection filament, (6) aerosol inlet, (7) collection flushing inlet, (8)
desorption flushing inlet (9), exhaust and (10) screw connection for transfer capillary.
Positions of O-rings are shown in black.

During collection the filament is positioned below the upper edge of the collection tube.
The collection efficiency for 25 nm particles is greater than 95% for 5 kV applied to the
filament and the mentioned flow rates. After collection, the PEEK piston is moved by
means of a linear actuator towards the desorption region (2). The desorption chamber is a
conical cavity made of aluminum with a volume of 0.4 cm®. The angles of the desorption
chamber walls are chosen to fit the angles of the PEEK piston, providing that the chamber
is sealed once the PEEK piston is pushed into the desorption position. Resistive heating
of the collection filament allows temperature controlled evaporation of the sample. The
wire temperature is estimated based on the Stefan-Boltzmann law corrected with an
optical temperature estimation through the wire's annealing color. The correction is
necessary since the Stefan-Boltzmann law overestimates the temperature, only accounting
for radiative heat transport. However, a considerable part of the heat is transported from
the wire towards the connecting sockets as well as by convection to the surrounding gas
phase.

In order to avoid condensational losses of the evaporated particles to the desorption
chamber the walls can be heated up to 200° C. Finally, a heated deactivated fused silica
capillary is connected to the upper part of the desorption region (10).
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2.4 Time-of-flight mass spectrometer

The fused silica capillary with an inner diameter of 25 pum transfers the desorbed gas
sample to the TOF-MS. The capillary fulfills the tasks of transferring the sample directly
to the ionization region in the TOF-MS as well as ensuring the necessary pressure drop
from the desorption region to the MS operating at a pressure of less than 1x10° mbar.
The mass spectrometer is a compact time-of-flight mass spectrometer (CTOF, Tofwerk
AG, Thun, Switzerland). The compact, field portable design yields a nominal mass
resolving power of 800 Th and a mass accuracy of better than 100 ppm. Standard 70 eV
electron ionization is applied resulting in fragmentation of the analytes. The
fragmentation patterns are well known for many molecules, hence allowing a chemical
interpretation of the mass spectra to a certain degree (Allan et al., 2004). Thus, the
ionization method is a trade-off between high ionization efficiency and accurate
compound identification. To enhance the potential for molecular identification, this
CTOF is ready to be equipped with a soft photo ionization method in future studies. The
mass spectrometer has a time resolution of 20 kHz, and typically one second averages are
written to hierarchical data format files (HDFS5). Data analysis is performed with the
Matlab based toolbox tofTools, developed by H. Junninen (University of Helsinki).

2.5 Experimental characterization

To infer the detection performance of the mass spectrometer, a dilution series of an
individual organic compound was measured. For this purpose, 1 pl of camphene-ethanol
dilutions of different concentrations were applied manually to the desorption filament by
means of a 5 ul syringe. After application, the filament was moved to the heated
desorption region (80° C) to desorb the sample for analysis in the TOF-MS. Being a
monoterpene, camphene (C;oH;e) represents one of the major compound groups with
oxidation products contributing to the growth of secondary particles. Its suitability for
the dilution series is given by its solubility in ethanol and its solid state up to temperatures
of about 51°C, hence allowing its application to the filament without a significant loss of
material prior to the desorption. The sum of the integrated peak areas of the major
electron ionization fragments (m/z 93, 121 and 136) of camphene were used to obtain a
robust signal from the mass spectrometer.

For further test and characterization purposes, laboratory generated secondary organic
aerosol (SOA) was collected, desorbed and analyzed with CAChUP. SOA was produced
with a laminar flow reactor (Reynolds number Re = 125) for dark ozonolysis of alpha-
pinene similar to Tolocka et al. (2006). The flow reactor consists of a glass tube with a
length of 9 cm and a diameter of 1.2 cm. The total volume of the reactor is 10 cm3. The
volume flow rate through the flow reactor was set to 1.1 SLM resulting in a residence
time of about 0.5 seconds. Alpha-pinene was introduced into the tube by passing a
filtered zero air flow of 0.045 SLM over liquid alpha-pinene in a 100 ml flask. Ozone was
generated by exposing a particle free airflow of 0.85 SLM to UV radiation produced by a
Pen-Ray lamp. The ozone was introduced together with filtered air at a flow rate of 0.2
SLM. The alpha-pinene flow was introduced separately via a glass tubing in the center
axis of the flow tube. The concentration of alpha-pinene in the tube was about 250 ppm,
assuming saturation in the alpha-pinene flow at room temperature (25° C) and accounting

105



for the dilution with the other two flows. This value can be seen as an upper concentration
limit since saturation was most likely not achieved. The ozone mixing ratio was 13 ppm
in the absence of alpha-pinene in the reactor measured using an ozone monitor (Model
49i, Thermo Scientific, Franklin, MA, USA). Despite the high concentration of ozone in
the flow tube only a fraction of the gas-phase alpha-pinene was transformed to the
particle phase. The aerosol flow still contained a considerable amount of gas-phase
organics, as could be seen by turning off the two nitrogen purge flows, hence sampling
with the mass spectrometer directly from the gas phase in the sample flow. About 90 % of
these gas-phase organics were removed by an activated charcoal denuder, installed
between the flow tube and our instrument. The flow reactor setup resulted in a narrow
particle size distribution with a mean diameter of 31 nm and a geometric standard
deviation of 1.33.

3 Results and discussion

The instrument's detection performance for monoterpenes was deduced from a series of
camphene—ethanol solutions of different concentrations, as described above. From Fig. 5,
a linear relation between the applied mass and the mass spectrometers signal intensity is
evident. Shown is the normalized signal intensity of the sum of three electron ionization
fragments of camphene (m/z 93, 121 and 136). Evaporation of a 1 ul droplet in the
desorption chamber resulted in a considerable pressure increase in the mass spectrometer.
This effect resulted in a sudden increase of the overall mass spectrometer's signal
intensity. Therefore, a normalization of the data was performed by dividing the unit mass
resolution sticks by the peak area of m/z 207. Mass 207, being a typical contamination
signal from silicone, was always visible in the measured mass spectra, showing variations
only due to the mass spectrometer's operating conditions, like ionization efficiency and
pressure changes. This mass is suitable for normalization because its signal strength is
independent of the evaporation of the collected sample. Also shown in Fig. 5 are the
standard deviations of the MS signal intensities. During the experiment pure ethanol as
well as camphene masses of 0.5, 5, 50, 500 and 5000 ng were applied to the filament.
Both pure ethanol and the solution with 0.5 ng camphene resulted in no clear signal from
the TOF-MS. Figure 5 shows that a sample of 5 ng of camphene yields a clear and
quantitative signal. Thus, the detection limit for camphene is taken to be between 0.5 ng
and 5 ng with the present setup.
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Fig. 5: Detection performance of the aerosol mass spectrometer for different camphene
masses applied to the desorption filament. Normalized signal intensity equals the sum of
the integrated peak areas of m/z 93, 121 and 136 normalized with m/z 207. Open cycles
denote the mean signal intensity and the error bars show the standard deviation. A linear
fit curve is shown to indicate the linearity of the signal.

Figure 6 (a) shows the procedure of the particle collection and blank experiments.
Aerosol particles with a diameter of 25 nm were collected for time periods of 30 min, 1
hour and 2 hours, and desorbed from the NiCr filament. During collection, the desorption
chamber was continuously kept at 100 °C and flushed with nitrogen. Also the filament
was flushed with nitrogen, minimizing the collection of gas phase compounds and
interactions of the collected sample with oxidants like ozone. Following the collection,
the nitrogen flow is increased in order to flush the entire collection unit, preventing
contamination during the travel period of the piston towards the desorption chamber.
Once the piston reached its final position, the desorption chamber was heated from 100°
C to 160° C. Only then the NiCr filament was heated gradually to its final temperature of
about 800 °C (see Fig. 6 (b) for details). The wire temperature was not directly measured,
but estimated from the Stefan-Boltzmann law and by visual inspection of its annealing
color. In Figure 6 (b) the desorption process for the one hour collection experiment is
shown. Heating of the desorption chamber was initialized 60 seconds after the PEEK
piston was moved to the desorption position. After 300 seconds the final desorption
chamber temperature of 160° was reached and the filament was heated from ~300 °C to
800 °C during the next two minutes. Also shown in Fig. 6 (b) is the time evolution of the
signal from averaged major peaks from the evaporated particles. The signal from the
TOF-MS is clearly increasing due to the heating of the desorption chamber and reaching
its maximum well before the filament reached its final temperature. Once the maximum
was reached a steep decrease in the signal was observed, despite the persistent heating of
the filament. Remarkable is that the signal seems less dependent from filament heating
than from the desorption chamber’s temperature.
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Fig. 6: (a) Sketch of the procedure for the background and collection experiments, with
temperature courses of the desorption chamber (white circels) and the NiCr filament
(black triangles). (b) Time evolution of the averaged signal from major organic peaks (m/z
43, 53, 65, 67, 77 and 91) during the desorption of oxidized alpha-pinene particles. The
PEEK piston was in desorption position at second 60. Temperatures of the desorption
chamber and the filament are also shown. The hatched area denotes the one minute
averaging periode used for the mass spectrum shown in Figure 7 b.

The grey hatched area in Fig. 6 (b) indicates the averaging period from which the mass
spectrum in Fig. 7 (b) was obtained. The one minute averaging period was chosen for all
experiments, always starting when the desorption current was applied to the NiCr
filament.

Despite the activated charcoal denuder and the nitrogen purge flows, peaks of gas-phase
organics were observed in the mass spectra. To prevent misinterpretation of the signal, a
correction for potential gas-phase contamination is necessary. For this purpose, a blank
measurement was performed, sampling the air without a high voltage applied to the
collection filament, hence not collecting any particles. This correction is only possible if
the adsorption of the gas-phase is similar during collection and blank measurement. This
assumption is considered valid if the flow rates, temperatures and the duration of
collection and desorption are kept constant for the regular and the blank measurement. A
second reason for performing blank measurements is the condensation of evaporated
particle compounds from the filament onto the desorption chamber walls. Even when the
desorption region is heated to 200 °C, condensation of low volatile species cannot be
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ruled out when the filament is heated up to 800 °C. To account for temporal variations of
the pressure in the mass spectrometer, the mass spectra were normalized. For
normalization, the peak at m/z 207 was used, showing variations only due to the mass
spectrometer's operating conditions, thus being independent of the desorbed sample.

Figure 7 shows mass spectra of three collection cycles with flow tube generated
particles with a diameter of 25 nm. During all three experiments, the basic conditions in
the flow tube, the rDMA and the collection unit were kept constant. Only the collection
time was varied between 0.5, 1 and 2 hours. For all three measurements, corresponding
blank measurements were carried out. The presented mass spectra are consistent with
published studies on laboratory generated particles from ozonolysis of alpha-pinene (e.g.
Chhabra et al., 2010; Shilling et al., 2009). In both studies high resolution time of flight
aerosol mass spectrometers (HR-TOF-AMS) with electron ionization were used. As
CHACHUP is also equipped with electron ionization the general fragmentation patterns
are expected to be comparable.
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Fig. 7: Mass spectra of organic particles with a diameter of 25 nm from dark ozonolysis of
alpha-pinene; a, b and ¢ are spectra after collection times of 0.5 h, 1 h and 2 h,
respectively. The lower panel (d) shows the sum of the signal intensities of four major
peaks (m/z 55, 65, 77 and 91) in relation to the collection time.
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For the three different collection periods, the signal intensities increase with longer
collection times while the ratios of the relative peak areas of the major peaks remain
constant over the experiments. The major peaks in Fig. 7 are thought to be fragments of
oxidized organics like C,H;0" for m/z 43, CO," for m/z 44 and C;H;0" / C4H;" for
m/z 55 (Chhabra et al., 2010; Shilling et al., 2009). Further prominent peaks are thought
to be the non-oxidized ionization fragments CsHs*, CsHs", C¢H;" and C;H;" for m/z 65,
77, 79, and 91, respectively (based on Fig. 2 of Chhabra et al., 2010). The relation
between the signal intensity and the collection time shown in Fig. 7d indicates higher
signal intensities with longer collection times, and thus, more collected aerosol mass. The
increase in signal with collection time is near to linearity, deviations could arise from
slight variations in collection efficiency and particle numbers produced in the flow tube.
Overall, the collection experiments show good performance of our instrument in flow
tube experiments. The collection times can be extended to multi-hour periods and the use
of a radioactive neutralizer is reasonable despite its poor charging efficiency, minimizing
the contribution of multiply charged particles in the sample. In principle, CAChUP is
ready for use in smog chamber experiments on the formation of SOA, either triggered by
dark ozonolysis or photochemical reactions. Crucial for such experiments is the ability to
produce particle formation events with similar growth rates that can be observed in the
atmosphere. If the growth rates are too high particles of a distinct diameter will not be
present for a time period sufficient for collecting the necessary aerosol mass. Therefore,
the concentration of gas phase precursors has to be chosen close to ambient
concentrations yielding particles with a chemical composition comparable to atmospheric
particles.

As described above the detection limit of CAChUP for the dilution series of camphene
is between 0.5 ng and 5 ng. The detection performance of CAChUP during the flow tube
experiments can only be determined roughly because the collected particle mass has to be
estimated from particle concentration measurements with a CPC, attached downstream of
the exhaust of the collection unit. Concentrations measured are to be regarded with care
due to particle losses at the collection unit’s exhaust and dilution with the nitrogen flows.
The collection efficiency was estimated by calculating the concentration ratio between
periods with a voltage applied to the collection filament and periods with no voltage
applied. For particles with a diameter of 25 nm and 5 kV applied to the filament, the
collection efficiency was better than 95 %. The particle transmission through the
collection unit was estimated by measuring the particle concentration upstream and
downstream of the unit's sample inlet and outlet, respectively. Accounting for the dilution
with the nitrogen purge flows the transmission was estimated to be between 81 % and 100
%. Applying the corresponding collection and transmission efficiencies together with an
assumed particle density of 1.25 g/cm® (average estimate of the density values by
Bahreini et al. (2005) and Kostenidou et al. (2007)) and knowing the particle size and
concentration as well as the aerosol volume flow through the collection unit, an estimate
of the collected mass was obtained. For the three performed experiments, rough estimates
of the collected masses were in the range of 2.1-2.6 ng, 4.0-5.0 ng and 5.3-6.5 ng for the
0.5 h, 1 h and 2 h experiments, respectively. Since collection times below 0.5 h did not
result in quantitative signals from the mass spectrometer the lower detection limit for the
performed experiments is estimated to be below 2.1-2.6 ng, being in the same range as
determined by the dilution series experiments. However, the detection limit will depend
also on the composition of the collected particles. For example, for compounds
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experiencing less fragmentation by the mass spectrometer's electron ionization the
detection could be substantially better.

The necessity of a sample of a few nanograms limits our present setup either to
measurements of particles with diameters > 20 nm but relatively short collection periods,
or particles < 20 nm with collection periods of several hours.

4 Conclusions and outlook

We have developed an aerosol mass spectrometer for the chemical analysis of particles
with diameters below 30 nm. The instrument collects a charged and sized particle sample
on a metal filament. After collection the filament is resistively heated and the resulting
gas phase is analyzed for its molecular composition in an electron ionization time of
flight mass spectrometer. The functionality of the instrument has been validated in
laboratory measurements by means of secondary organic particles produced from dark
ozonolysis of alpha-pinene in a laminar flow tube, and by the direct application of known
masses of camphene to the NiCr filament. Considering the results of these experiments,
an application of CAChUP in the field seems to be feasible. For example, during
nucleation events at the “Waldstein” ecosystem research site in the Fichtelgebirge
mountain range, NE Bavaria, Germany, particle concentrations with up to 90,000 cm™
were detected. During such events the concentration of particles with a diameter between
20 nm and 24 nm was found to be up to 4000 cm™. Periods with elevated 20 nm particle
concentrations (> 1000 cm™) prevailed for about 3 hours. Considering the charging
efficiency of our unipolar charger, particle losses in the rDMA and the collection unit as
well as the collection efficiency onto the NiCr filament during nucleation events,
collected masses for 20 nm particles are expected to be in the order of 1 ng to 7 ng, thus
being within the estimated detection limit.

The performance of CAChUP is promising both for laboratory experiments and also for
field measurements. Nevertheless, several improvements will further enhance the
performance of the instrument. The unipolar charger is working, yet multiply charged
particles have still to be avoided. With the present setup, this requires the use of a pre-
impactor with a cut-off diameter at 50 nm or below. Multiple charges can also be avoided
by charging the particles in a bipolar environment, although the charging efficiency will
be small. In the past few years major advances towards bipolar corona discharge chargers
have been accomplished (e.g. Stommel and Riebel, 2004). Further enhancement of the
charged particle fraction could be accomplished by parallel use of multiple bipolar
chargers coupled to an electrostatic focusing device, focusing one polarity of charged
particles to its centre while extracting the excess air at its periphery. This way the
concentration of charged particles could be enhanced significantly while keeping the
same flow rate and collection efficiency in the collection unit. Finally, the flow regime
inside the collection and desorption unit should be improved. Despite the permanent
flushing of the NiCr filament and the desorption region, contaminations during the flow
tube experiments could not be avoided completely, making it necessary to perform a
blank measurement for every measurement conducted. As laboratory generated secondary
organic particles will always be associated with a huge fraction of precursor molecules in
the gas phase, the necessity of protecting the device from contaminations is crucial. To
tackle this issue the collection unit must be optimized towards a flow regime with
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minimal turbulence, hence less penetration of the gas phase onto the NiCr filament and
into the desorption region. Turbulence in the desorption region is assumed to be of greater
importance due to the opposing direction of the N, purge flow and the sample flow, as
well as due to its enhanced surface compared to the filament. However, precursor gas
phase contaminations are expected to be significantly smaller in the field than in our flow
tube experiments.

CAChUP is now ready to be used both in laboratory and field experiments, and the
described improvements will be implemented step by step for enhanced performance in
future measurement campaigns.
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