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1 Abstract

The goal of this thesis is to extend the applicability of tetra-alkyl ammonium

halides (TAAH) used as electrical mobility standards for instrument calibration

and performance evaluation. In an electrical mobility spectrum, tetra-alkyl ammo-

nium halides produce a unique series of sharp peaks, with each peak corresponding

to one monomobile cluster species. For the electrical mobility measurement, an

electrospray ion source is used as the particle generator, a high resolution differen-

tial mobility analyzer for the classification of the molecular clusters, and a Faraday

cup electrometer as particle detector. Since the electrical mobility is indirectly

proportional to the particle’s diameter and directly proportional to the particle’s

charging state, larger multiply charged TAAH i-mer clusters have the same elec-

trical mobility as smaller singly charged ones. For this reason only cluster species

with a diameter Dp < 2 nm can so far easily be unambiguously identified. This

thesis addresses the issue by using three aerosol neutralizers for the purpose of

charge reduction. Two of them are bipolar ionizers, based on ionizing radiation

from a radionuclide and from a soft X-ray source. A corona neutralizer used as a

unipolar ionizer was designed and built for this thesis.

The experimental work demonstrated that the eligibility of the neutralizer is very

much dependent on the test substances in use. The custom-built corona ionizer

shows high potential in the reduction of multiply charged particles but is still

calling for a more thorough evaluation in future studies.
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2 Kurzfassung

Das Ziel dieser Arbeit ist es, die Anwendbarkeit von tetra-alkyl Ammonium Halo-

geniden (TAAH) als elektrische Mobilitätsstandards für die Kalibrierung und zur

Leistungsanalyse von Instrumenten zu erweitern. In Mobilitätsspektren erzeugen

tetra-alkyl Ammonium Halogenide eine einzigartige Abfolge scharfer Peaks, wobei

jeder Peak einer monomobilen Cluster-Spezies entspricht. Für die Messung der

elektrischen Mobilität, werden die von einer Elektrospray-Ionenquelle erzeugten

molkularen Cluster mit einem hochauflösenden differentiellen Mobilitätsanalysator,

klassifiziert und von einem Faraday-Cup-Elektrometer detektiert. Da die elek-

trische Mobilität indirekt proportional zum Durchmesser und direkt proportional

zum Ladezustand des Teilchens ist, haben größere mehrfach geladene TAAH i-mer

Cluster die gleiche elektrische Mobilität wie kleinere einzeln geladene Cluster. Aus

diesem Grund können bisher nur Cluster-Spezies mit einem Durchmesser Dp < 2

nm eindeutig identifiziert werden. Diese Arbeit befasst sich mit dieser Problemstel-

lung indem durch die Verwendung von drei Aerosol-Neutralisatoren versucht wird

überschüssige Ladungen zu neutralisieren, um Cluster mit Durchmessern von 3-4

nm sichtbar und zugänglich zu machen. Zwei der Neutralisatoren sind bipolare

Ionisatoren, basierend auf ionisierender Strahlung eines Radionuklids und einer

Weich-Röntgenquelle. Ein unipolarer Ionisator basierend auf einer Koronaent-

ladung wurde im Zuge dieser Arbeit konzipiert und gebaut. Die Experimente

zeigten, dass die Eignung der verschiedenen Neutralisatoren abhängig von der zu

untersuchenden Cluster-Spezies ist.

Der speziell angefertigte Korona-Ionisator zeigt ein hohes Potential zur Reduktion

von Mehrfachladungen der Teilchen, fordert jedoch eine detaillierte Evaluation in

zukünftigen Studien.
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3 Introduction and Motivation

Aerosol sciences is a manifold scientific field of major relevance as it is i.a. con-

cerned with the effects of airborne particles on the earth’s radiative balance and

their influence on climate change. Furthermore, aerosol particles are also of in-

terest concerning human health hazards associated with air pollution, especially

particulate matter and smog. A deeper knowledge about the chemical nature

and structure, size distribution and mass/number concentration of the respective

aerosol (particles) is crucial to target these pressing issues. Electrical mobility

measurements using a differential mobility analyzer (DMA) in combination with

a suitable detector like an electrometer or condensation particle counter (CPC)

allows the determination of the electrical particle mobility and the according num-

ber concentration. In order to gain unambiguous and reproducible measurement

results, instrument calibration and evaluation are crucial preconditions (Flagan,

1999; Baron and Willeke, 2001; Kulkarni et al., 2011; Hinds, 1999). For electri-

cal mobility measurements this is generally done by determining the voltage at

which the majority of ’test aerosol particles’ of a well-known electrical mobility

gets measured (Steiner et al., 2010). For a known charge distribution, a parti-

cle’s electrical mobility equivalent diameter can then be derived from its electrical

mobility. There are different possibilities to provide the necessary mobility and

size standards. First, by using a tandem DMA setup where the first instrument

classifies a monomobile size fraction from a polydisperse aerosol. This fraction is

then fed to the instrument that is meant to be calibrated. Second, by using size

standards. Following the definition from Liu and Pui (1974), “[w]hen the particle

size and concentration are known to a sufficiently high degree of accuracy, these

aerosols may be referred to as aerosol standards.”(Liu and Pui, 1974, 157) Size

standards are also used to study the influence of particle size on instrument per-

formance. The advantage of using aerosol standards rather than monomobile size
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fractions lies in the fact that the monomobility of the fraction is dependent on

the resolution of the first DMA. Suspensions of polystyrene latex particles (PSL)

are very often used as test particles within the size range Dp > 20 nm to 1 µm

due to their narrow size distribution and spherical shape. To generate the par-

ticle in this size range, suspensions are usually atomized. There are a multitude

of atomizers which are distinguished by their underlying operating principle. A

very important subset of atomizers are nebulizers. Vibrating-orifice aerosol gen-

erator and the spinning-disk aerosol generator are two examples for monodisperse

atomizers. Research efforts towards even smaller particle sizes in the nanometer

region requested new procedures of aerosol generation. One possibility is electrical

atomization with an electrospray, which allows the generation of particles with

diameters

Dp ≤ 2 nm (Hinds, 1999; Baron and Willeke, 2001). Good results were achieved by

electrospraying solutions of large organic salts, like tetra-alkyl ammonium halides

(TAAHs) dissolved in high purity alcohols. Using this technique, it is possible to

generate charged molecular clusters and even single molecular ions. The resulting

aerosol is not only monomobile but also true monodisperse. TAAH clusters are

therefore especially important as aerosol standards for instrument calibration and

performance tests in the sub 10 nm range (Ude and Fernández de la Mora, 2005).

However, one problem arises: even though the smallest cluster species (monomer,

dimer, trimer) with el. mobility equivalent diameters below 2 nm can be de-

termined accurately, higher order i-mers with lower electrical mobilities cannot.

The electrical mobility spectrum within this region gets distorted. The individual

cluster species cannot be resolved, because larger multiply charged clusters super-

impose smaller singly charged ones. This is because the probability for multiple

charging increases with increasing particle diameter and because electrical mobil-

ity increases with an increasing number of charges (Hinds, 1999). This process can
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be avoided by using an aerosol neutralizer, which allows the reduction of charges

to one. This work addresses this issue by comparing three different aerosol neu-

tralizers: a radioactive source, a soft X-ray ionizer and a corona neutralizer. The

former two are bipolar ionizers, whereas the latter one is a unipolar ionizer. The

monomobile molecular clusters of different tetra-alkyl ammonium halide ions are

generated using an electrospray ion source and are classified by a high resolution

DMA (Steiner et al., 2010). The number concentration of charged clusters exiting

the DMA is determined by a Faraday cup electrometer. The idea behind this

thesis is to realize higher order cluster species of tetraheptyl ammonium bromide

(THABr) and other halides by using a neutralizer, trying to access clusters up to

3-4 nm as calibration standards.

(a) Positive spray: THABr electrical mobil-

ity spectrum

(b) Positive THABr electrical mobility

spectrum with 241Am

Figure 1: Inverse mobility spectrum of positively charged THABr clusters. On the left hand side

without a neutralizer, and on the right hand side with a radioactive source as a bipolar

neutralizer.
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4 Physical Basis

Chapter 4 is an introductory chapter on the relevant physical basis of this the-

sis. It is based on the standard textbooks by Hinds (1999), Baron and Willeke

(2001), Kulkarni et al. (2011) and Seinfeld and Pandis (2006), with further empha-

sis on charging theory by Fuchs (1963), going beyond the Boltzmann description

of equilibrium charge distribution.

4.1 Linear Particle Motion and Diffusion

It is important to keep in mind that by definition an aerosol is made of liquid

and/or solid particles suspended in a carrier gas (Hinds, 1999). Consequently, gas

and particle properties, as well as behavior and their interaction are of interest.

Kinetic gas theory

“According to kinetic theory, the temperature, pressure, mean free path, and vis-

cosity of a gas are manifestations of the motion of the gas molecules.”(Hinds, 1999,

15) The classical kinetic theory of gases is based on three assumptions: first, gas

is made up of many molecules, second, the distance between molecules is large

compared to their radii and third, molecules may be considered as rigid spheres.

Furthermore, gas molecules move on straight paths, and collisions between them

are elastic (Hinds, 1999).

The ideal gas law, see equation (1), connects pressure p, volume V , number of

moles n and the absolute temperature T .

R denotes the universal gas constant, its value is dependent on the units used (SI

units: R= 8, 314 J
mol·K). The ideal gas law holds for pressures until a few atm (1

atm = 1013.25 mbar = 101.325 kPa).
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pV = nRT (1)

Mean free path

The (gas) mean free path “is defined as the average distance traveled by a molecule

between successive collisions.”(Hinds, 1999, 21)

Considering molecule a, after having collided with molecule b, molecule a travels

the mean free path until it collides with molecule c. The (gas) mean free path

decreases with increasing density of the gas n, and even stronger with an increasing

diameter of the molecule Dm, see equation (2). Not as intuitively is the fact that

λ is not directly dependent on the temperature T.

λ =
1√

2nπD2
m

(2)

The influence of temperature and pressure on the mean free path is ’hidden’ in

the gas density n, as the transformation of the ideal gas law (1) in equation (3)

shows.

n =
pV

RT
(3)

Therefore a higher pressure leads to a higher gas density and consequently to a

shorter mean free path, the opposite being true for an increase in temperature.

At standard conditions (p = 1 atm = 101.325 kPa; T = 293 K = 20 °C), the mean

free path of air is λ = 0.066 µm.

The Knudsen Number (see equation (4)) is a dimensionless quantity, which re-

lates the mean free path λ and the particle diameter Dp. It is directly proportional

to the mean free path of a gas λ and inversely proportional to the particle diameter
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Dp (Baron and Willeke, 2001; Kulkarni et al., 2011; Hinds, 1999).

Kn =
2λ

Dp

(4)

In addition and complementary, “[t]he particle mean free path λp is defined as

the average distance from any origin that the center of a [spherical] particle travels

before it completely changes direction.”(Hinds, 1999, 154)

As a result, the particle mean free path λp, see equation (5), is the product of the

stopping distance of the particle τ and its thermal velocity v̄ (see equation (6)).

λp = τ v̄ (5)

v̄ =

(
8kT

πm

)1/2

=

(
48kT

π2ρpD3
p

)1/2

(6)

In equation (6), k is the Boltzmann constant, T the absolute temperature, m

the mass of the particle and ρp the density of the particle.

The Reynolds Number

The Reynolds Number is a dimensionless quantity, which describes gas flows in

a pipe or around an object. It is the ratio between the inertial force FI and the

frictional force Ff , hence

Re =
FI
Ff

(7)

The useful notation for fluid mechanics, is given by equation (8)

Re =
ρvd

η
(8)

where ρ is the density of the gas, η the viscosity, and v the relative velocity

between gas and an object with a diameter d. The viscosity η of a gas in units
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[N · s/m2] increases with increasing temperature and is quasi independent of pres-

sure.

The Reynolds number gives insights on the flow profile, whether it is laminar or

turbulent. If Re < 1, the frictional forces are the dominant ones acting upon the

object, for example the aerosol particle, and the flow is laminar. Increasing values

of Re describe more turbulent flows (Hinds, 1999).

At standard conditions (p = 101.325 kPa; T = 293 K = 20 °C) and in SI units,

the Reynolds number can be determined from the approximation,

Re = 66000 · v · d (9)

for v in [m/s] and d in [m], using the values for ρ = 1.20 kg/m³ and

η = 1.81 ×10−5 Pa · s of air.

Newton’s Resistance Law

The velocity at which a particle travels in a gas is determined by two competing

forces: on the one hand, an external force like gravitation or an electrical force,

and on the other hand, the resisting force exerted by the gas, hindering the parti-

cles’ motion. The strength of this opposing force depends on the relative velocity

between particle and gas (Hinds, 1999).

At high Reynolds numbers (> 1000) Newton’s resistance law, given in equation

(10), is applicable to particle motion.

FD = Kρg
π

4
d2v2 (10)

The gas resistance force or drag force consists of K, which is a constant of

proportionality, ρg the density of the gas, d the diameter of the object/particle
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and v its velocity. As K was assumed to be independent of v, a more general form

of equation (10) including CD is stated in equation (11).

FD = CD
π

8
ρgd

2v2 (11)

This expression in equation (11) for the drag force is valid for subsonic particle

motion. At high Reynolds numbers (> 1000) CD ≈ const., whereas at smaller Re

(< 1000) it becomes a variable (Hinds, 1999).

Stoke’s law

Stoke’s law, given in equation (12), can be interpreted as a special case of Newton’s

resistance law (10) & (11), as it describes particle motion at low Reynolds Num-

bers. This regime is particularly important in aerosol sciences, as particle sizes

are small and velocities tend to be low. From equation (7) follows that within this

regime inertial forces become negligible compared to the effects of the viscous force

exerted on the particle by the gas. It is a solution of the practically unsolvable

Navier-Stokes nonlinear partial differential equations, which describe the motion

of fluids. His solution was achieved by reducing the partial differential equations to

solvable linear equations. For this purpose the following assumptions were made:

1) inertial force can be neglected, 2) incompressibility of the fluid, 3) absence of

obstacles, like walls or other particles, 4) the particle has the form of a rigid sphere

and 5) the fluid has zero velocity at the surface of the particle (Hinds, 1999).

FD = 3πηvDp (12)

The resisting force FD, opposing the particles’ motion, given by Stoke’s law in

equation (12), is directly proportional to the viscosity η of the gas, the velocity v

of the particle and its diameter Dp. Using this relationship between FD and the

particle velocity v, it is possible to formulate a particle’s mechanical mobility B
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(in distinction of the subsequently discussed electrical mobility Z)

B =
v

FD
=

1

3πηDp

for Dp > 1µm (13)

in [m/Ns].

The area where equation (12) holds, is called the Stokes region.

However, Stoke’s law underestimates the settling velocity for very small particles

(< 1µm), as the assumption of zero velocity at the surface of the particle does not

hold. To take this into account, Cunningham introduced a correctional term, the

Cunningham correction factor, given by equation (14) (Hinds, 1999).

Cc = 1 +
2.52λ

Dp

(14)

with λ the mean free path, introduced in equation (2) and Dp the particle

diameter.

Stoke’s law (12) combined with the Cunningham correction factor (14) leads to

equation (15)

FD =
3πηvDp

Cc
(15)

But also this extension is limited, as it is only valid for particles with a diameter

between 1µm and 0.1µm. If one considers particles smaller than 0.1µm, which

is the case in this thesis, the empirically determined slip correction factor is given

by equation (16) (Hinds, 1999).

Cc = 1 +
λ

Dp

[2.34 + 1.05exp(−0.39
Dp

λ
)] (16)

For decreasing pressure, the slip correction becomes larger, due to its direct rela-

tion to the mean free path, which also increases with decreasing pressure. Slightly
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differing empirical values may be used by different authors.

Brownian Motion and Diffusion

“Excluding convection, thermal diffusion is the primary transport and deposition

mechanism for particles less than 0.1 µm in diameter.”(Hinds, 1999, 150)

Seinfeld and Pandis (2006) elaborate on the relationship between Brownian motion

and diffusion by stating that “[t]he movement of particles due to Brownian motion

can also be viewed as a macroscopic diffusion process.”(Seinfeld and Pandis, 2006,

415)

A particle suspended in a gas, for example air, has a velocity v 6= 0, because

constant collisions with ambient air molecules cause random, small displacement

effects. Diffusion is always associated with a concentration gradient that leads to

a net transfer of particles towards regions of low concentration.

In 1905 Einstein showed that i.a. an aerosol particle and a very large gas

molecule have the same observable Brownian motion, and that the aerosol par-

ticle experiencing Brownian motion and the molecules of the gas it is suspended

in have the same kinetic energy Ekin = 3
2
kT (Hinds, 1999).

Fick’s first law of diffusion 17

J = −Ddn
dx

(17)

establishes the relation between the flux of aerosol particles J , the diffusion coeffi-

cient D and the concentration gradient dn
dx

. Fick’s first law of diffusion in the form

of equation (17) is only valid if no external forces are present.

The diffusion force Fdiff can be equated to Stokes drag force (15), which precisely

describes the force exerted on the particle by the gas opposing its motion.

The diffusion coefficient is given by equation (18)

10



D = kTB =
kTCc
3πηDp

(18)

The relationship D = kTB is known as the Einstein relation, with k the Boltzmann

constant, T the absolute Temperature and B the mechanical mobility, introduced

in equation (13). It includes the slip correction Cc and is therefore applicable for

Dp < 1µm, which is necessary due to the importance of diffusivity for small par-

ticles (Seinfeld and Pandis, 2006; Hinds, 1999). From equation (18) follows that

diffusivity increases with decreasing particle diameter.

Deposition by Diffusion

For this work, diffusion and deposition effects are of particular interest, because

the aerosol passes through several instruments. Furthermore ultrafine particles

were generated and investigated, which leads to high diffusion coefficients, as the

coefficient is inversely dependent on the particle diameter Dp.

If an aerosol particle hits the surface of an ’obstacle’ it adheres to it. A concen-

tration gradient near the surface causes a steady diffusion of particles towards it.

Deposition of aerosol particles has the effect of decreasing the particle concentra-

tion, which in this work is not desired.

Deposition on a curved surface, in this case a tube with a circular cross section and

laminar flow condition is described by the deposition parameter µ, a dimensionless

quantity which is given in equation (19).

µ =
4DL

πD2
t Ū

=
DL

Q
(19)

Hence, µ is dependent on 1) the length of the tube L, 2) the diffusion coefficient

D, 3) the diameter of the tube Dt and 4) the average flow velocity through the

tube Ū . As Q = 1
AŪ

, where A is the area of the tubes’ cross section, 1
Q

describes

the volume flow per unit time, thus the flow rate. Since µ ∝ D ∝ 1
Dp

, it follows
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that the deposition parameter increases for decreasing particle sizes (Hinds, 1999).

4.2 Basic physical properties

A charge q in an electrostatic field E will experience the force FE, which is given

in equation (20).

FE = qE = neE (20)

The charge q can also be written in the form ne with e being the elementary charge

(in SI units e = 1, 602× 10−19C) and n the integer number of charges. Therefore

the force which acts on a charged particle is determined by the strength of the

electrostatic field E and the number of charges n (Hinds, 1999).

Particle Motion in an electric field

By equating 20 and 15 and solving it for the velocity v, the terminal velocity of a

charged particle in an electrostatic field can be determined, see equation (21).

vTE =
neECc
3πηDp

(21)

Equation (21) can be further simplified by including the mechanical mobility B,

which was introduced in equation (13). The terminal electrostatic velocity may

then be expressed as the product of the integer number of charges, the elementary

charge, the electrostatic field and the mechanical mobility.

vTE = neEB (22)

Compared to the mechanical mobility B, the electrical mobility Z describes

the way a charged particle travels in an electric field, the relation between the

terminal electrostatic velocity vTE of a particle and the electrostatic field E is

given by equation (23)
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Z =
vTE
E

=
neCc(Dp)

3πηDp

forRe < 1 (23)

in units [m²/Vs] and is therefore a measurement unit for the velocity of the par-

ticle per unit of electrical field strength. In other words, when a charged particle

enters an electric field, its velocity is determined by the electrostatic force of the

field and the aerodynamic drag which opposes the motion (Hinds, 1999; Baron and

Willeke, 2001; Kulkarni et al., 2011). The electrical mobility is both dependent on

particle size and charging state, meaning the number of charges the particle carries.

Equation (24) shows the relationship between mechanical and electrical mobility

which is

Z = qB = neB (24)

(Hinds, 1999; Seinfeld and Pandis, 2006).

Particle shape and diameter

For the purpose of simplicity, spherical particles are usually assumed in theory,

which is not necessarily the case in reality. It is crucial at this point to discuss the

notion of particle shape and diameter within this context.

There are basically four main concepts of diameter in aerosol physics.

1. The volume equivalent diameter de

“The volume equivalent diameter [...] is the diameter of a sphere having the

same volume as the given nonspherical particle”(Seinfeld and Pandis, 2006,

426), see equation (25).

de =
6

π
V 1/3
p (25)
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2. The aerodynamic equivalent diameter da

The aerodynamic equivalent diameter da is the diameter of a sphere with

a density of ρp = 1 g/cm3 = 1000 kg/m3 and the same terminal velocity vt

as the actual particle of unknown shape.

da =

(
18vtη

ρpgCc(da)

)1/2

(26)

3. The Stokes equivalent diameter ds

The Stokes diameter ds describes a sphere with the same terminal velocity

vt and density ρp as the actual particle of unknown shape.

ds =

(
18vtη

ρpCc(ds)

)1/2

(27)

4. The electrical mobility equivalent diameter dZ

The electrical mobility equivalent diameter dZ is the diameter of a sphere

with unit density and the same electrical mobility Z as the actual particle of

unknown shape.

dZ =
ne

3πη

Cc(dZ)

Z
(28)

For spherical particles de = ds = dp is given, meaning that the actual physical

diameter of the particle is the same as the volume equivalent and Stokes equiva-

lent diameter, however the aerodynamic equivalent diameter da may differ as it is

defined for a sphere with unit density, which is also true for the electrical mobility

equivalent diameter (Seinfeld and Pandis, 2006; Hinds, 1999).

Nonspherical particles show a different behavior than spheres, which is accounted

for by the dynamic shape factor χ, given in equation (29). It can be interpreted
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as a correction to Stokes law (15), if the particles are not spheres. It is the ratio

between the drag force of the nonspherical, actual particle and the drag force of a

particle with an equivalent volume diameter de (Hinds, 1999; Seinfeld and Pandis,

2006).

χ =
FD

3πηvde
=

FD
FD(de)

(29)

4.3 Aerosol Charging/Neutralization

There are different mechanisms for aerosol charging, among other processes static

electrification, diffusion charging and field charging (Hinds, 1999). The charg-

ing/neutralization devices used for the experimental work for this thesis, intro-

duced in chapter 5, are all based on diffusion charging. Even though there is one

significant distinction, chargers based on radioactive materials and soft X-rays are

bipolar chargers, and produce positive and negative ions. The probably simplest

and most straight-forward way to realize a unipolar charger, i.e. produce ions of

only one sign, is by corona discharge.

The process of diffusion charging is governed by thermal diffusion as discussed

towards the end of section 4.1 (Hinds, 1999; Baron and Willeke, 2001).

If aerosol particles are mixed with unipolar ions, collisions between particles and

ions occur due to the random Brownian motion of both, even if no external field is

present. The charge of the ion then transfers to the particle, and as the particles

accumulate more charges, a field establishes. The field prevents the accumulation

of additional charges and therefore reduces the charge rate. The number of ions

with high enough velocities to overcome the repulsive force decreases, even though

it never reaches zero because ions have a Boltzmann distribution of velocities,

which does not have an upper limit.
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Equation (30) describes the time dependent acquisition of charges by particles due

to diffusion charging. v̄i denotes the mean thermal speed, Ni the concentration of

the ions and KE = 1
4πε0

, with ε0 being the vacuum permittivity (Hinds, 1999).

n(t) =
DpkT

2KEe2
ln[1 +

πKEDpv̄ie
2Nit

2kT
] (30)

Equation (30) is valid for particles with a diameter Dp = 70 nm - 1.5 µm and a

Nit product > 106 s/cm³ up to a factor 2. For Dp = 50 nm - 40 µm, a Nit product

> 107 s/cm³ is necessary for an accuracy by a factor 2. The Nit product specifies

the residence time of the aerosol particles/clusters and the required amount of ions

to bring the aerosol in a well-defined charge state. For particles with Dp ≤ 200

nm, diffusion charging is the main charging mechanism (Hinds, 1999).

Diffusion charging within a bipolar ion environment is governed by two (com-

peting) processes. On the one hand, previously uncharged particles/clusters get

charged and/or acquire additional charges. On the other hand, charged parti-

cles/clusters get neutralized or reduced in their charge state by the attraction

and attachment of ions of opposite sign. Usually, one may assume almost equal

amounts of negative and positive ions, even though their properties differ. After a

certain time, the so-called Boltzmann equilibrium charge distribution establishes.

“The Boltzmann equilibrium charge distribution represents the charge distribution

of an aerosol in charge equilibrium with bipolar ions. ”(Hinds, 1999, 335)

The Boltzmann charge distribution based on the assumption of equal amounts of

positive and negative ions is given in equation (31), where fn denotes the fraction

of monodisperse particles with n units of charge (either positive or negative). It

includes the statistical probability for uncharged and for multiply charged particles.

fn =
exp(KEn

2e2/DpkT )∑∞
n=−∞ exp(KEn2e2/DpkT )

(31)
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This approximation is only valid for particles of & 0.05µm as it underestimates

the charged fraction of particles at lower sizes (Hinds, 1999; Hoppel and Frick,

1986).

Reischl et al. (1996) state 0.03µm as the threshold where the Boltzmann equilib-

rium charge distribution significantly underestimates this fraction. Equation (32)

is an empirical approximation that states the average amount of charges a particle

with a diameter Dp [µm] has. For particles Dp > 0.2µm, the approximation is

sufficiently accurate.

n̄ ≈ 2.37
√
Dp (32)

Equation (33) is a function of time and ion concentration, and gives the rate for

reaching the Boltzmann equilibrium charge distribution. The Nit product specifies

at which bipolar ion concentration Ni and after what time t the aerosol reaches

the Boltzmann equilibrium (Hinds, 1999).

n(t)

n0

= exp(−4πKEeZiNit) (33)

It is important to emphasize on the fact that the rate does not depend on the

particle size nor on the initial charge state. Therefore it is possible to determine

the charge state of an aerosol after leaving a charging/neutralizing device without

the knowledge of its initial charge state.

Hoppel and Frick (1986) state two major shortcomings of the Boltzmann distri-

bution, namely “i) it fails at small particle sizes and ii) it does not yield absolute

values of the ion-aerosol attachment coefficients.”(Hoppel and Frick, 1986, 2)

To account for smaller particles Fuchs (1963) introduced a new charge theory,
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which unlike the Boltzmann distribution is applicable to steady-state rather than

to equilibrium processes.

From a theoretical point of view the charge distribution of a bipolar ion environ-

ment has to be treated as a stationary state process and not an equilibrium one,

and the Boltzmann equation only describes the latter.

If an aerosol mixes with a high number of ions, a stationary state establishes after

a given period of time. It is said to be stationary, as the net charge over all parti-

cles does not change, even though charge transfer still happens by collisions with

ions (Fuchs, 1963). The method of the limiting sphere was used by Fuchs (1963)

to calculate the combination coefficients for gaseous ions and aerosol particles. It

allows to apply the theory not only to the continuum (Knion → 0), but also the

transition (0.1 < Knion < 10) and the free molecule regime (Knion →∞).

The limiting sphere is a concentric sphere surrounding the particle, its radius is

approximately rlim = rp + λion. The continuum regime applies to the outside of

the limiting sphere, where ion movement is explained by diffusion-mobility theory.

The movement and trajectories of ions entering the limiting sphere are described

by kinetic gas theory and Hamiltonian dynamics. Ions moving inside the limiting

sphere are assumed to travel like in a vacuum, meaning that collisions with other

ions are excluded.

The necessary ion properties to calculate the charging probability are: electrical

mobility Z±ion, ion mass m±ion, the diffusion coefficient D±ion, the mean thermal ve-

locity of the ion v̄±ion and the mean free path λ±ion. Although in Fuchs theory all

ion properties can be derived from the two parameters: electrical mobility and

mass (Fuchs, 1963; Reischl et al., 1996). Despite the lack of one unique theoretical

well-established relationship between ion mobility and mass, there are conversion

procedures using empirical data to estimate ion masses from electrical mobilities,

e.g. the mass mobility relationship established by Kilpatrick (1971) and more cur-
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rent findings by Ku and Férnandez de la Mora (2009) and Steiner et al. (2014).

To obtain accurate results for the charging probabilities, it is necessary to include

differences between negative and positive ion properties. Otherwise the charging

probabilities for both polarities are symmetrical, which is experimentally proven

to be incorrect (Reischl et al., 1996). Averages for ion mobilities from various

experimental data provided by Reischl et al. (1996) are

Z+ = 1.33cm2/V s (34)

for positive ions and for negative ions

Z− = 1.84cm2/V s (35)

and estimated masses from mass-mobility correlations

m+ ' 200 amu (36)

and

m− ' 100 amu (37)

Reischl et al. (1996) state that the calculated charging probabilities using Fuchs

theory are in best agreement with their experimentally obtained data when using:

Z+ = 1.15 cm²/Vs

Z− = 1.43 cm²/Vs

m+ = 290 amu

m− = 140 amu

A more recent study by Kallinger et al. (2012) investigates ion mobilities for

four different aerosol neutralizers and find ion el. mobilities

� for the 241Am source: Z̄+ = 1.5 cm²/Vs and Z̄− = 2.09 cm²/Vs
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� for X-ray: Z̄+ = 1.55 cm²/Vs and Z̄− = 1.69 cm²/Vs

� for an AC-corona discharge device : Z̄+ = 1.57 cm²/Vs and Z̄− = 1.85

cm²/Vs

� for a TSI advanced aerosol neutralizer (soft X-ray): Z̄+ = 1.6 cm²/Vs and

Z̄− = 1.68 cm²/Vs

as mean values.

Tigges et al. (2015a) provide a selection of published values for ion mobilities

dating from 1971 to 2012.

The last part of section 5.2 discusses charger ion properties and their influence on

electrical mobility measurements in more detail.

In these experiments a stationary state was not necessarily achieved, because

the designated flow rates for the neutralizers were exceeded many times over and

therefore the residence time t of the aerosol particles/clusters was brief. Further-

more, this was not desirable in this case, since it would have been too effective as

the charging probabilities for the i-mers are extremely low. To reach a stationary

state means that all the clusters get neutralized.
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5 Methods and Instrumentation

Section 5 introduces the instrumentation for the aerosol measurements. The struc-

ture of the chapter follows the experimental setup, starting with the particle gen-

eration and the measurement substances, continuing with the neutralization tech-

niques, the classification, and finally the detection.

5.1 Particle/Cluster Generation

Electrospray (ES)

The electrospray (ES) allows the generation of well-defined particles and molecular

clusters in the sub 10 nm size range.

The liquid solution that is meant to be atomized is raised to a high voltage poten-

tial. The dissolved ions migrate towards the counter electrode. The liquid forms

a cone-like shape, called the Taylor cone (Taylor, 1964), due to the competing

forces of the liquid’s surface tension and the electrical forces. If the electrical field

is strong enough to overcome the surface tension of the liquid, a jet of highly

charged droplets is released. The jet mixes with the carrier gas, subsequently the

solvent evaporates on the way towards the counter electrode and smaller droplets

remain, which is indicated in figure 2. The high number of charges in the narrowly

confined volume leads to droplet fission, the Coulomb explosion, at the Rayleigh

limit, see equation (38) with nL being the limiting charge.

nL =

(
8π2ε0σD

3
p

e2

)1/2

(38)

σ refers to the surface tension of the droplet, Dp is the particle diameter, ε0 the

permittivity of a vacuum and e the elementary charge. The Rayleigh limit is

reached when the repulsive forces of the charges within the droplet exceed the

surface tension of the liquid droplet (Hinds, 1999; Gamero-Castaño and Fernández
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de la Mora, 2000; Rosell-Llompart and Fernández de la Mora, 1994).

Figure 2: Electrospray working principle: if the electrostatic field is high enough, a jet of highly

charged droplets is released. On the way towards the counter electrode the solvent evap-

orates and the charges remain in a narrowly confined volume resulting in a Coulomb

explosion at the Rayleigh limit. The figure was taken from Steiner (2011, 66).

A high number of singly charged particles/clusters but also a significant amount

of multiply charged ones remain, which can be classified directly by e.g. a differ-

ential mobility analyzer (DMA) or may pass through an aerosol neutralizer first.

For the following experiments the electrospray shown in figure 3 was used. It is

similar to the design by Rosell-Llompart and Fernández de la Mora (1994), but

with a high resolution microscope camera. For a more detailed discussion of the

optical system, see the diploma thesis of Wimmer (2008).

The ES consists of an electrospray chamber, a capillary, a high voltage supply, a

vial containing the to be atomized liquid solution, a pressure supply, and a camera

to monitor the tip of the capillary to monitor potential contaminations or block-

ages and whether or not the electrospray is working in a stable manner.
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Figure 3: The figure on the left hand side shows a photograph of the ES used in the experiments.

The figure on the right hand side shows the scheme of the ES (Steiner, 2011, 67f).

On the right of figure 3 a sketch of the ES is shown.

The green line refers to the capillary, made of fused silica with an inner diameter

of 40 µm, and an outer diameter of 360 µm purchased from New Objective. The

electrospray chamber is made of stainless steel.

The liquid solution follows the pressure gradient through the capillary, which

pushes it towards the tip. As shown in figure 3 the analyte solution in the vial is

raised to a voltage of 1 to 3 kV by a platinum wire immersed into the solution.

The dissolved ions migrate towards the counter electrode, and the Taylor cone is

formed at the tip of the capillary. The tip is sharpened to conical shape to facili-

tate the formation of the Taylor cone.

Tetra-alkyl ammonium halide salts (TAAHS) and Ionic liquid

The solutions in these experiments were mainly tetra-alkyl ammonium halide salts

dissolved in acetonitrile. High purity alcohols like methanol and ethanol can be

also used as solvents. These rather large organic salts serve as mobility stan-

dards, and can be used to calibrate and evaluate instruments like DMAs (Ude and

Fernández de la Mora, 2005).
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