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Abstract

Formation of aerosol by the nucleation of particles and their subsequent
growth has been observed in the atmosphere almost everywhere around the
world. The formed particles, initially of nanometer size, may grow further,
participate in cloud formation, influence the radiation balance and ultimately
climate. On local scales, these particles can affect atmospheric visibility and
human health.

There is a growing interest in studying new particle formation. However,
it is difficult to measure aerosol particles in the size range of a few nanometers
under atmospheric conditions.

An instrument that is well suited for such measurements is the Nanometer
aerosol and Air Ton Spectrometer (NAIS, developed by Airel Ltd., Estonia)
which uses the principle of electrical aerosol spectrometry to measure the
size distributions of naturally charged particles (ions) of both polarities as
well as uncharged particles. The NAIS has been specifically designed for
atmospheric nanometer aerosol monitoring. It can operate for long periods
in a wide range of ambient conditions from polluted downtown to remote
forest. It is based on the Air Ion Spectrometer (AIS).

The NAIS uses unipolar corona charging and parallel electrical mobility
analysis. The instrument contains two identical multichannel electrical mo-
bility analyzer columns: one for positive, one for negative ions. The aerosol
is synchronously mobility-classified in the mobility analyzers and measured
with an array of 21 electrometers per column. The NAIS measures the dis-
tribution of ions (charged particles and cluster ions) in the electric mobility
range from 3.2 to 0.0013cm?V~'s~! and the distribution of aerosol parti-
cles in the size range from 2.0 to 40nm. There are more than ten NAIS
instruments in use today around the world.

The thesis focuses on the development of the NAIS. The mathematical
and technical principles of the instrument are presented. An updated version
of the instrument is introduced — the so called “Airborne NAIS”, which is
capable of operating on board an aircraft at varying altitudes. The better re-
liability, adaptability and measurement speed improve regular ground based
measurements as well.
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Nomenclature

«@ Charging parameter

i Viscosity of air

A Regularization vector

d Flow rate

[0 Spectrum vector

(1) Elementary particle distribution function j
P, Sample aerosol flow rate

¥ Concentration of elementary distribution j
P, Sheath air flow rate

o Electrical conductivity of air

€0 Permittivity of vacuum

C Electrical capacitance

D Covariance matrix of the section currents
e Elementary charge 1.6 - 107 C

f(r) Distribution function

G(i,z)  Mobility analyzer section i response for ions with mobility z
H Apparatus matrix

I; Electrical current to the analyzer section @

k Universal gas constant

l Particle mean free path

n Particle concentration

P Air pressure

P(q,r) Probability that a particle with the radius r carries ¢ elementary
charges

r Particle radius

T Temperature

U Electric potential, electric voltage

\% Information matrix of the particle spectrum
W

Covariance matrix of the particle spectrum



Y Instrument record vector consisting of section currents I;
z Electrical mobility of a particle

% Electrical mobility of charger ions
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1 Introduction

The atmosphere of Earth is an aerosol, i.e. a mixture of gases and solid or
liquid particles suspended in it (Fuchs, 1964). Atmospheric aerosol particles
directly affect our climate and health.

Atmospheric aerosol is in constant change — existing particles disappear
by evaporation, coagulation, precipitation and new particles are formed or
introduced.

Depending on their origin, atmospheric aerosol particles are classified as
primary or secondary. Primary aerosol particles are produced directly from
the solid or liquid phase: e.g. dust, pollen, dispersed water blown up by the
wind or residue from combustion. A secondary aerosol particle is formed by
processes taking place in the gaseous phase resulting the formation of a tiny
droplet, i.e. nucleation.

Initially the nucleated particles are very small, about 1nm in diameter.
Subsequently they may grow by condensing vapors and coagulating with
other particles. They will participate in cloud formation, influence the ra-
diation balance and ultimately climate. On local scales, the particles may
influence atmospheric visibility and human health. Formation of aerosol par-
ticles by nucleation and their growth has been observed in the atmosphere
almost everywhere around the world (Kulmala et al., 2004). Yet its magni-
tude and driving factors are still poorly understood (Kulmala et al., 2007b).

1.1 Nanometer range aerosol measurement methods

Aerosol is difficult to measure. The shape, size and chemical composition
of particles varies widely. Particles are detected either by their mass by
collecting them on a filter, optically by detecting scattered light pulses or
electrically by measuring particle electric charge flux or electric current from
electrically charged particles depositing on an electrode.

It is especially difficult to measure the smallest particles in the size range
of a few nanometers under atmospheric conditions. A number of aerosol
instruments can sense fine nanometer range particles and measure their con-
centration in the atmosphere using the principle of condensational growth
and optical counting (CPC, McMurry, 2000). Information about particle
size variations is practically lost. However, for understanding atmospheric
aerosol processes, it is necessary to know the particle size distribution.

Some information about particle size can be acquired by combining the
readings of several particle counters with different cut-off sizes (Kulmala
et al., 2007a) or by analyzing the pulse height of the instrument response
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(Marti et al., 1996). The methods exhibit some dependence on particle
chemical composition.

Nanometer range particles are not directly optically detectable. Thus
methods simply relying on particle light scattering are not suitable. Inertial
methods work fine for large particles but not in nanometer range.

1.2 Electrical aerosol measurement

The particle distribution in a broad particle size range can be measured by
spectrometers that use electrical mobility classification.

Some instruments (e.g. SMPS or DMPS; Wang & Flagan, 1990) use
aerosol neutralizers to give the particles a determined electric charge distri-
bution, and then scan over a range on particle electrical mobilities using a
differential mobility analyzer (DMA). The DMA output is measured using
a condensation particle counter (CPC). Due to the limitations of the CPC,
the smallest mobility equivalent particle size that can be measured by these
instruments is typically 3 nm.

Distributions of particles with sizes below 3 nm can be measured by some
instruments that sense air ions, i.e. particles with an electric charge: e.g. AIS
(Mirme et al., 2007), BSMA (Tammet, 2006), SIGMA (Tammet, 2011). As
these instruments do not sense uncharged particles, a big fraction of aerosol
is left unmeasured.

An electrical aerosol instrument assesses the concentration of particles
based on a known probability distribution of electric charge on particles
that have been charged in well-defined conditions. The obtained charge is
strongly dependent on particle size. After charging, the particles are mobil-
ity classified and detected by their carried electric charge. So the principal
elements of the method are particle charging, mobility analysis, charge col-
lection/detection and finally spectrum deconvolution.

Towards smaller particles, the charging probability decreases and particle
loss increases which causes the electric response signal to drop gradually.
Thus the lowest detectable size limit is determined by the efficiency of the
charger and the sensitivity of the charge collection.

The electrical method has good potential to be used for measuring
nanometer range aerosol:

e The sampled particles are only treated electrically by processes which
are naturally occurring in the atmosphere as well.

e The method virtually does not have a dependency on the chemical
composition of the particles.

14



e There is no principal size limit for measuring naturally charged ions, for
uncharged particles the size limit is determined by the size of charger
ions.

1.3 Theses

The focus of the thesis is the development of an electrical aerosol instru-
ment capable of measuring nanometer aerosol in fast varying atmospheric
conditions — the Nanometer aerosol and Air Ion Spectrometer (NAIS). The
mathematical and technical principles of the instrument are presented. An
upgraded version of the NAIS is introduced. Most of the work has been
done to make the instrument more reliable and adaptable to different envi-
ronments and to improve its sensitivity and time resolution.
The main theses are:

1. The NAIS is capable of measuring alternately nanometer aerosol and
cluster-ions.

2. The NAIS is a suitable instrument for long term atmospheric monitor-
ing and it can be used to detect nucleation events everywhere around
the world.

3. With some enhancements, The NAIS technology is capable of mea-
suring under difficult conditions like low atmospheric pressure, rapidly
varying aerosol.

4. The NAIS can measure nanometer aerosol throughout the tropospheric
column on board an aircraft.

15



2 Mathematical principles of parallel electrical
aerosol spectrometry

A parallel electrical aerosol spectrometer is essentially a DMA with many
output sections and measurement channels. Instead of varying the analyzer
voltage to scan over a range of particle mobilities, the whole distribution is
captured at once (Israel, 1931; Yunker, 1940).

All the sampled particles are collected on measurement electrodes all
of the time, so no signal is lost. This provides higher measurement sensi-
tivity but also makes the measurement result more reliable in case quickly
changing aerosol distributions which may produce false spectra for scanning
instruments.

To allow the instrument to measure uncharged particles, the sample is
passed through a charger before the mobility analyzer. The best charging
efficiency is achieved using unipolar charging. The easiest way to produce a
unipolar charger ion field is corona discharge.

Instruments based on the method of parallel electrical aerosol spectrom-
etry have been developed at the University of Tartu since 1970’s (Jakobson
et al., 1975; Mirme et al., 1984).

2.1 Particle charging

In the corona charger, the particles pass though a cloud of charger ions of a
single polarity. In order to calculate the particle size distribution from the
collected charge in the mobility analyzer, it is necessary to know the charge
distribution of particles exiting the charger.

The probability of a particle acquiring electric charge at a given moment
depends on the particle diameter, already present charge on the particle,
global electric field strength and charger ion density. The process is viewed
as a flux of ions onto the particle which is calculated using the kinetic the-
ory (Podolsky, 1977) inside the limiting sphere around a particle (Fuchs,
1963). The radius of the limiting sphere is a parameter determined during
the calibration of the instrument.

The change of the charge probability distribution is calculated by inte-
grating a birth-death differential equation (Boisdron & Brock, 1970) along
the particle trajectory through the charger. An integral formula (Salm, 1992)
is used to produce the complete distribution. The formula allows to calculate
the final charge distribution for an arbitrary initial charge distribution, e.g.
for the case that the particles are initially in a bipolar equilibrium charging
state.
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The charger is characterized with the charging parameter o (Tammet,
1992):
1
a=— [ odt, (1)
€0
where ¢ is the permittivity of vacuum and o = ez;n is the electrical con-
ductivity of air (e is the elementary charge, z; is the electrical mobility of
charging ions, and n the ion concentration). The exact value of the charging

parameter is determined at the calibration.

2.2 Mobility analysis

The mobility analyzer of a parallel electrical aerosol instrument consists of a
number of cylindrical electrodes (Figure 1). The central electrode is divided
into several sections as well, each biased at a different fixed electric potential
to extend the mobility range while limiting the size of the instrument.

The charge collecting outer electrodes are connected to electrometric am-
plifiers at near ground potential which in turn are connected to a data ac-
quisition system.

The charged aerosol is sucked into an circular opening near the central
electrode. The clean sheath air is introduced near the outer electrode. The
particles travel along the analyzer and those with the same charge electrical
polarity as the central electrode are pushed towards the outer electrodes by
a radial electric field. The particles that have been deposited on a collecting
section pass their charge on to the respective amplifier.

The electric mobility analysis follows the generic aspiration theory (Tam-
met, 1970). According the theory, the movement of a charged particle in a
cylindrically symmetrical analyzer is determined by the air flow rate (®) and
the electric field (C' - U product, where C is the analyzer capacitance, U is
the analyzer voltage) that is crossed by the particle while traveling inside
the analyzer.

(I)~80

TCu @)

The formula determines the relationship between three parameters: flow
rate ®, particle mobility z and analyzer capacitance C'. Fixing one of them
fixes the ratio of the other two. So an ion with the mobility z attaching to an
outer electrode has passed the flow rate ® and the electric field C' - U. This
allows to calculate the attachment locations of ions with different mobilities
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Figure 1: Schematic of NAIS mobility analyzer

entering the analyzer at different flow rates. The formula can be modified
for the analyzer, consisting of multiple sections as follows:

((IDQ + @8) - €0
Zn = oy s (3)
=0 Ci . Ui

where ®, is the sample aerosol flow rate and ®, is the sheath flow rate, z,
is the lowest (limiting) mobility of particles reaching the the section n.

2.3 Relationship between particle size and electrical mobility

To relate the particle mobility measured by the mobility analyzer to particle
size and electric charge the conversion by Millikan (Fuchs, 1964) is commonly
used.

1+ La+bexp(—ck
ZMillikan = € el 5 p(=c)] (4)
™nr

where a, b and ¢ are empirical constants, e is the elementary charge, [ is
the particle mean free path and 7 is the viscosity of air. The mobility of
a particle of a given size is a function of ambient atmospheric pressure and
temperature.
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For small particles a correction has been proposed by Tammet (Tammet,
1995).

2.4 Mathematical model

The instrument response of the parallel electrical aerosol spectrometer is
proportional to particle concentration, i.e. the mathematical model of the
measurement process is linear. The rule is only broken in the case of very
high concentrations when there is no longer an abundance of charger ions to
charge all particles.

The instrument response is a set of electric currents that are generated by
the flux of ions precipitating to the analyzer sections. Each section current I;
equals the sum of the charge flux of all aerosol particles of the size distribution
f(r) that reach the section i:

Ii:/[eZqG(i,z)P(q,r) Frydr, (i =1,...,n), (5)

where G(i,z) is the response of analyzer section i to ions with mobility
z = z(q,r), P(q,r) is the probability that a particle with radius r carries ¢
elementary charges (e).

In the case of an ion analyzer, where the charger is not used and only
naturally charged particles are considered (electric charge ¢ = 1 and charging
probability function P = 1), the response function G is equal to the amount
of airflow from which the ions of the given mobility are attached to the given
analyzer section.

The system of equations (5) links the unknown aerosol distribution f(r)
with the measured currents I; (i = 1,...,n). The equations should fully
consider the instrument specificity (charging, mobility analysis, etc.).

2.5 Spectrum model

The task of spectrometry is to solve instrument response equation (5) i.e. to
find the aerosol distribution f(r) from the measured channel currents.

The task is mathematically incorrect. An approximate solution is pos-
sible the information required for the description of the aerosol distribution
is limited. Therefore the aerosol distribution is estimated as a sum of m
elementary distributions of predefined shapes ¢/ (r) (7) (Figure 2).

fr) =20 (), G=1,....m) (6)
J
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Figure 2: Part of a typical set of elementary distributions with one distribution
highlighted.

The set is chosen based on the capabilities of the instrument and the data
inversion. This way an aerosol distribution is described by a set of coefficients
¢; (a spectrum) and the integral instrument response equations (5) can be
transformed into a set of linear equations (7) or the equivalent matrix form

(8).
Ii:ZHij'qu, (izl,...,n) (7)

y="H-¢ (8)

The instrument record vector y consists of section currents I; and the spec-
trum vector ¢ consists of coefficients ¢;. Matrix H can be called an apparatus
matrix. The matrix element H;; is the response of the analyzer section i to
the elementary aerosol distribution ¢/(r) (9).

~—

Hij:/leZqG(ivz(%T))P(%r) ¢ (r) dr. (9

2.5.1 Evaluation of the spectrum

The distribution is found by solving the apparatus equation (8) in respect to
spectrum ¢. The inversion is performed with the generalized least squares
method (10).
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¢ = (HTD_1H>_1 HTD™ 1y, (10)

The measurement uncertainties are described by a covariance matrix D
with the elements D;; = AIZ-Q being the individual variances of section cur-
rents. The uncertainty of the spectrum is then given by equation 11.

W= (HTD_lH)_l (11)

2.5.2 Regularization of the inversion

The information matrix (12) may be ill-posed — it may be impossible to
invert it directly.

V=H'D'H (12)

The problem is avoided by using Tikhonov regularization (Tikhonov,
1963). The method allows to increase the rank of the matrix and thus to
correct the ill-posedness (Lemmetty et al., 2005). The diagonal elements of

V are amplified:
) Vi if i # 7,
Vif‘{ Vi (L4 ) ifi=j. (13)

where A is an arbitrary regularization vector.

A quasi-optimal regularization is reached by performing a two-pass in-
version. Initially, to make the inversion possible at all, the regularization
parameter is set to a small constant: A; = 0.001.

The second inversion is performed using a regularization vector based on
uncertainty levels obtained from the first pass. The regularization vector A
is calculated as the ratio of error W’ = V/~! to spectrum ¢:

/
A;_K-IZ;

where K is a constant in the range 0.1 to 1. The values of A and K are not
critical and are chosen during the calibration of an instrument.

(14)
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2.5.3 Correction of negative concentration values

The inversion does not impose any constraints on the spectrum ¢ and so
negative values can appear in the solutions for measurements at low concen-
trations. A simple procedure can be used to remove these.

If negative values appear, the inversion is repeated with the assumption
that the previously most negative element of ¢ is virtually zero and the
corresponding column in the instrument matrix is dropped. Usually two or
three iterations are sufficient to remove all negative elements.

The procedure may increase the total concentration estimate. However,
due to the nature of the inversion and significant overlapping of the ele-
mentary distributions, any correction of a spectrum element is balanced by
changes in neighboring elements and the estimated spectrum still fits the
measured currents. As a result, the effect remains below the level of mea-
surement uncertainties.
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3 Design of the Nanometer aerosol and Air Ion
Spectrometer

The principle of electrical aerosol spectrometry is used by the Nanome-
ter aerosol and Air Ion Spectrometer (NAIS). The NAIS is a multichannel
aerosol instrument capable of measuring the distribution of ions (charged
particles and cluster ions) of both polarities in the electric mobility range
from 3.2 to 0.0013 cm?>V~'s™! and the distribution of aerosol particles in the
size range from 2.0 to 40 nm.

The instrument has been specifically designed for monitoring of atmo-
spheric nanometer aerosol. It can operate for long periods in a wide range
of ambient conditions from polluted downtown to remote forest to measure
the size distributions of naturally charged particles (ions) of both polarities
as well as uncharged particles.

The first NAIS was developed as an enhanced Air Ion Spectrometer (AIS,
Mirme et al., 2007) in the year 2005. The only difference between the instru-
ments was the updated aerosol sample preconditioning unit, which enabled
the NAIS to optionally measure uncharged particles. In 2007 the develop-
ment of a second generation NAIS was started. The primary motivation was
to enable the instrument to operate at varying altitudes on board an aircraft,
but also to improve the reliability of regular measurements.

3.1 General principle

The NAIS consists of two multichannel electrical mobility analyzer columns
operating in parallel. The columns differ by the polarity of the ions mea-
sured, but are otherwise identical (Figure 3). The aerosol is synchronously
mobility-classified in the mobility analyzers and measured with an array of
21 electrometers per column.

Both columns have a software controlled sample preconditioning unit in
front of the analyzers which contains unipolar corona chargers and electric
filters. By changing the setup of the preconditioning, the instrument can
detect either only ions or all particles including the uncharged fraction.

The two similar measurement columns with opposite polarities in parallel
allow the NAIS to detect variations of natural electric charge balance in the
atmosphere and possible effects of electric charge polarity on charging of
nanometer size aerosol.
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Figure 3: NAIS measurement flow process

3.2 Sample preconditioning

The sample preconditioning unit of the NAIS consists of a discharger, an
electric filter, a charger and another electric filter (called the post-filter).
The state of the chargers and filters determines what is detected by the
mobility analyzer.

In ‘ons mode all components of the preconditioning unit are switched off,
so the aerosol sample is left unmodified and only naturally charged particles
are sensed by the electric mobility analyzer. In this case the NAIS operates
just like the AIS.

In particles mode the main charger is switched on and the instrument
detects all particles. In this operating mode the NAIS is similar to the
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Operating mode Offset lons Particles Particles*

Discharger - —

Filter - —

Charger
Postfilter
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Figure 4: Typical measurement cycle of the NAIS. Offset measurements should be
done for 20 — 30 seconds about every 5 minutes. Otherwise the user is free to choose
the operating modes and their durations.

Electrical Aerosol Spectrometer (EAS, Tammet et al., 2002). The main
charger is always used together with the post-filter which removes traces of
charger ions.

To improve the instrument performance when measuring aerosol with
non-steady state charge distribution, additionally the discharger may be
switched on (alternative charging mode). This provides some neutraliza-
tion of the aerosol sample and so reduces the effect of the particle initial
charge on the measurement result.

When only the discharger and the adjacent filter are switched on, then
no detectable particles can enter the analyzer. This is called the offset mode
(zero mode). It is used to periodically verify the instrument operation (e.g.
measure noise levels).

A typical measurement cycle is presented in figure 4.

3.2.1 Chargers

Each charger in the NAIS is essentially a corona needle on the axis of a
cylindrical volume (Figure 5). The ions from the tip of the needle travel
across the aerosol sample flow and attach to particles mainly by thermal
diffusion. The charging ion concentration is maintained at a constant level
by stabilizing the current that reaches the electrode surrounding the charging
space.

The design of the discharger is similar to that of the subsequent main
charger but it works in the opposite electrical polarity. In offset mode, when
only the discharger is switched on, particles are charged to the wrong polar-
ity for the respective analyzer, so the measured signal only consists of the
parasitic (offset) currents and measurement noise. By knowing the offset sig-
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Figure 5: Schematic of NAIS charger

nal, measurement uncertainties can be significantly decreased and reliability
of the results improved.

When the instrument operates in the particles measurement mode, the
enabling of the discharger means that initially charged particles of either
polarity are effectively discharged with opposite polarity charger ions in the
discharger or main charger, depending on their initial charge.

It is important to keep the electric field strength in the charger volume
as low as possible to minimize particle loss and simultaneously to keep the
charger ion concentration as high as possible to maximize charging efficiency.
So the charger is operated quite close to the corona ignition limit.

Corona discharge is inherently unstable. The NAIS uses a feedback sys-
tem to adjust the voltage of the corona needle based on the electric current
of charger ions to the outer electrode.

The upgraded NAIS employs a digital PID controller to adjust the
charger voltage. The charger current target is specified in software. It may
be different for the different operating modes of the instrument.

It is possible to use a pulsating corona voltage so that the average corona
needle voltage is actually below the point of the corona ignition. Experiments
of adding a periodic component to the corona voltage were carried out but
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Figure 6: Analyzer response G(i, z) for the NAIS. It can be seen that the responses
for individual channels are overlapping. The total flux for any single mobility is
500 cm3s 1.

didn’t yield much success and the idea was not used for the final instrument
(Eller, 2009). The corona high-voltage power source generates a small high
frequency (tens of kHz) ripple in its output. This proved to be sufficient and
additional voltage modulation was unnecessary.

3.3 Mobility analysis

The mobility analysis in NAIS corresponds exactly to the parallel electri-
cal aerosol measurement principle. The capacitances between the collecting
sections and sections of central electrodes for the NAIS are presented in Ta-
ble 1. The table also shows the voltages of the respective sections. Note that
the collecting sections are not matched with the central sections: collect-
ing sections 9, 13 and 17 have some capacitance with two adjacent central
sections. This is used to cover a wide mobility range quite smoothly with
a limited number of central sections. The calculated theoretical responses
(transfer functions) for each section of the mobility analyzer are quite broad
(Figure 6) and have a varying mobility resolution.
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Table 1: The electrical capacitance (in pF) between collecting sections and the
four central sections of the NAIS mobility analyzer. See Figure 6 for corresponding
particle mobility ranges.

Collecting Central section (Up)
section 9V 25V 220V 800V
0 3.030 0 0 0

1 2.531 0 0 0

2 2.433 0 0 0

3 2.504 0 0 0

4 2.913 0 0 0

) 3.860 0 0 0

6 5.597 0 0 0

7 8.250 0 0 0

8 8.716 0 0 0

9 4.006 4.526 0 0
10 0 8.693 0 0
11 0 8.741 0 0
12 0 9.850 0 0
13 0 5.850  5.235 0
14 0 0 10.656 0
15 0 0 11.149 0
16 0 0 13.558 0
17 0 0 11.784  8.061
18 0 0 0 19.053
19 0 0 0 25.330
20 0 0 0 25.472
21 0 0 0 25.510
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3.3.1 Post-filter adjustment

The charger ions are in the same size range as the smallest particles measured
by the instrument and so they would seriously disturb the first measurement
channels of the mobility analyzer. The post-filter is used to remove these.
The choice of the post-filter voltage is a compromise between charger ion
penetration and removal of small particles.

The mobility of the corona ions depends on air temperature, relative
humidity and the concentration of different gaseous impurities in air.

In the first generation NAIS instruments, the post-filter voltage could
only be adjusted by hand and so a sensible value had to be set based on the
experience of the instrument operator.

In the second generation instruments, the post-filter voltage can be ad-
justed by software and an algorithm has been developed that does it auto-
matically. The principal idea is to keep the average current measured by
the first channels of the analyzers at a constant low value. The algorithm
has proven to be suitable for long term atmospheric monitoring. For labora-
tory experiments with rapidly changing or unusual aerosol distributions, it
is better to switch the automatic adjustment off.

3.3.2 Airflows
Under NTP conditions the NAIS uses the sheath flow value ®, = 1000 %

and the sample flow value ®, = 500 % (on newer instruments 450 %)

The upgraded NAIS automatically adjusts its sample and sheath airflow
speeds so that the particle sizing and volume sample flow remain constant
regardless of air pressure.

If we consider equation 2, the size of the classified particle remains in-
variant of air pressure if ®; and ®, are chosen so that the expression %
remains invariant of air pressure.

In case of small particles, for which the mean free path is much larger
than particle radius, equation 4 can be simplified (Tammet, 1995). After
substituting [ and 7, we get the equation 15:

e (a +b) 1.256 go(@

15
672 P mg P (15)

}i_I>I(1) ZMillikan =

where my is the mass of air molecule, P is air pressure and 7" is temperature.

In NAIS the sample flow rate ®, is kept constant. Considering equations

2 and 15 this means that the size classification remains air pressure invariant
if @ is chosen so that the following relation holds:
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P’ = (q)s + (I):z> ? ) (16)
where @, &/ T' and P’ are the corresponding variables under standard
conditions. This allows the instrument to be used in varying conditions e.g.

for airborne measurements (Mirme et al., 2010).

(P + @)

3.4 Electric current measurement

The electric currents collected on the outer electrodes are very small — in the
range of 1 — 3fA per electrode in the cluster ion range and even smaller in
intermediate ion range (Horrak, 2001).

The NAIS uses integrating electrometric amplifiers where the fluxes of
electric charge are collected on high quality electrical capacitors. The output
voltages of the amplifiers are proportional to the collected electric charge and
the change of the voltage is proportional to incoming charge i.e to the aerosol
current.

The integrating measurement principle allows for the best possible signal
to noise ratio for electric current measurements. It is also well suited for the
NAIS as the signal is collected continuously almost without any breaks — no
signal is missed regardless of measurement frequency.

The voltage values from the amplifier outputs are read by an 24 bit
analog-digital converter. The AIS instruments and older NAIS instruments
used a quite slow converter which allowed to capture all the 42 voltages in
about 10 seconds. This is sufficient for atmospheric monitoring where the
signals are usually reduced to 2 — 5 minute averages.

For the updated NAIS a new data acquisition system was designed that
can measure all electrometers 10 to 15 times per second. This allows us to
use several additional signal processing steps to improve the results before
averaging the signals and producing spectra (Figure 7). When measuring
high concentrations even 1 — 10 second average spectra have sufficiently low
signal-to-noise ratio to be useful.

3.4.1 Offset correction

Firstly the electric current values are corrected for the offset currents mea-
sured periodically during the offset operating mode. Also the estimated noise
levels are bundled with the records and all further steps will always consider
and operate on the signal and noise together. The offset correction and noise

30



Software

Electrode A/D d
current converter dt
!

offset correction

v

outlier removal

v

whitening filter
!
averaging
!

inversion

Integrating
amplifier

Figure 7: Signal-processing flow diagram of the NAIS.

estimates are essential to the data processing and have always been used with
the AIS and NAIS instruments.

The offset signal is estimated using linear regression on the current mea-
surements from previous and next offset measurement cycles (see Figure 4).
This means that the final measurement result will be available after the next
offset measurement cycle has been completed. The noise estimates are cal-
culated from the difference between the regression estimate and actual offset
signals.

3.4.2 Outlier removal

Often short spikes occur in the electric current signal that can’t be the result
of actual measured aerosol. Most likely their cause is the random decay of
radioactive particles deposited on the electrodes. The frequency of spikes
increases as more dirt is collected on the electrodes.

On older NAIS instruments it was not possible to detect these spikes
because, due to the low measurement rate, the spikes were indistinguish-
able from proper signal. On the updated NAIS, a simple outlier detection
algorithm is used to discard the false signal measurements. As long as the
instrument is not too dirty, the spikes can be detected reliably.
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Figure 8: Autocorrelation function of electrometer signals without and with filtering.
Here exponentially declining window function was used. It was truncated to 15
elements.

Table 2: Signal noise levels for raw and filtered signals at different averaging periods.

Averaging none 1s 10s
Unfiltered signal noise (fA) 1.95 0.71 0.23
Filtered signal noise (fA) 0.85 0.46 0.15

3.4.3 Filtering

The excessively high measurement rate allows to employ optimal signal pro-
cessing (ARMA filter). The electric current signal is passed through a
matched digital filter to whiten the noise distribution. This improves the
effectiveness of averaging in case of short periods, i.e. 1 to 10 seconds (Eller,
2008).

Autocorrelation analysis of the raw electrometer current signal shows a
significant negative correlation between adjacent measurements. A filter was
found that eliminates this (Figure 8) and consequently lowers signal noise
levels in case of short averaging periods (Table 2). The filter decreases the
time resolution by less than 0.5 seconds.

3.4.4 Electrometer resets

The collected charge on the capacitors needs to be cleared every once in
a while. In NAIS the electrometers will automatically reset when the out-
put signal reaches the upper or lower limit of the integrator. Signal from
that electrometer is ignored for the duration of the reset and the settling,
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which takes about ten seconds. At low concentrations resets can happen
about once a day for each electrometer, which practically does not affect the
measurements.

Thanks to the higher measurement rate, the moment of the electrometer
reset is detected more precisely and no correct measurement signal has to be
discarded.
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Figure 9: A screenshot of the developed NAIS data analysis software. In addition
to particles, alternative charging, ions modes, the instrument has measured in ions-
background mode, which is similar to ions mode but uses a added electric filter in
the inlet tube. Similar plots are shown in real time during the measurements as
well.

4 Results

There are more than ten NAIS instruments in use today around the world.
The technology has been developed gradually and implemented into new
instruments along the way. The first five instruments built were very similar
to the AIS. New generation instruments have been built since 2008.
Typical measurement result of the instrument are presented in Figure 9.

4.1 Measurement campaigns

The instruments have been measuring in many places. For example:

o forest sites (in Finland: Kulmala et al., 2007b; in Australia: Suni et al.,
2008)

e high altitudes (Venzac et al., 2007)
e the South-African savannah (Laakso et al., 2008; Vakkari et al., 2011)
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e a marine environment in Ireland (Vana et al., 2008, Lehtipalo et al.,
2010)

e Antarctica (Virkkula et al., 2007; Asmi et al., 2010)

e train trip from Moscow to Vladivostok (Vartiainen et al., 2007),
e indoors (Hirsikko et al., 2007)

e chamber experiment at CERN (CLOUD, Duplissy et al., 2010)
e on ships (Vana et al., 2007)

e on board an hot-air balloon (Laakso et al., 2007)

e on board an airplane (EUCAARI LONGREX, Mirme et al., 2010; Kul-
mala et al., 2010)

See also (Hirsikko et al., 2011; Manninen et al., 2009).

Between spring 2008 and spring 2009, the instruments were measuring
at different EUCAARI stations (European Integrated Project on 25 Aerosol
Cloud Climate Air Quality Interactions; Kulmala et al., 2009; Manninen
et al., 2010; Kerminen et al., 2010)

4.2 Airborne measurements

The NAIS participated in the EUCAARI LONGREX measurement cam-
paign in 2009 (Kulmala et al., 2009). The instrument flew on board the
DLR Falcon research aircraft (Figure 10 and 11) in total about 50 flight
hours (Figure 12). The measurements were successful (Mirme et al., 2010).

As altitude increased, air pressure decreased and particle mobilities in-
creased, so the sheath flow pumps had to work exceedingly hard to hold the
measurement size range constant. The air-flows were successfully controlled
up to the 8km altitude. Above that the sheath flow pumps were unable to
provide the required flow rate. This caused the measurement range of the
instrument to shift towards larger particles. It was possible to correct the
size shift in post-processing of the data, but data about the smallest particles
was lost as it was not measured.

Particle charging did not work ideally at higher altitudes. The decrease
of air pressure caused the corona charger currents to increase and become less
stable. At the 12-km altitude the average currents were about 130 % of their
specified values, which caused some overcharging and may have resulted in
an overestimation of particle concentrations by about 10-20 %. The elevated
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Figure 10: DLR Falcon 20 high altitude research aircraft (photo courtesy of DLR)

Figure 11: The NAIS (the box instrument in light grey inside the rack) with con-
nection to the sample air inlet on the top inside the Falcon aircraft.

36



Figure 12: Amount of time the aircraft
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Figure 13: Comparison of concentrations measured using NAIS and CPC at dif-
ferent size ranges. The NAIS may have overestimated the concentrations due to
overcharging. The CPC may have underestimated concentrations due to higher
inlet losses.
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Figure 14: Median concentrations of positively and negatively charged clusters and
particles (two panels on the left) measured using the NAIS at different altitudes
from all the flights. Panels on the right display the corresponding total (neutral
+ charged) cluster / particle concentrations, as recorded by the two (positive and
negative) polarity channels of the NAIS. Tons produced by the NAIS corona charger
perturb the measurement of the smallest clusters on the two panels on the right. A
detailed analysis shows that this perturbation affects only the size range <2nm in
the boundary layer, reaching the size of 2.5nm at about the 7-8km altitude. The
limit of 2.5 nm has been marked with a solid black line in these panels.
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charger currents led also to some leakage of charger ions through the post-
filters and caused a high concentration of sub-2 nm particles to appear in the
spectra. This limited the lower size of detectable particles at higher altitudes.

The NAIS was compared to two CPC-s on board the Falcon with cut-off
sizes at 4nm and 10nm. The corresponding fraction concentrations cal-
culated from the NAIS size distributions showed a good agreement between
the instruments. The Pearson correlation coeflicients range between 0.75 and
0.91 when considering results from all altitudes. Scatter-plots comparing the
results from the CPC and the NAIS are presented in Fig. 13.

The NAIS was shown to measure reliably the concentrations and size
distributions of neutral and charged particles down to mobility diameters of
2 — 2.5nm throughout the tropospheric column (Figure 14).

4.3 Instrument verification

The calibration and verification of the NAIS is a complex task. All the
instruments have been briefly tested and calibrated at the facilities of Uni-
versity of Tartu (Mirme et al., 2007). Their performance has been more
thoroughly studied in several calibration and intercomparison experiments
at the University of Helsinki.

In 2008, five NAIS and five AIS instruments were compared and cali-
brated at the University of Helsinki using high resolution and HAUKE type
DMA-s for mobility references and a CPC and a aerosol electrometer for con-
centration references (Asmi et al., 2009). The NAIS-s overestimated the size
of negative ions by 20 — 52% and the size of positive ions by 24 — 54%. The
concentration measurements from NAIS were shown to be reliable at medium
and high concentrations, at lower concentrations the NAIS-s showed some
background noise.

In 2010, six NAIS and five AIS instruments were evaluated at the Uni-
versity of Helsinki regarding particle size/mobility and concentration using
mobility standards and silver particles covering the size range between 1 and
40nm (Gagné et al., 2011). The instruments were compared to a differential
mobility particle sizer (DMPS), a BSMA (Tammet, 2006) and an ITon-DMPS.
The experiments showed that the mobility detection of the AIS and NAIS
instruments is reliable, provided that the instrument is clean and the flows
are not obstructed. The NAIS can overestimate the concentration by a factor
of 2 — 3 in the particles measurement mode.
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5 Review of papers and author’s contributions

Paper I (“Atmospheric sub-3 nm particles at high altitudes”) The
paper reports the results of first and most important measurements of the
new “Airborne”-NAIS instrument. These were the first ever airborne mea-
surements of sub-3nm neutral particles at altitudes above the planetary
boundary layer. 1 was the key person in developing the new generation
NAIS and was responsible for performing the NAIS measurement during the
airborne measurement campaign. I performed all the data processing and
analysis, provided virtually all the figures for the paper and wrote 30% of
the text.

Paper II (“EUCAARI ion spectrometer measurements at 12 Eu-
ropean sites — analysis of new particle formation events”) The
paper reports the results of a year-long measurement campaign from 12
European measurements sites. 11 NAIS and AIS instruments measured in
many different environments. This confirmed the reliability of the techno-
logical solutions used by the instruments and showed their suitability for
long term atmospheric monitoring. All the measurement and initial data
processing software for the NAIS and AIS instruments was developed by me.
I provided technical support and consulting to the various the measurement
stations that used the instruments. I helped with the data processing and
writing of the paper.

Paper III (“A wide range multi-channel Air Ion Spectrometer”)
The paper describes the principles of the AIS, the predecessor of the NAIS
instrument. I helped to develop the measurement and data analysis software
and conducted mathematical modeling on the instrument. I helped to write
the paper.
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6 Conclusions

The main conclusions of the thesis are:

The NAIS has proven to be capable of measuring alternately nanometer
aerosol and cluster-ions.

The NAIS instruments have been successfully used for long term atmo-
spheric monitoring and they have detected nucleation events everywhere
around the world where they have measured.

A new generation NAIS has been developed that is capable of correctly
measuring in low pressure environments.

The NAIS has been successfully used to measure sub-3 nm aerosol particles
from on board an aircraft throughout the tropospheric column.
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Summary in Estonian

Nanomeeter-aerosooli mootmistehnoloogia arendamine

Aerosooliosakeste teket nukleatsiooni teel ja nende jargnevat kasvu on jal-
gitud koikjal maailmas. Tekkinud osakesed on algselt nanomeetri suurused,
kuid voimelised kasvama ja seejirel osalema pilvetekkes, muutma kiirgusbi-
lanssi ja lopuks mojutama Maa kliimat. Samuti véivad nano-osakesed méjuda
inimeste tervisele.

Aerosooliosakeste tekke uurimise vastu on suur huvi, kuid nanomeetri-
suuruste osakeste mootmine atmosfadris on keerukas.

Osakeste tekke uurimiseks sobib hésti nanomeeter-aerosooli ja 6huioonide
spektromeeter (NAIS, vilja to6tatud AS Airel, Eesti). Seade kasutab elektri-
lise aerosooli spektromeetria pohimotet, et mo6ta nii elektriliselt laetud osa-
keste (aero-ioonide) voi ka laadimata osakeste suurusspektreid. Spektromee-
ter on suuteline téotama kaua hooldusvabalt viga erinevates keskkondades —
nii reostunud kesklinnast, kui ka kaugetes metsades. Seade on viljatootatud
aeroioonide spektromeetri (AIS) baasil.

NAIS t66pohimote seisneb aersooli laadimises unipolaarses koroona ioo-
nide véljas ja paralleelses elektrilises liikuvusanaliitisis. NAIS-il on kaks pal-
jukanalilist elektrilist liikuvusanaliisaatorit, iiks positiivsete ja teine nega-
tiivsete laengute detekteerimiseks. Aerosool klassifitseeritakse ja moodetak-
se molemas analiisaatoris samaaegselt, kummaski 21 elektromeetriga. Seade
moodab ioonide (laetud osakeste, klasterioonide) liikuvusjaotust vahemikus
3.2 - 0.0013cm?V~1s™! ja aerosooliosakeste suurusjaotust vahemikus 2.0 —
40nm. Hetkel on iile maailma kiigus iile kiimne NAIS md&oteseadme.

Viitekiri pohineb NAIS spektromeeter arendusel. Kirjeldatakse seadme
matemaatilisi ja tehnilisi pohimotteid. Tutvustatakse uut edasiarendatud
NAIS mudelit — nn. “Lendav NAIS”, mis on suuteline sooritama moé6tmi-
si lennukilt laias korgustevahemikus. Uue seadme parandatud tookindlus,
paindlikkus ja mootmiskiirus tulevad kasuks ka tavapérastel “maistel” at-
mosfaarimootmistel.
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