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50090 Tartu, Estonia
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Abstract

The air ion spectrometer (AIS) measures mobility and size distributions of atmospheric
ions. The neutral air ion spectrometer (NAIS) can additionally measure neutral par-
ticles. The number of the (N)AIS instruments in the world is only 11. Nevertheless,
they are already widely used in atmospheric ion studies, particularly related to the5

initial steps of new particle formation. There is no standard method applicable for
calibrating the ion spectrometers in the sub-3 nm ion range. However, recent devel-
opment of high resolution DMAs has enabled the size separation of small ions with
good mobility resolution. For the first time, the ion spectrometers were intercompared
and calibrated in a workshop, held in January–February 2008 in Helsinki, Finland. The10

overall goal was to experimentally determine the (N)AIS transfer functions. Monomo-
bile mobility standards, 241-Am charger ions and silver particles were generated and
used as calibration aerosols. High resolution DMAs were used to size-separate the
smaller (1–10 nm) ions, while at bigger diameters (4–40 nm) the size was selected
with a HAUKE-type DMA. Differences between the (N)AISs were small. Positive ion15

mobilities were detected by (N)AISs with better accuracy than negative, nonetheless,
both were somewhat overestimated. The completely monomobile mobility standards
were measured with the best accuracy. The (N)AIS concentrations were compared
with an aerosol electrometer (AE) and a condensation particle counter (CPC). At sizes
below 1.5 nm (positive) and 3 nm (negative) the ion spectrometers detected higher20

concentrations while at bigger sizes they showed similar concentrations as the refer-
ence instruments. The total particle concentrations measured by NAISs were ±50%
of the reference CPC concentration at 4–40 nm sizes. The lowest cut-off size of the
NAIS in neutral particle measurements was determined to be between 1.5 and 3 nm,
depending on the measurement conditions and the polarity.25
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1 Introduction

The air ion spectrometer (AIS) is designed to measure mobility distributions of small
atmospheric ions and charged particles (mobility diameters 0.8–40 nm in NTP) (Mirme
et al., 2007). The AIS is developed and manufactured by Airel ltd, a spin-off com-
pany of the University of Tartu. The AIS was first released in year 2003. Since then,5

instruments have experienced several improvements, the most important being the
development of the neutral air ion spectrometer (NAIS). The NAIS is much similar to
the AIS, but contains an improved inlet section which allows measurements of neutral
particles as well. Currently, the number of AISs is six and NAISs five.

Allthough the (N)AIS is still a relatively new instrument, it has already been widely10

used. Measurements of atmospheric ions have been conducted at several sites in
Europe, in boreal forest region (e.g. Kulmala et al., 2007a) and also in high altitudes
(Venzac et al., 2007), in Australia (Suni et al., 2008) and South-Africa (Laakso et al.,
2008), in marine environments (e.g. Vana et al., 2007), in a Moscow-Vladivostok train
in Russia (Vartiainen et al., 2007), in Antarctica (Virkkula et al., 2007), and during15

hot-balloon flights scanning the vertical distribution of ions (Laakso et al., 2007). In
addition, indoor ions have been studied (Hirsikko et al., 2007). The (N)AIS measure-
ments have enhanced the knowledge of ion concentrations, sources, and prosesses,
and their spatial and temporal variations.

Atmospheric ions are mainly studied due to their effects on aerosol particle pro-20

cesses. Ions affect the new particle formation (e.g. Kulmala et al., 2004a), particle
growth (Laakso et al., 2003), and cloud processes and scavenging of particles (An-
dronache et al., 2006). Aerosol particles further affect the global climate, both with
direct scattering effect, and indirect cloud effects, thus inducing a net negative radia-
tive forcing. However, the low level of understanding the aerosol effects leads to large25

uncertanties in global climate model predictions (IPCC, 2007).
The first steps to understanding the role of ions and particles in global climate is

to understand where, when and why particles are formed. Secondary small particle
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formation has been observed widely around the world (Kulmala et al., 2004b). The
mechanisms behind it are, however, under discussion. The several suggested mech-
anisms include activation of stable neutral clusters (Kulmala et al., 2006; Sihto et al.,
2006), kinetic nucleation (Weber et al., 1996), ion induced (Laakso et al., 2002) and
ion mediated nucleation (Yu and Turco, 2000), and binary and ternary homogeneous5

nucleation. The role of ions in particle formation is unquestioned, but the relative im-
portance of ion-induced or ion-mediated particle formation is a question of debate. In
addition, the recent laboratory experiments addressed that charged particles activate
at lower supersaturation ratios than neutral (Winkler et al., 2008). Thus, ions more
probably act as CN (condensation nuclei), and further more, as CCN (cloud conden-10

sation nuclei), having thus global effects. The (N)AIS has been proved particularly
useful in experimental studies of the mechanisms of atmospheric particle formation
(e.g. Kulmala et al., 2007a, 2005, 2004a).

As discussed above, there is a growing interest to study ions. The (N)AISs are used
for ion studies as they are movable and relatively easy to use. Untill now, they have15

been calibrated separately after the manufacturing in the University of Tartu (Mirme
et al., 2007). However, the calibrations are especially difficult at sizes of the smallest
cluster ions of mobilities above 1 cm2 V−1 s−1 due to lack of reference instruments in
this size range, and because size separation of such small particles is complicated. As
the number of (N)AISs is growing, it would be of major importance to find congruent20

methods for verification and calibration of the instruments. In addition, in year 2008
all the (N)AISs are used simultaneously to gather information on ion concentrations in
different parts of Europe. These measurements are a part of an integrated EU project,
EUCAARI (Kulmala et al., 2007b). Therefore, it is also of importance for the project to
characterise the operation of ion instruments.25

During January–February 2008, the first (N)AIS calibration and intercomparison
workshop was organised in Helsinki, Finland. In the workshop, 10 (N)AISs were com-
pared and calibrated. Several methods were used to cover the whole size range of the
instrument. The major improvements compared to the original calibrations were the
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possibility to use a high resolution DMA (Herrmann et al., 2000) and mobility standards
(Ude and Fernández de la Mora, 2005) for calibrations of the (N)AISs in cluster and
intermediate ion sizes. The purpose of this paper is to objectively present the results
from these calibrations. The results can be later on utilised when the (N)AIS data from
different sites, measured by separate instruments, are compared. The results will as5

well be of help in further development work of the (N)AISs and the data inversion.

2 Ion spectrometers

2.1 Air ion spectrometer

Air ion spectrometer (AIS) is developed for in-situ high time resolution measurements
of ions and charged particles. The measured mobility range extends from 3.2 to10

0.0013 cm2 V−1 s−1, corresponding mobility diameters 0.8–40 nm in NTP-conditions.
The AIS contains two identical analysers: one for measuring positive and one for mea-
suring negative ions. Positive and negative ions are measured in parallel. The sample
flow rate is 60 lpm and it is divided between the two analysers. The sheath flow rate
is 60 lpm in both analysers, increasing the total one analyser flow rate to 90 lpm. The15

high flow rate is necessary to minimise the ion diffusion losses and for increasing the
sensitivity to ion concentrations. The inner cylinder of the analyser is divided into 4
isolated sections and their voltages are kept unaltered during the whole measurement
cycle. Measurable ions move towards the outer cylinder due to the radial electric field.
The outer cylinder is divided into 21 isolated sections forming, together with their own20

electrometers, the 21 measuring channels of the analyser. The ions precipitate onto
these sections according to their electrical mobilities, and the electrometers measure
the currents induced by the ions. Before and after each ion measurement, an offset
measurement is performed. An unipolar corona charger having a polarity opposite to
that of the analyser, together with the sub-sequent electric filter, eliminates all particles25

with measured charge from the input air. Thus the zero drift of the electrometers and
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the parasitic currents of the section isolators are measured. These parasitic currents
are subtracted from the measured total currents and the corrected electrometer signals
form the instrument record. Via the parasitic current dispersions the measurement ran-
dom uncertainties are assessed. Using the mathematical model (instrument equation)
of the (N)AIS and the transfer functions of the measurement channels, determined by5

the analyser geometry, flows, voltages, and ion losses, the instrument record is con-
versed to mobility spectrum of the particles, which is a distribution density vector with
28 elements (Mirme et al., 2007). Time resolution is user defined, but the minimum for
one ion spectrum is in the order of one minute, depending on the level of noise.

An improved version of the AIS is the neutral air ion spectrometer (NAIS). The NAIS10

has an additional charger-filter section in the inlet after the offset section providing a
possibility to measure neutral particles as well. The first assumption is that the mea-
surable particles are in charge equilibrium. They are further charged using an unipolar
corona charger with ion currents of –22 nA (negative polarity) and +25 nA (positive
polarity). The charging probability of particles then basically depends on the particle15

size, corona ion current and sample flow (exposure time). However, especially the
smallest aerosol particles might not have reached the equilibrium state. The NAIS has
thus an additional operation mode, where prior to charging, the measured particles are
exposed to corona ions of opposite sign. The purpose is to bring the particles closer
to the equilibrium charge distribution. The ion and offset modes are measured in the20

NAIS as in the AIS.

2.2 Balanced scanning mobility analyser

In addition to (N)AIS, the ion mobility distributions were measured with a balanced
scanning mobility analyser (BSMA). The operation of the BSMA is more straightforward
compared to the AIS. The BSMA has only one collecting electrode. This reduces the25

uncertanties caused by the possibly dissimilar electrometers. The voltage is scanned
simultaneously in two similar analysers. A balancing bridge neutralises the current in-
duced by the changing voltage. Thus, only the current induced by the ions is measured.
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The disadvantages of the BSMA compared to the AIS are the narrower measurement
range (0.03–3.2 cm2 V−1 s−1), slightly decreased time resolution (minimum 10 min),
and sampling difficulties due to high inlet flow rate (2400 lpm). However, the high flow
rate minimizes the ion losses efficiently. Detailed discription of the BSMA is presented
by (Tammet, 2006). Here, the BSMA served as a reference for the (N)AISs.5

3 Instruments for calibration of the ion spectrometers

3.1 High resolution DMAs

High resolution differential mobility analysers (DMA) were used in mobility standard
and transfer function calibrations. There were two DMAs available: high flow and high
resolution Attoui DMA (ADMA) (Fernández de la Mora and Attoui, 2007), and very high10

resolution Herrmann DMA (HDMA) (Herrmann et al., 2000). The ADMA has dimen-
sions of the VIENNA type DMA (Winklmayr et al., 1991; Reischl et al., 1997), but the
inner electrode similar to the DMA used by Rosser and Fernández de la Mora (2005).
The construction of the ADMA enables measurements up to larger sizes compared to
the HDMA. The maximum aerosol flow in the ADMA is about 100 lpm and the maximum15

sheath about 8000 lpm.
The HDMA was developed by Eichler and Fernández de la Mora (Eichler, 1997; de

Juan and Fernández de la Mora, 1998; Fernández de la Mora et al., 1998). In the
HDMA the maximum aerosol flow rate is about 15 lpm and sheath about 2000 lpm.
The HDMA has an improved mobility resolution compared to the ADMA, such that the20

transfer function is nearly monomobile (fullwidth at half maximum even 2% at 1.5 nm).
This makes it well suitable for calibration measurements. Both DMAs where used in
calibrations and their results were compared.
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3.2 Mobility standards

In cluster ion sizes the (N)AISs were calibrated with the mobility standards. For pos-
itive clusters THAB (tetra-heptyl ammonium bromide) monomers, dimers and trimers,
TMAI (tetra-methyl ammonium iodide) monomers, and TDDAB (tetra-dodecyl ammo-
nium bromide) monomers and dimers were chosen as calibration standards (Ude and5

Fernández de la Mora, 2005). These six monomobile singly-charged molecular clus-
ters were selected to comprehensively cover the whole cluster ion region measured
by (N)AIS, and for the clarity of the peaks of their spectra. The molecules of THAB
monomer, dimer, and trimer have mobilities 0.9709, 0.6540, and 0.5283 cm2 V−1 s−1,
respectively, whereas TMAI monomer, and TDDAB monomer and dimer have mobili-10

ties 2.1786, 0.7138, and 0.4926, respectively, at the room air temperature and pressure
(20◦C, 1 atm). The positive mobility standard peaks are well characterised with a mass
spectrometer and reported in the literature (Ude and Fernández de la Mora, 2005).

Negative mobilities of the THAB, TMAI and TDDAB are not as well established. By
fixing the DMA voltage, clearly distinguishable peaks of their spectra were selected15

without the certainty of the peak composition. The mobility of the chosen peak was
characterised based on the DMA calibration which relied on positive THAB spectra.
Thus, in negative cluster calibrations, for example fragmenting might have resulted
to incorrect results. Composition of the peaks should be later resolved with mass
spectrometer.20

4 Methods

Several calibration methods were used. In the limited period of time, a part of the
(N)AISs were calibrated more comprehensively than others. Table 1 summarises the
calibrations performed for each individual (N)AIS.
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4.1 Determining the flows of the (N)AIS

The sheath and the input flows of the (N)AIS are critical for the precise determination
of the particle mobility and concentration. Thus, prior to calibrations, all (N)AISs were
carefully cleaned and checked, and their flows were controlled.

The (N)AIS has a pump (blower) which runs all the flows. Five flow rates (sheath5

and output flows of both analysers and the total exhaust flow) are controlled with the
venturi tubes. Each venturi tube has an individual calibration where the exact pressure
drop, corresponding to the specified flow rate, is determined in NTP-conditions. In
normal operation, only the exhaust flow rate is measured continuously, as it is the
most sensitive to the changes of all flows. Based on these calibrations, the flows were10

adjusted in turns, keeping a constant overpressure (80 mm H2O) after the pump.

4.2 Calibration of the (N)AISs with mobility standards

Schematic figure of the calibration set-up is presented in Fig. 1. The THAB, TMAI,
and TDDAB solutions were prepared with 99.9% pure methanol. The solutions were
electrosprayed into clean pressurised air that was conducted to the Herrmann DMA.15

The inlet air flow rate was about 13 lpm. The voltage on the HDMA inner electrode was
scanned and the sheath air flow rate controlled so that the mobility peaks were well
distinguishable. The HDMA was operated in a closed loop and the sheath flow rate
was in the order of 1000 lpm. The ion concentration in the sample air was measured
with an aerosol electrometer (AE, TSI model 3068B). The HDMA voltage scale mobility20

correspondence was checked a minimum of two times per day using well defined and
clearly distinguishable THAB spectra. This was especially important in measurements
of negative standards where the peak mobilities are not established in the literature.
The mobility scale remained usually constant troughout the day.

The mobility was selected by setting the HDMA voltage. The ion number concentra-25

tions were measured with the aerosol electrometer and with the (N)AISs. The sample
flow was diluted with an additional clean pressurised air of about 55 lpm. The aerosol
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electrometer inlet flow rate was 8 lpm and the (N)AIS inlet flow rate was 60 lpm. The
measured ion concentrations were between 2000 and 30 000 cm−3, depending on the
solution. Measurements were performed with a moving set-up. Several (N)AISs were
set in a row and the measurement set-up was moved from one to another. By using
such a method, the measurement conditions remained unchanged for all (N)AISs.5

4.3 Calibration with silver particles and high resolution DMA

The transfer function calibrations were done with a similar set-up than used in mobility
standard calibrations (Fig. 1). Charged silver particles at sizes above 2 nm were pro-
duced with a tube furnace followed by a 241-Am bipolar charger. Below 2 nm in size,
calibration ions were generated with a radioactive charger (241-Am). After separation10

with ADMA or HDMA the produced ions were used as a calibration aerosol. In most
of the calibrations the size-separation was performed with the ADMA to reach smaller
mobilities. Part of the calibrations were also performed with the HDMA, to test the
effect of transfer function widening in the ADMA. The travelling time of the ions from
the A/H DMA outlet to the (N)AIS inlet was approximatelly 1.5 s. For each calibrated15

(N)AIS, approximately 100 mobilities in a logarithmically divided range from 0.015 to
3.2 cm2 V−1 s−1, were measured. The calibration ion concentration varied between
100 and 5000 cm3, being low at both ends and at around mobility 1 cm2 V−1 s−1). At
this mobility, both the silver and charger ions were difficult to produce in high enough
numbers with the provided methods.20

4.4 HAUKE-DMA silver calibrations

The set-up for measuring charged particles with a short HAUKE-type DMA is in most
parts presented by Mirme et al. (2007). Distinct from the previous set-up, additional to
aerosol electrometer, a TSI ultrafine condensation particle counter (CPC) model 3776
was used as a reference. Aerosol electrometer flow rate was 3 lpm and the CPC flow25

rate was 1.5 lpm. The electrometer and the CPC showed similar concentrations and
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thus, after a short time, only the CPC was used. Silver particles were generated with
a tube furnace and charged with a bipolar 241-Am charger. The sample air flow rate
in the DMA was 4 lpm and the sheath air flow rate 20 lpm. The sample flow was
diluted with an additional 63 lpm clean pressurised air, leading to the total sample flow
of 67 lpm. Of that flow, the (N)AIS used 60 lpm and the reference instruments 4.5 lpm,5

such that there was an extra 2.5 lpm to keep the system in small overpressure to
prevent leakages. With this setup, the calibration aerosol concentrations reached from
2000 to about 10 000 cm−3.

Additionally this setup was modified for neutral particle measurements by adding
a neutraliser (14-C) after the DMA. Finally, the calibration aerosol concentration was10

changed by diluting the air coming from the tube furnace. Results were corrected with
the CPC detection efficiency and the diffusion losses.

4.5 Intercomparison

Between the calibrations, the (N)AISs were measuring room air in the fifth floor garret
(Physicum). Their computer clocks were checked regularily and inlets were placed15

close to each other. For comparison, the BSMA was also measuring in the same
room. Even though the room was on the fifth floor, the cluster ion concentrations were
exceptionally high. Occasionally, also particle formation events were recorded.

5 Results

5.1 Response to peak mobilities20

The (N)AIS mobility responses to four most frequently measured positive and negative
standards are plotted in Figs. 2 and 3. The (N)AIS peak mobility response to positive
mobility standards was in most cases ±10% of the standards and deviations between
instruments were small. The negative standard peaks (Fig. 3), and especially the
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THAB peak 3, were measured with lower precision and showed also more deviation
between the instruments. However, at least a part of this inaccuracy is thought to be
due to the fragmentation of the selected molecules after extraction with the HDMA. The
fragmentated, unknown clusters, can further enter the (N)AISs and affect the measured
spectra.5

Even though the peak of the mobility corresponded well with the standards, the
monomobile molecules extended to approximately 3 to 5 channels in the (N)AISs. The
shape of the measured ion distribution was close to lognormal. Thus, later on, the mo-
bility measured with the (N)AIS will be described with the geometric mean mobility of
the distribution. This decision was made, instead of selecting the peak value, to avoid10

the stepwise behaviour of the measured mobility.

5.2 Detection of mobility and concentration of ions

Verification of the (N)AIS mobility response to the above discussed mobility standards
was straightforward, as the sample aerosol was purely monomobile. In contrast, using
silver particles and charger ions in the calibrations leads to a nearly monodisperse15

sample aerosol. Then, the width of the distribution depends on the flows in the DMA.
The charged silver particles and charger ions, which were mobility separated with the
ADMA and HDMA, had a very narrow mobility distribution. Using the HAUKE-type
DMA with 1/5 ratio between the aerosol and sheath flow rates for mobility separation
led to broader mobility distribution. Despite the differences in the width of the original20

mobility distribution, only the peak mobility of generated ions was taken as a reference.
The peak broadened in (N)AIS, as shown in Figs. 2 and 3, and the geometric mean
mobility was taken as a representative mobility for the measured mobility distribution.
This might have provided a small discrepancy between the HAUKE-type DMA and the
(N)AIS mobility. Mobilities measured with the (N)AISs were plotted against the selected25

DMA peak mobilities or standard mobilities (Figs. 4 and 5).
Almost troughout the whole measured mobility range the (N)AISs detected the mobil-

ities of positive charges as 50% larger compared to the DMA peak mobilities (Fig. 4).
17268

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/17257/2008/acpd-8-17257-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/17257/2008/acpd-8-17257-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 17257–17295, 2008

AIS calibration

E. Asmi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

This behaviour was mainly constant with size – only in the largest mobilities the dif-
ference decreased. The HAUKE DMA and ADMA measurements overlapped well,
confirming the reliability of the results. Due to the very low (<50 cm−3) calibration
aerosol concentration below mobility 0.03 cm2 V−1 s−1 the ADMA calibration results
were considered unrealiable. The shaded areas in Fig. 4 present the standard devia-5

tion between the (N)AISs. The relatively small standard deviation gives evidence of the
uniformity and reproducibility of the (N)AIS positive mobility measurement, especially
when considering the short measurement time (about 1 min) per spectrum. The mobil-
ity of the monomobile standards was detected with better accuracy and results showed
only minor deviations between the instruments. Thus it seems that the (N)AIS specrum10

moves towards smaller sizes only in case of non-monodisperse sample aerosol. The
(N)AIS inversion is purely theoretical and seems to work best for the monomobile ions.

Theoretically, there is no difference in detection of negative and positive ions. How-
ever, the (N)AISs appeared to measure the mobilities of negative ions more accurately,
showing only about 30% larger values compared to the sample peak mobility (Fig. 5).15

The difference between the DMA selected and (N)AIS measured mobility was constant
with size. The finding is the same as in case of positive polarity that the (N)AIS mea-
sures non-monomobile molecules at too small sizes. However, the calibrations rely
on the assumption that the ion mobility spectrum remains unaltered during the 1.5 s
residence time between the outlet of the DMA and the inlet of the (N)AIS. It is difficult20

to characterise the stability of the ion distribution and thus in the cluster ion range the
monomobile standards should be considered as the most reliable calibration method.
Again, most molecular clusters (standards) were measured correctly with the excep-
tion of two molecules. The two molecules were detected at similar mobilities as the
corresponding charger ions. This might have been caused by molecule fragmenting25

and thus non-monomobile sample aerosol. A mass spectrometer spectra of the peaks
could confirm this guess.

The (N)AIS concentration was integrated from the size distribution and compared
with the CPC (in HAUKE DMA calibrations) and the aerosol electrometer (in A/H DMA
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and standard calibrations) measured concentrations (Figs. 6 and 7). For most mobili-
ties this ratio was close to one and standard deviation between the (N)AISs was small.
However, at the largest mobilities (i.e. smallest sizes) the ratio increased. This increase
began at smaller mobility (0.4 cm2 V−1 s−1) in negative ions than in positive ions (where
the increase began at mobility 1 cm2 V−1 s−1). At the largest measured mobility the5

(N)AISs detected on average two times the concentration of the aerosol electrometer.
The first suspected reason for this was the electrometer losses. However, in tests the
electrometer signal became flow independent at lower flowrate than was used in here,
making it an unlikely cause. In addition, the calibration ion concentrations were de-
creased to below 500 cm−3 at mobilities larger than 1 cm2 V−1 s−1. This had probably10

a small effect, as low concentration might have induced a relatively higher noise result-
ing in small background in the (N)AIS signal. This background was irrelevant at higher
concentrations and was at least partly due to the processing of negative values in the
inversion. Lower concentration also led to larger standard deviation. Small increase
in the ratio was, however, detected when using mobility standards as well. Thus the15

increase is mainly suspected to be caused by the (N)AIS inversion, not related to the
noise. In contrast, the increase detected below mobility 0.03 cm2 V−1 s−1 was most
probably due to low calibration aerosol ion concentrations. Otherwise, the HAUKE and
A/H DMA results overlapped well.

5.3 Detection of total particle concentration20

The NAIS can also measure total particle number size distributions. The lowest detec-
tion limit is defined by the maximum size of the charger ions. In calibrations, the NAIS
concentration response was tested for 11 DMA selected sizes, beginning at 4 nm. Af-
ter the DMA, particles were brought to charge equilibrium with a neutraliser. This is
critical, as the number concentration in the NAIS is calculated based on the assump-25

tion that the particles are initialially in charge equilibrium. Even a slight overcharge
in initial condition can affect the charging probability, and furthermore, the measured
particle concentration. In case of initially overcharged aerosol the NAIS overestimates
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the particle concentration.
The concentration measured by the NAIS was calculated by integrating over all sizes

above 3 nm. The lower cut-off size of 3 nm was set to get rid of the ions produced in
the NAIS corona charger, and in the bipolar charger prior to the NAIS. However, even
lower (1.5–2 nm) cut-off size can be achieved if the particle concentration is high at5

the smallest sizes, as will be later presented. The NAISs detected on average ±50%
of the concentration of the reference CPC (Fig. 8). At sizes below 10 nm the NAISs
showed smaller concentrations than the CPC. At small sizes the 3 nm cut-off size,
and the transfer function broadening, probably caused a part of the particles to fall
out from the integrated size range, resulting in underestimation of the particle num-10

ber. At larger sizes the NAISs showed slightly higher concentrations than the CPC,
typically some tens of percents. One explanation for the higher number concentration
measured by the NAISs was the background in particle measuring mode. When the
NAISs were used to measure ion concentrations, a small background, caused by the
noise of the electrometers, was always present. When ion concentrations were multi-15

plied with charging probabilities, the background became more significant. This also
leads in additional broadening of the measured particle number size spectra. In addi-
tion, occasionally the particles were not in equilibrium but a clear difference between
negative and positive ion numbers was observed. As mentioned before, this might cre-
ate overestimation of the number concentration. However, this effect should be most20

pronounced at the smallest sizes, oppositely as detected here.

5.4 Transfer functions of the measurement channels

A transfer function for each measurement channel of the selected (N)AISs was calcu-
lated based on the A/H DMA densely size separated silver and charger ion concentra-
tions. Positive and negative ion transfer functions for the NAIS5 channels 5, 9, and 1325

are presented in Fig. 9. In the theoretical transfer functions the ion losses in the inlet
are taken into account. This increases the area of the theoretical transfer functions
compared to the measured functions particularly at the smallest sizes, but does not
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affect the shape. The theoretical transfer functions are logarithmically nearly symmetri-
cal around the peak value whereas the measured transfer functions deviated, showing
a tail towards the smaller mobilities. In addition, especially in the positive polarity, the
peak of the distribution moved towards the tail. This resulted to the detection of the
ions at slightly larger mobilities than their actual mobility in the (N)AISs, and especially5

in positive polarity. For instance, the electrometer of the channel number 9 would in
theory only detect ions of mobilities between about 0.2 and 0.4 cm2 V−1 s−1 but in re-
ality, also ions of mobilities below 0.1 cm2 V−1 s−1 were detected at this channel. One
explanation for the deviation could be turbulence in the inlets of the (N)AIS analysers,
which might push the ions towards the outer cylinder. This would demand more work10

to resolve in a way that all other extrinsic factors, possibly affecting the results, would
be excluded, such as the ion stability issues.

As the resolution of the Attoui DMA was lower than the Herrmann DMA, the cali-
brations were done with both DMAs. Results were non-divergent between the DMAs,
which indicates that the resolution of the Attoui DMA can be considered sufficient,15

i.e. the ADMA transfer function widening can be ignored. In Fig. 9 the transfer function
determined with the Herrmann DMA is only presented for channel number 9 but the
conclusion applies to other channels as well. Also, the transfer functions of all cali-
brated (N)AISs had a similar shape, as the results presented in earlier subsections,
already suggested.20

5.5 Calibrations with reduced calibration aerosol concentration

Most calibrations were performed with relatively high concentrations if compared with
the atmospheric ion concentrations. This minimises the statistical errors but also arises
a question if the (N)AISs respond consistently to reduced concentrations. To test this,
the 10 nm charged and neutral silver particle concentration was decreased by dilut-25

ing the sample air and further, size separated with the HAUKE-type DMA. A decrease
in the negative ion concentration from 1000 to about 100 cm−3 resulted in congruent
decrease of the AIS7 and the CPC concentration (Fig. 10). When the concentration
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decreased further to below 10 cm−3 the AIS7 was unable to follow the CPC concen-
tration and recorded higher numbers of ions. This same phenomenon was detected in
case of the NAIS5 in particle measuring mode (Fig. 11). The concentration followed
the CPC concentration down to 300 cm−3 but below the NAIS5 detected more parti-
cles. The background appears to be caused by the electrometer noise, which normally5

always exists. In case of neutral particle measurements the noise becomes even more
significant due to the low charging probability of such small particles. The background
complicates reliable measurement of very low concentrations with the (N)AISs. At low
concentrations, the measurement time per spectrum should be increased and the mea-
surement signal should conquer the noise signal. In these calibrations, only one minute10

measurement time per spectrum was used.

5.6 Intercomparisons

Ion and particle size distibutions, measured simultaneously with the different (N)AISs,
showed consistant results between the AISs and the NAISs (Figs. 12 and 13). In
cluster ion sizes the average AIS, NAIS and BSMA ion size distribution was similar.15

However, above 2 nm, their results diverged and the NAISs detected higher numbers
of negative (Fig. 12) and also positive ions (not shown here). This is partly thought to
be due to the different inversion of the NAIS. The background noise level was higher
in the NAISs increasing the concentration when the total concentration was low. At
higher concentrations the AIS and the NAIS spectra were similar at all size fractions.20

That explains why the difference was not observed in calibrations where the concentra-
tions were high. In atmospheric measurements, for example during nucleation events
when the concentrations of intermediate and big ions are high, the different AISs and
NAISs measure similar ion concentrations. In addition, the average total particle num-
ber size distributions measured with the five tested NAISs showed coinciding results,25

even though the post-filter adjustements were slightly drifted (Fig. 13).
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5.7 Ions produced in NAIS corona charger

The measurement of neutral particles with the NAIS relies on the known charging prob-
ability of the particles. The corona discharging method is used for charging. In corona
charging, the size and the concentration of charger ions depend on the corona volt-
age (e.g. Tamm et al., 1992). As the positive ions move more slowly than negative,5

the corona current is adjusted a few nA larger in the NAIS positive corona charger.
This can also increase the size of the positive corona ions. The size of these ions
determines the lowest theoretical particle detection limit of the NAIS.

The Herrmann DMA coupled with the aerosol electrometer was used to test the
mobility distribution of the corona ions. In room air measurements in NTP-conditions,10

the NAIS positive corona ions were smaller than 1.8 nm, whereas the negative ions
were below 1.5 nm (Fig. 14). However, due to the transfer function broadening a part
of these ions are detected at bigger sizes. Thus, the lowest detection limit can be set
between 2 to 3 nm, being smaller in negative and larger in positive polarity. The limit
can be further decreased if the measured cluster concentration if high. The corona15

charger ion production depends also on the air particle composition and the relative
humidity. Thus, the determined limit is environment dependent and should be tested in
changing environmental conditions.

6 Discussion and conclusions

The (N)AIS has been developped only recently. Considering the short time of devel-20

opment, and the fact that the instrument is used to capture nanometer-sized ions and
particles, its performance was discovered good. While proper calibration methods of
smallest cluster ions have been lacking so far, the instrument relies on purely theo-
retical measuring channel transfer functions. According to our calibrations, the theory
worked well for monomobile calibration ions when using large calibration ion concen-25

trations. Both the mobility and the concentration were measured accurately, althought
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the monomobile mobility peak diverged to 3 to 5 channels in the (N)AISs. This devia-
tion was expected and due to diffusional losses of ions and the ratio between aerosol
and sheath flow used in the (N)AIS.

The atmospheric ion distribution is, however, polydisperse. Some discrepancies
were observed between theoretical and measured electrometer transfer functions5

when nearly monomobile calibration ions were employed. The (N)AISs detected the
ions at 30–50% larger mobilities compared to the selected values. It was assumed
that the ion distribution remained unaltered during the 1.5 s residence time, which is
unsure in case of the very smallest, possibly instable, ions. However, the 30–50% dif-
ference might also be related to turbulence inside the instrument. As the difference was10

congruent with size, it is easy to take into account in future data inversion programs.
At high calibration ion and aerosol concentrations the difference between the con-

centrations measured by the (N)AIS and the reference instrument (CPC or aerosol
electrometer) was small. When calibration aerosol concentration decreased signifi-
cantly, the (N)AIS detected elevated concentrations. This was expected to be partly15

due to the background noise. Additionally at sizes below 1.5 nm (positive) and below
3 nm (negative) the ion spectrometers detected higher ion concentrations compared
to the aerosol electrometer, but in case of monomobile standards, the concentration
difference was not as evident. Definitely more tests are needed. However, the (N)AIS
results seem to be reliable at moderate and high ion and aerosol concentrations. The20

results in the cluster ion (below 1.5 nm) region might need some reconsideration and
more calibrations should be performed. The neutral particle concentrations measured
by NAISs were on average ±50% of the reference CPC concentrations.

There was a small difference in detection of mobility between positive and negative
polarity such that the negative mobilities were measured with better accuracy. Instead,25

the detection of the ion or neutral aerosol concentrations did not vary based on the po-
larity. In addition, there was a difference between the AIS and the NAIS in measuring
atmospheric ions at small concentrations. Again, one suspected reason was the back-
ground noise, which was higher in the NAIS due to different inverters. In calibrations,
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by contrast, no difference was detected between the AIS and the NAIS. Both the con-
centration and the mobility calibration results showed only small deviations between
the instruments at all size ranges.

To be able to calibrate all (N)AISs within a reasonable time period, the time per one
measurement was limited to about one minute. This increases the statistical error and5

noise, and decreases the reliability of the calibrations. A part of the problems observed
when using low calibration ion concentrations might originate from the use of such a
short time resolution.

In addition, a measurement of corona charger ion size distribution was performed
in room air, and in NTP-conditions. The corona ions were below 1.8 nm (positive)10

and 1.5 nm (negative) in diameter. However, a part of the ions are detected at bigger
sizes due to the transfer function broadening. Based on this the lowest theoretical
cut-off size in neutral particle detection with the NAIS is 2–3 nm, being smaller in
negative polarity. Below the cut-off size, the charger ions from the corona charger might
increase the measurement signal and the increase is not necessarily a constant value.15

However, when the concentration of the measured particles below 3 nm is high, the cut-
off size will decrease as the number of charger ions becomes insignificant compared
to the number of measured particles. This is the case in atmospheric measurements
for example during nucleation, when even concentrations of 1.5 nm particles can be
measured at negative polarity.20
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Table 1. Calibrations performed for different (N)AISs. In abbreviations “+” means positive ions,
“–” negative ions, and “tf” trasfer function. In mobility standards, the number of standards used
is marked for each (N)AIS. In other calibrations, “–” means “not done” and “x” means “done”. In
HAUKE DMA NAIS calibrations also particle mode was calibrated. AIS7 and NAIS5 were also
tested for 10 and 20 nm ion (AIS) and particle (NAIS) concentration response using several
concentrations.

AIS1 AIS3 AIS5 AIS6 AIS7 NAIS1 NAIS2 NAIS3 NAIS4 NAIS5

+ standards [number of stds’] 3 3 5 7 4 4 5 4 5 5
– standards [number of stds’] – 4 5 6 5 5 5 5 5 6
+ HDMA tf (0.8–5 nm ions) – – – – – – – – – x
– HDMA tf (0.8–5 nm ions) – – – – – – – – – x

+ ADMA tf (0.8–10 nm ions) – – x – – – – x x x
– ADMA tf (0.8–10 nm ions) – – x – – x – x x x
+ HAUKE DMA (4–40 nm) x x x – x x x x x x
– HAUKE DMA (4–40 nm) – x x – x x x x x x

HAUKE changing ion conc. – – – – x – – – – –
HAUKE changing part. conc. – – – – – – – – – x
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Fig. 1. (N)AIS mobility standard calibration set-up.
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Fig. 2. Examples of four selected positive mobility standards measured with (N)AIS. The area
of each measurement is normalised to unity and y-axis shows the normalised concentration
and x-axis the mobility. The black vertical line shows the monomobile standard mobility.
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with (N)AIS. The area of each measurement is normalised to unity and y-axis shows the nor-
malised concentration and x-axis the mobility. The black vertical line shows the monomobile
standard mobility.
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Fig. 4. Geometric mean mobility of positive ions (average and standard deviation between
(N)AISs, and NAIS5 measurement as an example) measured with (N)AIS as a function of
Attoui/Herrmann and HAUKE DMA selected mobility of silver particles and charger ions, and
monomobile mobility standards.
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ular clusters (standards).
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and HAUKE DMA selected mobility of silver particles and charger ions, and monomobile mo-
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Fig. 7. Concentration of negative ions (average and standard deviation between (N)AISs, and
NAIS5 measurement as an example) measured with (N)AIS as a function of Attoui/Herrmann
and HAUKE DMA selected mobility using silver particles, charger ions, and molecular clusters
(standards).
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Fig. 10. Negatively charged 10 nm silver particle concentration measured with AIS7 as a
function of CPC concentration.
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negative and positive column as a function of CPC concentration.
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Fig. 12. Two day average negative ion number size distribution measured simultaniously with
several (N)AISs.
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Fig. 13. One day average particle number size distribution measured simultaniously with sev-
eral NAISs (negative column).
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Fig. 14. Corona ions produced by the NAIS charger in room air.
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