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A new multi-channel air ion spectrometer (AIS) is presented. The instrument allows 
simultaneous measurements of positive and negative ion distributions from 3.2 to 0.0013 
cm2 V–1 s–1 (0.80–40 nm diameter or, using the Tammet correction, from 0.4 to 40 nm). 
The mobility range is divided into 27 fractions which are measured simultaneously to 
ensure a high time resolution (down to 10 seconds). The instrument calibration shows a 
good agreement with the mobility of electrically-classified, mono-dispersed aerosols. The 
spectrometer overestimates low concentrations of cluster ions. This is caused by a natural 
production of small ions (< 1 nm, 10 to 100 cm–3) inside the spectrometer. The instrument 
specifications, calibration results and measurements performed show a huge application 
potential of the new spectrometer.

Introduction

Atmospheric aerosol particles affect natural 
ecosystems (Likens et al. 1996), human health 
(Davidson et al. 2005) and climate (Ramanathan 
et al. 2001, Lohmann and Feichter 2005). Their 
impact depends strongly on aerosol properties, 
such as the particle size distribution and chemi-
cal composition. The size distribution of the 
atmospheric aerosols is governed by nucleation, 
condensation, coagulation, deposition, in-cloud 
processes and by chemical reactions on particle 
surfaces. The first three of processes together 
constitute the so-called new-particle formation 
phenomenon, in which particles are produced 
from gaseous precursors by nucleation and grow 
subsequently by coagulation and condensation. 
The new-particle formation is one of the key 

processes determining the existence of aerosol 
particles in the atmosphere. This phenomenon 
has been observed in various locations in the 
lower troposphere (e.g. O’Dowd et al. 1999, 
Birmili et al. 2003, Kulmala et al. 2004a). Many 
different theories have been proposed to explain 
the new-particle formation (Kulmala et al. 2000, 
Yu and Turco 2001, Laakso et al. 2002, Kulmala 
et al. 2006), and although this process has been 
studied for several decades, it is still not com-
pletely understood. This is because the newly-
formed particles are very small and typically 
not detected by modern commercial instruments. 
Aerosol particle spectrometers have usually been 
able to observe particles with diameters larger 
than 3 nm. Some recent studies have shown the 
existence of smaller particles (e.g. Kulmala et 
al. 2005).
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There exists a technique for measuring air 
ions which are either regular aerosol particles 
having an electric charge or molecular clusters 
stabilized by the Coulomb force of an electric 
charge. Air ion measurements provide informa-
tion about the aerosol particles down to molecu-
lar clusters sizes.

A universal and widespread method for the 
measurement of air ion mobility distributions 
is the aspiration method. The method was first 
developed in the end of the 19th century (e.g. 
Thomson and Rutherford 1896). The general 
theory of the method and its practical realiza-
tions are described in the monograph by Tammet 
(1970). The aspiration method is often used in 
aerosol spectrometers which measure the mobil-
ity distribution of artificially charged particles. 
The particle size distribution (size spectrum) is 
calculated from the measured mobility distribu-
tion.

A regular aspiration spectrometer has one 
measurement channel. The mobility distribution 
is measured using scanning by a regime param-
eter (e.g., voltage on the aspiration spectrom-
eter). The first commercial instrument based on 
the aspiration method was the EAA 3030 (Elec-
trical Aerosol Analyzer), which was developed 
in 1966 (Whitby and Clark 1966). The EAA 
was replaced by the differential mobility particle 
sizer (DMPS) in 1983 (Keady et al. 1983). This 
instrument measures particle size distributions 
in the diameter range of 3 to 1000 nm. These 
instruments are of the scanning type with a typi-
cal measurement time of 10 to 20 minutes. The 
measurement time was reduced to two minutes 
with the scanning mobility particle spectrometer 
(SMPS), in which the classifying voltage contin-
uously ramps up (Wang and Flagan 1990). The 
SMPS is still widely used to measure particle 
size distribution from 3 to 300 nm. The scanning 
limits the time resolution of the spectrometer and 
causes dynamic measurement uncertainties for 
fluctuating or rapidly changing particle concen-
trations.

A multi-channel measurement method elimi-
nates the above-mentioned shortcoming. This 
method and corresponding ion mobility spec-
trometers (Tammet et al. 1973, Tammet et al. 
1987) as well as the electrical aerosol spectrom-
eter (EAS, Tammet et al. 2002) were designed 

and developmed at the University of Tartu. A 
multi-channel spectrometer measures all frac-
tions of the particle spectrum simultaneously, 
thus obtaining the mean spectrum of the whole 
measurement time period. The size range meas-
ured by the EAS is 3.2 nm–10 µm, which is 
similar to other commercial spectrometers.

The main limitation of the existing spectrom-
eters is the lowest detectable size of about 3 nm. 
During the last four years a new version of the 
multi-channel air ion spectrometer (AIS) was 
developed and built by AIREL Ltd., a spin-off 
company of the University of Tartu. The unique 
design of the instrument allows the measurement 
of ion distributions of both polarities in a wide 
mobility range from 3.2 to 0.0013 cm2 V–1 s–1 
or in the corresponding ion diameter range from 
0.80 to 40 nm (based on Millikan). The mobility 
range is divided into 27 simultaneously meas-
ured fractions. In addition, the AIS needs no 
consumables and can, depending on the measur-
ing environment, continuously monitor the air 
ion mobility distribution for months without 
the need for service. The new instrument can 
meet the requirements of many researchers and 
it may find different applications. The AIS has 
been used in aerosol particle nucleation research 
since 2003. The scientists of the University of 
Helsinki use it to measure ion mobility distri-
butions during new-particle formation events. 
Measurements have been performed at many dif-
ferent locations around the world (Kulmala and 
Tammet 2007).

In this paper, we present the main specifica-
tions, design, operation principles and limitations 
of the AIS. We show a method for calibrating the 
spectrometer and present our calibration results. 
An additional investigation of the background 
was performed by using clean, particle- and 
ion-free air. The article presents different appli-
cations and measurements results of the new 
spectrometer.

Instrument design

Operation principles and construction

The spectrometer consists of two independent 
columns. In each column, the ions are classified 
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by a cylindrical differential mobility analyzer 
(DMA). The central electrode of the first ana-
lyzer is biased to positive electrical potential to 
measure positive ions and the electrode of the 
second analyzer is biased to negative potential to 
measure negative ions. Outer electrodes consist 
of a number of insulated sections, each having 
its own electrometer. The ions are simultane-
ously classified and collected to the sections, and 
ion currents are recorded by the electrometers. 
The multi-channel collecting system allows the 
measurement of quick changes in the ion con-
centration.

The general working principle and design of 
the AIS are shown schematically in Fig. 1. The 
ion-containing air is sucked into the spectrome-
ter by a built-in, fan-type air pump (blower). The 
total input flow rate is 1000 cm3 s–1. The entering 
air goes through an inlet tube and is divided into 

two equal flows, 500 cm3 s–1 per each DMA. 
Both the flows pass the instrument verification 
system (this is used to confirm the bias current 
and noise level of the channels) and enter the 
DMA close to the inner electrode.

Clean sheath air with a flow rate of 1000 
cm3 s–1 is injected through the set of laminar-
izing grids into the annular slit near the outer 
electrode. The clean air is obtained by recy-
cling the DMA exhaust air, filtered by the DMA 
and complementary electric filters. Therefore, 
the gaseous phase parameters of the sampled 
ion-containing air and the sheath air are approxi-
mately the same. All airflows of the spectrometer 
are driven by a single blower.

The mobility analyzer is a cylindrical capaci-
tor consisting of an ion-repulsive inner electrode 
and ion-collecting outer electrode. An inlet for 
the sample airflow and injector for the sheath 
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flow are located in its upper part. The col-
lecting electrodes of the mobility analyzers are 
divided into electrically-isolated sections. All 
of these sections have an electrometric ampli-
fier (electrometer). Each section, together with 
its electrometer, corresponds to one measuring 
channel of the spectrometer. One analyzer has 
21 measuring channels, so the total number of 
the AIS channels is 42. The inner electrode is 
divided into sections. The three lowest sections 
have a cylindrical shape, whereas the other sec-
tions consist of two cylindrical parts of different 
diameters connected to each other with a conical 
part. All the parts are electrically isolated from 
each other. The sophisticated geometry and volt-
ages of the sections enable the instrument to 
divide a very wide measurable mobility range 
into logarithmically nearly uniformly-distributed 
fractions. The design is based on the theory of 
the aspiration method (Tammet 1970).

The DMA generates a radial electrical field. 
The ions moving in the field precipitate onto dif-
ferent sections of the outer collecting electrode 
according to their mobility. The electric currents 
carried into these sections by ion fluxes are 
measured by electrometers.

Measurement verification

The instrument is supplied with a verification 
system. The system is installed after the inlet 
tube and it consists of a corona charger and elec-
trical filter. The verification system eliminates 
the impact of parasitic currents generated by 
the insulators of the sections of the collecting 
electrode and the zero drift of the electrometers. 
The input signals are periodically interrupted 
by switching on the charging and electric filtra-
tion of particles in the input air. The charger 
polarity is opposite to that of the analyser. This 
way, all particles getting into the differential 
mobility analyzer are either uncharged or have a 
polarity that is opposite to the analyser polarity, 
so that they do not cause a signal on the col-
lecting electrodes. Opposite charging together 
with filtration eliminate the ion collection onto 
electrometer electrodes and makes it possible to 
measure electrometer currents in the absence of 
ion currents. This information is used to subtract 

the parasitic currents from the measured elec-
trometer currents and to maintain only the elec-
tric currents that are created by the ions of the 
sampled air. The corrected electrometer signals 
form the instrument record. The measurement 
uncertainties are also assessed from this proce-
dure and they form the instrument error vector. 
The principal operation parameters, such as the 
rate of airflow, analyzer voltages and charging 
currents are regularly verified. The whole meas-
urement process is controlled by a computer 
through the main controller.

Measurement act

The duration of one measurement is controlled 
by software and it can be set from approximately 
ten seconds to several tens of minutes. The sen-
sitivity and signal-to-noise ratio can be improved 
by lengthening the measuring time. A five-
minute cycle for measuring natural atmospheric 
air ions is arranged by default. The structure of 
the default measurement cycle comprises 30 ele-
mentary spectrum acquisitions: 20 consecutive 
ten-second spectrum measurements followed by 
10 measurements of the parasitic currents of the 
electrometer. However, the user can change the 
number of elementary measurements. In the end 
of the cycle, the mean spectra (including uncer-
tainties) of ions of both polarities for this cycle 
are calculated from the mean channel signals 
and stored in a data file. The values of diagnostic 
parameters (analyzer voltages, flow rate, etc.) 
are also stored to allow for further analysis and 
checking of the quality of the measurements.

Data inversion methods

The computer converts the measured electrom-
eter signals into an ion mobility distribution 
using a special theoretical algorithm. The meas-
urements of positive or negative ions can be 
described by a linear matrix equation. The trans-
fer equation, also called as the instrument equa-
tion, apparatus equation or instrument response 
equation, is given by

 y = Hφ + ∆y, (1)
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where y is the instrument record (a vector of 
21 electrometer signals), ∆y is the vector of the 
electrometer signal errors (21 elements), H is 
the instrument matrix (21 ¥ 28 elements) and φ 
is the spectrum vector (28 elements). The spec-
trum vector is a set of spectrum values at certain 
mobility bins, which are distributed uniformly 
on the logarithmic scale of the spectrum argu-
ment, i.e. the electrical mobility of air ions. The 
number of mobility bins is 28. It is a matter of 
compromise between the ability of a distribution 
to follow the cluster ion peak and its susceptibil-
ity to random measurement errors. Each element 
of the spectrum vector, φi, represents a superpo-
sition of the 28 predefined elementary spectra fi 
with the coefficients βi. The predefined 28 ele-
mentary spectra form the fractions on the elec-
trical mobility scale, which are presented in the 
Table 1. The instrument channels, conformable 
to the mobility fractions and their corresponding 
Millikan diameters, are shown in Table 2.

The shape and number of the elementary 
spectra are chosen according to the approxima-
tion and calculation accuracy of the instrument 
for a typical atmospheric aerosol/ion distribu-
tion. The elementary spectra have a mode at the 
corresponding mobility bin and the value of 1 
at the bin. By such a choice of the elementary 
spectra βi = φi. In essence, the spectrum vector φ 
is a continuous ion mobility distribution density 
function. The respective conversion is performed 
using a converter matrix. The converter matrix 
(H in Eq. 1) is calculated so that the result of the 
solution of Eq. 1 is the density function of the ion 
mobility distribution. The converter also defines 
the mobility bins at which the distribution den-
sity has been calculated. The distance between 
the mobility bins is considered small enough, so 
that the intermediate distribution density values 
can be approximated with a straight line.

The instrument equation can be solved by the 
Gauss-Markoff least squares method:

 φ = (HT D–1 H)–1 HT D–1 y. (2)
Table 1. the electrical mobility fractions of ais.

Fraction mobility range mean mobility
number (cm2 v–1 s–1) (cm2 v–1 s–1)

01 3.1623–2.3714 2.76685
02 2.3714–1.7783 2.07485
03 1.7783–1.3335 1.55590
04 1.3335–1.0000 1.16675
05 1.0000–0.7499 0.87495
06 0.7499–0.5623 0.65610
07 0.5623–0.4217 0.49200
08 0.4217–0.3162 0.36895
09 0.3162–0.2371 0.27665
10 0.2371–0.1778 0.20745
11 0.1778–0.1334 0.15560
12 0.1334–0.1000 0.11670
13 0.1000–0.0750 0.08750
14 0.0750–0.0562 0.06560
15 0.0562–0.0422 0.04920
16 0.0422–0.0316 0.03690
17 0.0316–0.0237 0.02765
18 0.0237–0.0178 0.02075
19 0.0178–0.0133 0.01555
20 0.0133–0.0100 0.01165
21 0.0100–0.0075 0.00875
22 0.0075–0.0056 0.00655
23 0.0056–0.0042 0.00490
24 0.0042–0.0032 0.00370
25 0.0032–0.0024 0.00280
26 0.0024–0.0018 0.00210
27 0.0018–0.0013 0.00155

Table 2. the distribution of the mean mobilities and 
corresponding millikan diameters by the instrument 
channels.

channel mean particle mean mobility
number diameter (nm) (cm2 v–1 s–1)

01 0.900 2.4200
02 1.040 1.8200
03 1.200 1.3600
04 1.380 1.0200
05 1.600 0.7660
06 1.860 0.5750
07 2.140 0.4310
08 2.480 0.3240
09 2.860 0.2420
10 3.300 0.1820
11 3.820 0.1360
12 4.420 0.1020
13 5.100 0.0766
14 6.820 0.0431
15 9.140 0.0243
16 12.240 0.0136
17 16.460 0.0077
18 22.160 0.0043
19 29.900 0.0024
20 38.000 0.0019
21 42.000 0.0010
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Here D is the covariance matrix of the instru-
ment record (21 ¥ 21 elements). As a rule, D is 
a diagonal matrix, the elements of which are the 
variances of the output signals, and (HT D–1 H)–1 
is the co-variation matrix of the spectrum and its 
diagonal elements give the random uncertainties 
(variances) of the components of the spectrum 
vector. The inversion is performed using the 
Tikhonov regularization (Tikhonov 1963). The 
method makes it possible to reduce the rank of 
the matrix and thus to correct the ill-posedness 
(Lemmetty et al. 2005).

The uncertainties in the ion mobility distri-
bution density function are calculated from the 
spectrum covariance matrix using the converter. 
The 27 fraction number concentrations (integral 
of the density function between adjacent mobil-
ity bins) and their uncertainties can be calculated 
from the number distribution density. These cal-
culations are carried out in real-time for the AIS. 
The number of the fractions has been chosen 
according to the real resolution of the instru-
ment: eight fractions per a decade of the particle 
mobility.

The instrument matrix H has been deter-
mined by a calibration procedure based on the 
mathematical model of the spectrometer and 
experiments for assessing the input losses. This 
process is similar for both columns. There are 
two instrument records of 21 elements each, and 
two instrument matrixes of 21 ¥ 28 elements 
processed in parallel.

Calibration methods and 
materials

The principal information of a multi-channel 
spectrometer (AIS) is presented with an instru-
ment equation (Eq. 1). The equation determines 
the 28 ¥ 21 elements of the instrument matrix 
H. The matrix H describes the transformation 
of the information in the spectrometer — it is 
a generalized linear response of a multi-chan-
nel instrument. The mathematical model of the 
AIS is less complicated than that of the EAS 
because ions are measured without intermediate 
steps as is done with the EAS in order to achieve 
charge equilibrium (Mirme 1987, Tammet et 
al. 2002). In the EAS, the particles are charged, 

their mobility distribution is measured, and then 
their size distribution is calculated by an inver-
sion procedure. The response of the AIS and 
thereby its instrument matrix can be calculated 
quite well based on measured geometric, elec-
tric and regime parameters. Each section of the 
mobility analyzer can be treated as a differential 
aspiration condenser of the second order and the 
respective theory can be applied (Tammet 1970). 
The responses of the channels overlap. This is 
considered and corrected by the data inversion.

The measurement range of the AIS covers air 
ions of different physical nature: cluster ions and 
aerosol ions. The mobility range of the cluster 
ions is 3.2–0.5 cm2 V–1 s–1, which corresponds 
to the particle mass diameter (with the Tammet 
correction) range of 0.4–1.6 nm at 20 °C. The 
respective ranges for aerosol ions are 0.4–0.0013 
cm2 V–1 s–1 and 1.6–40 nm (with the Tammet cor-
rection) (Hõrrak et al. 2000).

All the analyzer parameters are measured 
with an accuracy better than 1%. The most 
poorly-determined parameter is the ion loss at 
the spectrometer inlet, which may have a sig-
nificant effect on fast ions. On the other hand, 
the parameters of the calibration aerosols are 
defined with the accuracy of about 10%, except 
for cluster ions. Well-defined calibration ions are 
not available in this range. Therefore, the ana-
lyzer calibration consists mainly of verification 
with the classified aerosol and the experimental 
calibration for the assessment of diffusion losses 
in the input tract.

Instrument calibration in the aerosol ion 
range

Known calibration methods of multi-channel 
aerosol size spectrometers (Mirme 1987, Tammet 
and Noppel 1992) can be used for the aerosol ion 
range. We applied the mobility-classified mono-
dispersed aerosols of a well-defined mobility 
distribution (approximately lognormal size dis-
tribution with known mean diameter, number 
concentration and standard deviation). The AIS 
is not an instrument having a high mobility reso-
lution (fraction width ~30%). As a result some 
deviation of the classified aerosol from a real 
log-normal one has little effect.
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A rough initial calibration was performed 
by simulating the response of the spectrometer 
using the measured or some arbitrary values for 
the parameters. The calibration was refined by 
comparing the simulation with the data of the 
calibration experiments. These were performed 
at two locations: the University of Helsinki and 
the University of Tartu. The calibration aerosols 
were prepared using the classical method of 
electrical classification (Liu and Pui 1974). Nan-
ometre-size silver particles for the classification 
were prepared by the evaporation-condensation 
method (Scheibel and Porstendörfer 1983).

calibration setup at the University of 
helsinki

The experimental setup at the University of 
Helsinki is shown in Fig. 2. A polydispersed 
aerosol sample was produced by a tube furnace 
(Carbolite Furnaces MTF 12/388). The furnace 
heated a ceramic tube. A ceramic cup with silver 
powder was installed inside the tube. The silver 
was evaporated into the passing nitrogen flow. 
As the flow cooled down outside of the heated 
section of the furnace, the vapour nucleated and 
formed polydispersed aerosol particles. The size 
distribution of the aerosol is a function of the 

residence time within the heated section and 
temperature. The residence time was constant 
during the experiments, whereas the particle size 
distribution was optimized for each measure-
ment by varying the temperature between 1050 
and 1200 °C. The nitrogen flow rate through the 
furnace tube was 3.0 l min–1.

The aerosol was charged with an alpha-active 
241Am (60 MBq — 1995/03) bipolar source, after 
which a mono-dispersed fraction of the aerosol 
was selected using a DMA (VIE-08, Hauke, 
length 0.109 m). The DMA was operated with a 
flow rate of 3.0 l min–1 for the aerosols and the 
flow rate of 20.0 l min–1 for the sheath and excess 
airflows in an open-loop arrangement. The flows 
were measured with a Gillian bubble flow meter 
and controlled with needle valves. The classifi-
cation voltages were set manually with accuracy 
of 0.1 V.

The classified mono-dispersed aerosol was 
diluted with clean (particle and ions free) air. 
The dilution air was produced by cleaning dry 
compressed air. The cleaning was performed 
with three parallel HEPA filters and finalised by 
an electrical filter. The flow rate of the dilution 
air was 70 l min–1 and the flow rate of the mobil-
ity-classified aerosol was 3.0 l min–1. The diluted 
aerosol sample was directed into the AIS and 
aerosol electrometer (TSI 3068). The flow rates 
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of the AIS and electrometer were 60 and 3.75 
l min–1, respectively. All excess air was directed 
away, which guaranteed a normal atmospheric 
pressure (no pressure loading) on the inlet of the 
spectrometer.

calibration setup at the University of tartu

The calibration setup of the University of Tartu 
(Fig. 3) is mostly similar to that of the University 
of Helsinki, with some minor differences. For 
the smallest particles (diameter < 15 nm), a tube 
with a nozzle was used in the furnace. Silver 
vapour containing nitrogen that exited the nozzle 

was immediately mixed with cool air in order to 
stop the condensational growth of nucleated par-
ticles. The nitrogen flow rate was varied from 1 
to 3.3 l min–1, the diluting air flow rate (Φ4) was 
13 l min–1. In the charger, a 239Pu neutralizer was 
used. The input and output aerosol flow rates 
(Φ1 and Φ3, respectively) of the self-designed 
Vienna-type DMA were 2.5 l min–1. The sheath 
air with a flow rate of 25 l min–1 was prepared 
by filtering the excess air (closed-loop arrange-
ment). The aerosol from the DMA was mixed 
with the filtered air in a mixing unit with a semi-
open exit, so that Φ3 + Φ4 > Φ5 and the DMA 
output and the AIS input flows (Φ5) were self-
maintained. All the flow rates were continuously 
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controlled by rotameters or by Venturi tubes and 
differential manometers.

Instrument calibration in cluster ion 
range

A calibration procedure similar to that presented 
above could have been used in the cluster ion 
range if mono-mobile cluster ions were avail-
able. The mobility distributions of the natural 
cluster ions change very fast, so that the sepa-
rated mono-mobile fraction of ions will quickly 
develop into a stationary mobility distribution 
for given meteorological and air chemical com-
position conditions. Up to now, we have not 
adopted the method of electrospraying of solu-
tions of polymers and other organic substances, 
and the subsequent classification of the n-mers 
(the molecules of the n-polymers) by the DMA 
with a very high resolution (e.g. Rosell-Llompart 
et al. 1996). In the cluster ion range, the AIS was 
calibrated by comparing the total concentrations 
of cluster ions measured by the AIS and by the 
improved version of the integral ion counter SAI-
TGU (Tammet 1970). The SAI-TGU has a very 
simple and short input tract and high input flow 
rate (4.5 l min–1). It was thoroughly investigated 
by Tammet (1970), so it can be considered as an 
absolute ion concentration measurement device. 
Furthermore, we have compared the AIS with 
the BSMA, another ion spectrometer designed at 
the University of Tartu (Tammet 2006).

Calibration results and 
discussions

The AIS has several important characteristics, 
including a high spectrometer resolution, low 
instrumental background for concentrations, and 
a stable and long operation time. The resolu-
tion is defined by the ion classification process 
inside the differential mobility analyzer and the 
mathematical conversion that results in a mobil-
ity distribution. A two-stage investigation was 
performed for this. In the first stage, we studied 
the signal distribution along the instrument chan-
nels using mobility-classified, mono-disperse, 
charged aerosol particles (calibration aerosols). 

In the second stage, we converted the measured 
signal distribution to a mobility distribution and 
compared the result with the expected distribu-
tion of the calibration aerosol. The calibration 
aerosol was produced with the calibration setups, 
as described in the previous section (Figs. 2 and 
3). The broadening of the distribution by diffu-
sion was considered small.

Investigations of the signal distribution

We investigated the signal distribution using 
negatively charged calibration aerosol particles. 
The selected particles had median diameters 
of 3, 4, 5, 6, 8, 10 and 20 nm. A typical signal 
distribution by instrument channels is presented 
in Fig. 4. It can be seen that the signals of the 
channels spanned four orders of magnitude from 
–0.02 to –50 fA. A background signal of about 
–0.4 fA in the channels analyzing the cluster ions 
is indicated with the gray shaded area. It seems 
that the signal values lower than 0.4 fA could 
have been affected by the instrument background 
signals. Nevertheless, the background level of 
the signal was less than 1% of the maximum 
level. The dynamic range was even wider with 
the cluster ion background correction. Compared 
with cluster ion channels, the background was 
lower at aerosol particle channels. So, using 
mono-disperse, single-charged particles, the 
signal was above the background level in only 
a few channels. For example, the signal of 4 
nm negatively-charged particles was distributed 
over five channels (channels 30–34; Fig. 4). The 
relative signal distribution over channels was 
symmetrical with a peak on the channel 32 (bars 
in Fig. 4). This peak was strong and consisted of 
50% of the total measured signal. The two near-
est channels (31 and 33) had 23 and 25% of the 
total measured signal, respectively, and the other 
channels had less than 10% of the total measured 
signal. Thus, up to 90% of all particles of the 
calibration aerosol were accumulated on three 
channels.

When using different-size calibration aero-
sols, we analyzed only the channels that had 
more than 10% of the total measured signal 
(Table 3). It can be concluded that the particles 
accumulated on several channels. The signal 
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distribution was wider at smaller particle sizes, 
while larger particles accumulated only onto two 
channels.

Investigations of the mobility distribution

The measured signal distribution was converted 
into a mobility distribution using a mathemati-
cal algorithm based on Eq. 2. The mathematical 
algorithm is included in the instrument software 
which controls the operation of the instrument 
and saves the measured and converted data. 
This enables one to reanalyse the measurement 
data later. The measured signal distribution of 
the calibration aerosol used in the first experi-

ment was converted into a mobility distribution. 
After that, the converted mobility distribution 
was compared with the mobility distribution of 
the classified calibration aerosol. The mobil-
ity distribution of the calibration aerosol was 
described by the transfer function of the classi-
fied DMA. The transfer function was calculated 
based on the operation characteristics of the 
DMA including the diffusion effects of small 
particles (Stoltzenburg 1988). We made a com-
parison between the mobility distribution of the 
calibration aerosol and the corresponding con-
verted mobility distribution of the AIS normal-
ized to the total measured ion concentration 
(Fig. 5). Both distributions seemed to have the 
same mobility peak. However, the converted 
mobility distribution was wider and the height of 
the peak was lower. Additionally, the converted 
distribution was asymmetrical, indicating that 
it contained about 5% of particles of smaller 
sizes. The existence of small particles is unlikely 
and can be explained by the background of the 
instrument.

The AIS has been regularly verified with the 
calibration setup at the Universities of Helsinki 
and Tartu using classified mono-dispersed aero-
sols. Figure 6 presents the estimated Millikan 
particle size versus the classified size of about 
200 spectra of both polarities. The background 
cluster concentration below 1.5 nm sizes was 
set to zero. The particle size was underestimated 
on average by 4% and the scatter (STD) was 

Fig. 4. the current distri-
bution over the instrument 
channels. the data in bars 
gives the relative current 
distribution (left-hand-side 
scale). the right scale char-
acterizes the absolute cur-
rent distribution presented 
with a line with squares. 
the shaded area indicates 
the background.

Table 3. the modes of the channel current distribution 
using calibration aerosol. the first column presents the 
modal size of the used calibration aerosol and second 
column gives the channel numbers with more than 10% 
of the total measured current. the channel having the 
peak of the current distribution is marked with boldface.

Particle diameter (nm) channel number

 20 25–26
 10 28–29
 08 29–30
 06 30
 05 30–31–32
 04 31–32–33
 03 33–34–35
 02 34–35–36–37–38
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6% of the size. The sizes above 35 nm deviated 
because a part of the distribution was beyond 
the measurement range. The calibration aerosol 
number concentrations ranged from 80 to 20 000 
particles cm–3. The ratio of the estimated concen-
tration to the expected one is presented in Fig. 
7. The concentrations were underestimated on 
average by 12% and the scatter (STD) was 20%. 
The obvious reason for this is that the estimated 
uncertainties in the concentrations of calibration 
aerosols were larger than those in their size, and 
that there were possible uncertainties associated 
with the inversion procedure.

Instrument background

The background study was performed using a 
modified calibration setup presented in Fig. 2. 
In the modified setup, the DMA was discon-
nected from the AIS and the AIS used only dry 
compressed air from the cleaning system. The 
compressed air was cleaned with three paral-
lel-connected HEPA filters and existing air ions 
were eliminated with an electrical filter. Thus, 
all particles and ions were filtrated and the 
AIS measured its background. The duration of 
the experiment was 24 hours. The daily mobil-

Fig. 5. the mobility distribution using 
calibration aerosol. the line presents 
the transfer function of the Dma used 
to select mono-disperse aerosol. the 
curve with circle-points shows the 
mobility distribution measured by the 
ais.

Fig. 6. the comparison of the ais 
particle sizing. the size was estimated 
based on millikan or measured with 
the ais.
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ity distributions of negative and positive ions 
during the background experiment are shown 
in Fig. 8. Small positive and negative ions were 
observed during the experiments. Their number 
concentration was fluctuating. The daily aver-
aged number concentrations are presented in 
Fig. 9, showing that the number concentration of 
the particles larger than one nanometre was less 
than 4 cm–3. However, smaller ions were present 
in the instrument all the time and their number 
concentration was in the range 10–100 cm–3. The 

existence of the background can be explained by 
the production of cluster ions inside the AIS. The 
natural ion production, with the rate of about 10 
pairs cm–3 s–1 or less in the atmosphere, may be 
higher inside the instrument due to the presence 
of radioactive materials, mainly radon and its 
daughters, inside the inlet tube. The ion produc-
tion goes on always and everywhere and cannot 
be completely avoided. The background can be 
corrected by subtracting the mean background in 
the cluster ion mobility range.

Fig. 7. the relative deviation of meas-
ured aerosol concentrations by ais.

Fig. 8. the daily distributions 
of the measured ion back-
ground of the ais for positive 
(top) and negative (bottom) 
ions.
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Instrument comparison with an ion 
counter using cluster ions

A special setup was built for altering ion concen-
trations in the input air in order to check the cali-
bration of the AIS in the cluster ion sub-range. 
The air blown through the 239Pu charger-neutral-
izer (Fig. 3) was mixed with normal room air and 
conducted to the input orifices of the AIS and the 
ion counter SAI-TGU, located side by side. The 
limiting mobility of the ion counter was chosen 
so that only cluster ions were measured.

The AIS measured higher concentrations than 
the SAI-TGU at low ion concentrations (Table 
4), which is caused by the background gener-
ated inside the AIS. This enables the assess-
ment of the background ion concentration and 
correction of the measurement results (two last 
columns in Table 4). Curves in Fig. 10 character-
ize the ion losses in the input arrangements of 

the AIS depending on ion concentrations. The 
losses are higher at higher concentrations due to 
the dependence of the recombination rate ions on 
their concentration. The losses have been taken 
into account by later post-processing of the data.

Instrument working parameters

The working parameters were analysed during 
a long-term running of the AIS. The parameters 
that characterise the working of all the main com-
ponents of the spectrometer are the total entering 
flow rate, the high voltages of the differential 
mobility analyzers and electrical filter currents. 
Aspiring to get better resolution of the spectrom-
eter, the differential mobility analyzer generates 
an electrical field of complicated geometry (see 
the section “Instrument design”) with four dif-
ferent high voltages. The nominal values of the 

Table 4. concentrations of cluster ions (cm–3) in the mobility range 3.2–0.5 cm2 v–1 s—1 measured by the ais and 
sai-tGU. +/– in the parentheses refer to positive/negative ions.

experiment sai-tGU (+) ais (+) sai-tGU (–) ais (–) ais (+), corrected ais (–) corrected

  1 6900 5300 5180 4380 5060 3940
  2 4940 3830 3800 3450 3590 3010
  3 2960 2550 2310 2340 2310 1900
  4 1420 1567 1050 1420 1330 973
  5 600 840 410 850 600 410

Fig. 9. the daily averaged ion 
background of the spectrometer 
for negative and for positive ions.
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Table 5. the nominal values of the main operation parameters of the air ion spectrometer ais.

Flow rate (cm3 s–1) 1000
 Positive ion analyser negative ion analyser
voltage (v) of four insulated sections of the analyzer 9, 25, 220, 800 –9, –25, –220, –800
electrical filter voltage (v) 1200 –1200
electrical filter current (fa) –210 –170

main working parameters are presented in Table 
5. The fluctuations of these parameters during 24 
hours were checked. The fluctuations of high-
voltages did not exceed 0.1%. The current of the 
electrical filter is not as stable as fixed voltages, 
because its absolute value depends on the work-
ing conditions of the instrument and can have 
small variations during longer time. Experiments 
showed that fluctuations in the filter current were 
about 1%. However, they were different for 
positive and negative analyzers. This difference 
can be explained by a non-uniform deteriora-
tion of the used corona needles during the ion 
production. Fluctuations in the filter current do 
not affect stable working of the instrument. Peri-
odical variations can be observed for the total 
flow rate. For a 42-hour period, the amplitude 
of fluctuations was about 2.5 cm3 s–1, which is 
only 0.1% of the total flow rate of 991 cm3 s–1 
(approximately 1% deviation from the nominal 
value).

Applications and measurement 
results

The unique design of the AIS allows its use in 
specific experiments and different environments. 
The AIS has a wide measuring range according 
of 0.80–40 nm (Millikan diameters), or 0.42–40 
nm (Tammet diameters). This size range contains 
clusters, nucleated aerosol particles and part of 
Aitken mode particles (Fig. 11). At present, the 
AIS is the only instrument that measures the 
ion size distribution in such a wide size range. 
An alternative instrument, the BSMA (Tammet 
2006), can only measure in the range from 
0.4 nm (Millikan size 0.8 nm) to 7.5 nm. Addi-
tionally, the constructed spectrometer has a wide 
concentration range from below 1 to several 
millions ions cm–3, while the time resolution of 
the spectrometer is from ten seconds to several 
tens of minutes. The combination of all these 
specifications gives the possibility to measure 

Fig. 10. the comparisons of ais 
with the air ion counter sai-tGU in 
the cluster ions sub-range (mobili-
ties 0.5–3.2 cm2 v–1 s–1)
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quick changes in ion size distributions of both 
polarities over a wide concentration range during 
long-term experiments.

Initially, the AIS was specially constructed 
for continuous monitoring of the atmospheric ion 
size distributions. The main application of the 
instrument is air monitoring at different locations 
(cities, rural and marine environments). Since 
2003, continuous ion distribution measurements 
have been carried out at the SMEAR II station in 
southern Finland. Measurements of ion distribu-
tions have been conducted in Tartu, Estonia, epi-
sodically since 1985 and continuous ion mobility 
distribution measurements have been performed 
at the Tahkuse Air Monitoring Station of the 
University of Tartu since 1988 using a self-made 
system of ion mobility spectrometers (Hõrrak et 
al. 2000). Short-term (several months) measure-
ments have been carried out at many locations 
all over the world.

The largest database of the atmospheric ion 
size distributions has been collected at the Uni-
versity of Helsinki based on AIS measurements. 
Most of the measurements have been performed 
in a boreal forest at the SMEAR II research sta-
tion. Using the database, researchers have made 
a statistical characterisation of concentrations of 
cluster ions and naturally-charged, nanometre-

size aerosol particles, in addition to which they 
have determined the ion sinks for the nuclea-
tion event days and non-event days (Hõrrak et 
al. 2005). In addition, the charging state of the 
atmospheric nanometre-size particles has been 
investigated (Vana et al. 2006a). Laakso et al. 
(2004) estimated ion production rates based on 
ion mobility distributions and aerosol particle 
size distributions. Subsequent studies on the 
characterization of the initial steps of the aerosol 
particle growth have been conducted (Kulmala 
et al. 2004b).

The researchers from the University of Hel-
sinki, in cooperation with the researchers of the 
University of Tartu, have performed ion distri-
bution measurements in other environments as 
well. Experiments have been conducted on the 
coastal area of Antarctica (Virkkula et al. 2007) 
and over the Atlantic Ocean (Virkkula et al. 
2005). The AIS was installed in the Alps moun-
tain range in Switzerland (Vana et al. 2006b) 
and on the hills of Lapland (Ruuskanen et al. 
2004). The performed experiments allowed the 
characterisation of different environments and 
they have offered a better understanding of the 
nucleation processes in the real atmosphere.

The most courageous experiments have been 
performed using a hot air balloon. The research-
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the air ion spectrometer at 
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the ion size distribution is 
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ers installed the AIS in the cabin of the hot 
air balloon and performed measurements during 
flights over a boreal forest. Simultaneous ion dis-
tribution measurements were performed on the 
ground. As a result, vertical profiles of ion distri-
butions during a nucleation event were obtained 
(Laakso et al. 2007).

Summary and conclusions

This article presents a new air ion spectrom-
eter (AIS). The unique design of the instrument 
allows simultaneous measurements of ion distri-
butions of both polarities over a wide mobility 
range of 3.2–0.0013 cm2 V–1 s–1, which corre-
sponds to a Millikan diameter range of 0.8–40 
nm. The mobility distribution is presented by 27 
logarithmically uniformly distributed fractions. 
All ions in the whole size range are measured 
simultaneously ensuring a high time resolution 
of the measurements and the ability to observe 
highly fluctuating ion concentrations. The con-
centration range of the spectrometer is from 
below 1 to several millions ions cm–3. The com-
bination of all these specifications presents huge 
possibilities for the applications of the newly-
developed air ion spectrometer.

The article describes the design of the AIS, 
its main specifications, instrument calibrations 
and testing. The calibrations of the signal and 
the mobility distribution were performed using 
mobility-classified, mono-dispersed aerosols 
(calibration aerosol). The results showed a good 
agreement with the mobility of the selected 
calibration aerosol. In addition, the study of the 
ion background was performed using dry, com-
pressed particle- and ion-free air. Experimental 
results showed the existence of ions smaller than 
one nanometre in diameter. Their concentration 
varied from 10 to 100 cm–3. The existence of 
the background can be explained by the produc-
tion of small ions inside the instrument and by 
physical processes, which depend on the spec-
trometer’s design and the stability of the main 
working parameters. The stability of the main 
parameters (flow rate, high voltages of analyz-
ers, electrical filter voltages and current) were 
also investigated. No variations in excess 0.1% 
were found.

The instrument specifications and results of 
the performed studies confirm that the new air 
ion spectrometer, AIS, can find many different 
applications. It has already been used in many 
scientific experiments in nucleation research, 
and it monitors air ion mobility distributions at 
environmental stations at different locations all 
over the world.
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