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Abstract. The Air lon Spectrometer (AlS) measures mo- the best accuracy. The (N)AIS concentrations were com-
bility and size distributions of atmospheric ions. The Neu- pared with an aerosol electrometer (AE) and a condensation
tral cluster and Air lon Spectrometer (NAIS) can addition- particle counter (CPC). At sizes below 1.5 nm (positive) and
ally measure neutral particles. The number of the (N)AIS3 nm (negative) the ion spectrometers detected higher con-
instruments in the world is only 11. Nevertheless, they arecentrations while at bigger sizes they showed similar con-
already widely used in atmospheric ion studies, particularlycentrations as the reference instruments. The total particle
related to the initial steps of new particle formation. There isconcentrations measured by the NAISs were with50% of

no standard method applicable for calibrating the ion specthe reference CPC concentration at 4—40 nm sizes. The low-
trometers in the sub-3nm ion range. However, recent deest cut-off size of the NAIS in neutral particle measurements
velopment of high resolution DMAs has enabled the sizewas determined to be between 1.5 and 3 nm, depending on
separation of small ions with good mobility resolution. For the measurement conditions and the polarity.

the first time, the ion spectrometers were intercompared and
calibrated in a workshop, held in January—February 2008 in
Helsinki, Finland. The overall goal was to experimentally de-
termine the (N)AIS transfer functions. Monomobile mobil-

ity standards, 241-Am charger ions and silver particles WereAtmospheric ions are mainly studied due to their effects on

generated and used as calibration aerosols. High reSOI.Utiogerosol particle processes. lons affect the new particle for-
DMAS were used to size-separate the smallc_er (1-10nm) 'ONSnation (e.gKulmala et al, 20043, particle growth Laakso
W.Tge ?_"[ :LIJ%Ee rt dlargelvtlirsN(4—4t(_) ”rT‘) the zllz'? was se:jecte%t al, 2003, and cloud processes and scavenging of particles
with a . ype. N egative ion mobilities were .?' (Andronache et al2006. Aerosol particles further affect the
tected by (N)AISs with slightly better accuracy than positive, (Elobal climate, both with direct scattering effect, and indirect

1 Introduction

nonetheless, both were somewhat overestimated. A linear fi loud effects, thus inducing a net negative radiative forcing.

?r]: s:[IopNe Aolfsone to the vc\j/htohle datast(_at of m%tlwll_L[Ues i;g&ggste owever, the low level of understanding the aerosol effects
na (N)AISs measure e negative mobilities . _leads to large uncertanties in global climate model predic-
times larger compared with the reference instruments. S'miions (PCC, 2007

llarly, positive mob_|I|t|es were meas_ured 1:89.15 times The first steps to understanding the role of ions and par-
larger compared with the reference instruments. The com:

. " .. ticles in global climate is to understand where, when and
pletely monomobile mobility standards were measured with ] .
why particles are formed. Secondary small particle forma-

tion has been observed widely around the woHdlfhala
et al, 20040. The mechanisms behind it are, however, un-

Correspondence tcE. Asmi der discussion. The several suggested mechanisms include
BY (eija.asmi@helsinki.fi) activation of stable neutral cluster&uimala et al, 2006
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Sihto et al, 2006, kinetic nucleation \(Veber et al. 1996, 2007h. Therefore, it is also of importance for the project to
ion induced [(aakso et al.2002 and ion mediated nucle- characterise the operation of ion instruments.
ation (Yu and Turco 2000, and binary and ternary homo-  During January—February 2008, the first (N)AIS cali-
geneous nucleation. The role of ions in particle formationbration and intercomparison workshop was organised in
is unquestioned, but the relative importance of ion-inducedHelsinki, Finland. In the workshop, 10 (N)AISs were com-
or ion-mediated particle formation is a question of debate.pared and calibrated. Several methods were used to cover the
In addition, the recent laboratory experiments addressed thathole size range of the instrument. The major improvements
charged particles activate at lower supersaturation ratios thasompared to the original calibrations were the possibility to
neutral Winkler et al, 2008. Thus, ions more probably use a high resolution DMAHerrmann et a).2000 and mo-
act as CN (condensation nuclei), and further more, as CCNility standards (Jde and Ferandez de la Mora2005 for
(cloud condensation nuclei), having thus global effects. Thecalibrations of the (N)AISs in cluster and intermediate ion
(N)AIS has been proved particularly useful in experimental sizes. The purpose of this paper is to objectively present the
studies of the mechanisms of atmospheric particle formationesults from these calibrations. The results can be later on
(e.g.Kulmala et al, 20073 2005 20043. utilised when the (N)AIS data from different sites, measured
The Air lon Spectrometer (AIS) is designed to measureby separate instruments, are compared. The results will as
mobility distributions of small atmospheric ions and chargedwell be of help in further development work of the (N)AISs
particles (mobility diameters 0.8—40nm in NTRJifme et  and the data inversion.
al., 2007). The AIS is developed and manufactured by Airel
Itd, a spin-off company of the University of Tartu. The AIS
was first released in year 2003. Since then, instruments have lon spectrometers
experienced several improvements, the most important being
the development of the Neutral cluster and Air lon Spectrom-2.1  Air lon Spectrometer
eter (NAIS). The NAIS is much similar to the AIS, but con-
tains an improved inlet section which allows measurementsAir lon Spectrometer (AIS) is developed for in-situ high
of neutral particles as well. Currently, the number of AISs istime resolution measurements of ions and charged parti-
six and NAISs five. cles. The measured mobility range extends from 3.2 to
Allthough the (N)AIS is still a relatively new instrument, it  0.0013cmd V~1s~1, corresponding mobility diameters 0.8—
has already been widely used. Measurements of atmospheri&0 nm in NTP-conditions. The AIS contains two identical
ions have been conducted at several sites in Europe, in boreahalysers: one for measuring positive and one for measur-
forest region (e.gkulmala et al, 20073 and also in high al-  ing negative ions. Positive and negative ions are measured
titudes {/enzac et al.2007), in Australia Suni et al, 2009 in parallel. The sample flow rate is 60 Ipm and it is divided
and South-Africa llaakso et al.2008, in marine environ-  between the two analysers. The sheath flow rate is 60 Ipm
ments (e.gVana et al.2007), in a Moscow-Vladivostok train  in both analysers, increasing the total one analyser flow rate
in Russia Vartiainen et al.2007), in Antarctica Yirkkula et to 90Ipm. The high flow rate is necessary to minimise the
al., 2007, and during hot-balloon flights scanning the ver- ion diffusion losses and for increasing the sensitivity to ion
tical distribution of ions lCaakso et al.2007). In addition,  concentrations. The inner cylinder of the analyser is divided
indoor ions have been studieHi(sikko et al, 2007). The into 4 isolated sections and their voltages are kept unaltered
(N)AIS measurements have enhanced the knowledge of ioluring the whole measurement cycle. Measurable ions move
concentrations, sources, and prosesses, and their spatial atavards the outer cylinder due to the radial electric field. The
temporal variations. outer cylinder is divided into 21 isolated sections forming, to-
As discussed above, there is a growing interest to studygether with their own electrometers, the 21 measuring chan-
ions. The (N)AISs are used for ion studies as they are movnels of the analyser. The ions precipitate onto these sections
able and relatively easy to use. Untill now, they have beenaccording to their electrical mobilities, and the electrome-
calibrated separately after the manufacturing in the Univerters measure the currents induced by the ions. Before and
sity of Tartu Mirme et al, 2007). However, the calibra- after each ion measurement, an offset measurement is per-
tions are especially difficult at sizes of the smallest clusterformed. An unipolar corona charger having a polarity op-
ions of mobilities above 1 cAV~1s™1 due to lack of refer-  posite to that of the analyser, together with the sub-sequent
ence instruments in this size range, and because size sepealectric filter, eliminates all charged particles from the input
ration of such small particles is complicated. As the num-air. Thus the zero drift of the electrometers and the parasitic
ber of (N)AISs is growing, it would be of major importance currents of the section isolators are measured. These para-
to find congruent methods for verification and calibration of sitic currents are subtracted from the measured total currents
the instruments. In addition, in year 2008 all the (N)AISs areand the corrected electrometer signals form the instrument
used simultaneously to gather information on ion concentrarecord. Via the parasitic current dispersions the measure-
tions in different parts of Europe. These measurements are ment random uncertainties are assessed. Using the mathe-
part of an integrated EU project, EUCAARK¢Imala et al, matical model (instrument equation) of the (N)AIS and the
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transfer functions of the measurement channels, determine(HDMA) (Herrmann et a).2000. The ADMA has dimen-
by the analyser geometry, flows, voltages, and ion losses, theions of the VIENNA-type DMA Winklmayr et al, 1991,
instrument record is converted to mobility spectrum of the Reischl et al. 1997, but the inner electrode similar to the
particles, which is a distribution density vector with 28 ele- DMA used by Rosser and Feamdez de la Morg2005.
ments Mirme et al, 2007). Time resolution is user defined, The construction of the ADMA enables measurements up to
but the minimum for one ion spectrum is in the order of one larger sizes compared to the HDMA. The maximum aerosol
minute, depending on the level of noise. flow in the ADMA is about 100 Ipm and the maximum sheath
An improved version of the AIS is the Neutral cluster about 8000 Ipm.
andAir lon Spectrometer (NAIS). The NAIS has an addi- The HDMA was developed by Eichler and Fanuez de
tional charger-filter section in the inlet after the offset sec-la Mora Eichler, 1997 de Juan and Feamdez de la Mora
tion providing a possibility to measure neutral particles as1998 Ferrandez de la Mora et al199§. In the HDMA the
well. The first assumption is that the measurable particlegnaximum aerosol flow rate is about 15 Ipm and sheath about
are in charge equilibrium. They are further charged using ar2000 Ipm. The HDMA has an improved mobility resolution
unipolar corona charger with ion currents-e22 nA (nega- compared to the ADMA, such that the transfer function is
tive polarity) and4-25nA (positive polarity). The charging nearly monomobile (fullwidth at half maximum even 2% at
probability of particles then basically depends on the parti-1.5nm). This makes it well suitable for calibration measure-
cle size, corona ion current and sample flow (exposure time)ments. Both DMAs where used in calibrations and their re-
However, especially the smallest aerosol particles might nosults were compared.
have reached the equilibrium state. The NAIS has thus an
additional operation mode, where prior to charging, the mea3-2 Mobility standards
sured particles are exposed to corona ions of opposite sign. , : i )
The purpose is to bring the particles closer to the equilibrium!" ClUSter ion sizes the (N)AISs were calibrated with the

charge distribution. The ion and offset modes are measureE‘Ob'I'lty stand_ardst.) F%r positive clust(;e_rs THA% (t_e tra-
in the NAIS as in the AIS. eptyl ammonium bromide) monomers, dimers and trimers,

TMAI (tetra-methyl ammonium iodide) monomers, and
TDDAB (tetra-dodecyl ammonium bromide) monomers and
dimers were chosen as calibration standardsle( and

In addition to (N)AIS, the ion mobility distributions were T errandez de la Mor2009. These six monomobile singly-
measured with a Balanced Scanning Mobility AnalyserCharged molecular clusters were chosen to comprehensively

(BSMA). The operation of the BSMA is more straightfor- €CVe' the whole_cluster ion region meagured by (N)AIS,
ward compared to the AIS. The BSMA has only one collect-2nd for the clarity of the peaks of their spectra. The

ing electrode. This reduces the uncertanties caused by th0lecules of THAB monomer, dimer, and trimer have mobil-

LS, 1.1 .
possibly dissimilar electrometers. The voltage is scanned siti€S 0-9709, 0.6540, and 052838 *s~*, respectively,
multaneously in two similar analysers. A balancing bridge Wneréas TMAI monomer, and TDDAB monomer and dimer

neutralises the current induced by the changing voltage.have mobilities 2.1786, 0.7138, and 0.4926, respectively, at

Thus, only the current induced by the ions is measured. Thdh€ room air temperature and pressure®201 atm). The
disadvantages of the BSMA compared to the AIS are the narPositive mobility standard peaks are well characterised with
rower measurement range (0.03-3.2amls 1), slighty & mass spectrometer and reported in the literaiuok (and

decreased time resolution (minimum 10 min), and sampling€M&ndez de la Morz2003.
difficulties due to high inlet flow rate (2400lpm). How-  Negative mobilities of the THAB, TMAI and TDDAB are

ever, the high flow rate minimizes the ion losses efficiently. npt as V‘_’e” established. By fixing the DMA voltage, clef";\rly
Detailed discription of the BSMA is presented byafn- distinguishable peaks of their spectra were selected without

met 2006. Here, the BSMA served as a reference for the the certainty of the peak composition. The mobility of the
(N)AISs. chosen peak was characterised based on the DMA calibra-

tion which relied on positive THAB spectra. Thus, in nega-
tive cluster calibrations, for example fragmenting might have
resulted to incorrect results. Composition of the peaks should
be later resolved with mass spectrometer.

2.2 Balanced scanning mobility analyser

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 res-
olution Attoui DMA (ADMA) (Ferrandez de la Mora and
Attoui, 2007, and very high resolution Herrmann DMA
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dards. The ion concentration in the sample air was measured
with an aerosol electrometer (AE, TSI model 3068 B). The
HDMA voltage scale mobility 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
NAIS or AIS peak mobilities are not established in the literature. The mo-
Bl ori bility scale remained usually constant troughout the day and
the ion ratios (e.g. monomer/dimer) corresponded to those
|aerosol determined byde and Ferandez de la Mora2005.

i '+ " electrometer The mobility was selected by setting the HDMA volt-

— Electrospray
13 Ipm

ﬁ Blower

~1000

S age. The HDMA selection was used to avoid having all
Dilutian the polymers in the same spectrum. The ion number con-
a5 centrations were measured with the aerosol electrometer and
with the (N)AISs. The sample flow was diluted with an ad-
ditional clean pressurised air of about 55Ipm. The aerosol
electrometer inlet flow rate was 8Ilpm and the (N)AIS in-
let flow rate was 60Ilpm. The measured ion concentrations
were between 2000 and 30 000 ¢t depending on the so-
lution. Measurements were performed with a moving set-

Several calibration methods were used. In the limited period!P- Several (N)AISs were set in a row and the measure-

of time, a part of the (N)AISs were calibrated more compre-Ment set-up was moved from one to another. By using such
hensively than others. Tablesummarises the calibrations & Method, the measurement conditions remained unchanged

performed for each individual (N)AIS. for all (N)AISs.

Fig. 1. (N)AIS mobility standard calibration set-up.

4 Methods

4.1 Determining the flows of the (N)AIS 4.3 High resolution DMA calibration

The sheath and the input flows of the (N)AIS are critical for The transfer function calibrations were done with a similar
the precise determination of the particle mobility and con-Set-up than used in mobility standard calibrations (Fig.
centration. Thus, prior to calibrations, all (N)AISs were care- Charged silver particles at sizes above 2nm were produced
fully cleaned and checked, and their flows were controlled. With a tube furnace followed by a 241-Am bipolar charger.
The (N)AIS has a pump (blower) which runs all the flows. Below 2nm in size, calibration ions were generated with a
Five flow rates (sheath and output flows of both analysers andadioactive charger (241-Am). After separation with ADMA
the total exhaust flow) are controlled with the venturi tubes.or HDMA the produced ions were used as a calibration
Each venturi tube has an individual calibration where the ex-2erosol. In most of the calibrations the size-separation was
act pressure drop, corresponding to the specified flow rate, ig€rformed with the ADMA to reach smaller mobilities. Part
determined in NTP-conditions. In normal operation, only the Of the calibrations were also performed with the HDMA, to
exhaust flow rate is measured continuously, as it is the mostest the effect of transfer function widening in the ADMA.
sensitive to the changes of all flows. Based on these calibralhe travelling time of the ions from the A/H DMA outlet
tions, the flows were adjusted in turns, keeping a constanto the (N)AIS inlet was approximatelly 1.5 s. For each cal-

overpressure (80 mm4®) after the pump. ibrated (N)AIS, approximately 100 mobilities in a logarith-
mically divided range from 0.015 to 3.2¢éW~1s™1, were

4.2 Calibration of the (N)AISs with mobility standards measured. The calibration ion concentration varied between
100 and 5000 cf) being low at both ends and at around mo-

Schematic figure of the calibration set-up is presented inbility 1cm?V—1s-1). At this mobility, both the silver and

Fig. 1. The THAB, TMAI, and TDDAB solutions were pre- charger ions were difficult to produce in high enough num-

pared with 99.9% pure methanol. The solutions were electrobers with the provided methods.

sprayed into clean pressurised air that was conducted to the

Herrmann DMA. The inlet air flow rate was about 13Ipm. 4.4 HAUKE DMA calibration with silver particles

The voltage on the HDMA inner electrode was scanned and

the sheath air flow rate controlled so that the mobility peaksThe set-up for measuring charged particles with a short

were well distinguishable. The HDMA was operated in a HAUKE-type DMA is in most parts presented bBylirme

closed loop and the sheath flow rate was in the order ofet al.(2007). Distinct from the previous set-up, additional

1000 Ipm. The sheat flow rate was, however, not measuretb aerosol electrometer, a TSI ultrafine condensation parti-

but the voltage scale was calibrated with the mobility stan-cle counter (CPC) model 3776 was used as a reference. The

Atmos. Chem. Phys., 9, 14154, 2009 www.atmos-chem-phys.net/9/141/2009/
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wn

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 calibratiom&ans “not done” andx” 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 (0.8-5nm ions) - - - - - - - - - x
— HDMA tf (0.8-5 nm ions) - — - - — - — - — x
+ADMA tf (0.8-10 nm ions) - — X — - — — x X X
— ADMAtf (0.8-10 nmions) — — X — - X — x x x
+HAUKE DMA (4—-40 nm) X X X — X X X X X X
— HAUKE DMA (4-40nm) - X X — X X X X X X
HAUKE changing ion conc. — — — — X — — — — _

HAUKE changing part. conc.

|
|
|
|
|
|
|
|
|
X

3776 CPC had a lower cut-off size of 3nm. Aerosol elec-and3. The (N)AIS positive ion peak mobility was in most
trometer flow rate was 3Ipm and the CPC flow rate wascases withinr-10% of the standard mobility and deviations
1.5lpm. The electrometer and the CPC showed similar conbetween instruments were small. The negative standard
centrations and thus, after a short time, only the CPC wagpeaks (Fig.3), and especially the THAB peak 3, were mea-
used. Silver particles were generated with a tube furnacesured with lower accuracy. However, at least a part of the
and charged with a bipolar 241-Am charger. The sampleinaccuracy is thought to be due to the fragmentation of the se-
air flow rate in the DMA was 4Ipm and the sheath air flow lected molecules after extraction with the HDMA. The frag-
rate 20 Ipm. The sample flow was diluted with an additional mentated, unknown clusters, can further enter the (N)AISs
63 Ipm clean pressurised air, leading to the total sample flonand affect the mobility of the measured spectra.
of 67 Ipm. Of that flow, the (N)AIS used 60Ilpm and the  Even though the peak of the mobility corresponded well
reference instruments 4.5Ipm, such that there was an extraith the standards, the monomobile molecules extended to
2.51pm to keep the system in small overpressure to prevendpproximately 3 to 5 channels in the (N)AISs. This measure-
leakages. With this setup, the calibration aerosol concentrament precision was similar to both polarities. The shape of
tions reached from 2000 to about 10 000¢n the measured ion distribution was close to lognormal. Thus,
Additionally this setup was modified for neutral particle later on, the mobility measured with the (N)AIS will be de-
measurements by adding a neutraliser (14-C) after the DMAscribed with the geometric mean mobility of the distribution.
Finally, the calibration aerosol concentration was changed byThis decision was made, instead of selecting the peak value,
diluting the air coming from the tube furnace. Results wereto avoid the stepwise behaviour of the measured mobility.
corrected with the CPC detection efficiency and the diffusion
losses. 5.2 Detection of mobility and concentration of ions

4.5 Intercomparison Verification of the (N)AIS mobility response to the above dis-

o _ cussed mobility standards was straightforward, as the sam-
Between the calibrations, the (N)AISs were measuring rooMple aerosol was purely monomobile. In contrast, using sil-

air in the fifth floor garret (Physicum). Their computer clocks g, particles and charger ions in the calibrations leads to a
were checked regularily and inlets were placed close to eacfearly monodisperse sample aerosol. Then, the width of the
other. For comparison, the BSMA was also measuring in thegistribution depends on the flows in the DMA. The charged
same room. Even though the room was on the fifth floor,gjjer particles and charger ions, which were mobility sepa-
the cluster ion concentrations were exceptionally high. Oc-r5ted with the ADMA and HDMA, had a very narrow mobil-
casionally, also particle formation events were recorded. ity distribution. Using the HAUKE-type DMA with 1/5 ra-
tio between the aerosol and sheath flow rates for mobility
separation led to broader mobility distribution. Despite the
differences in the width of the original mobility distribution,
5.1 Response to standard ion peak mobilities only the peak mobility of generated ions was taken as a ref-
erence. The peak broadened in (N)AIS, as shown in Egs.
The (N)AIS mobility responses to four most frequently mea- and3, and the geometric mean mobility was taken as a rep-
sured positive and negative standards are plotted in Bigs. resentative mobility for the measured mobility distribution.

5 Results
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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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Fig. 3. Examples of four selected negative mobilities (unidentified standard peaks) 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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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.

This might have provided a small discrepancy between theof non-monodisperse sample aerosol. The (N)AIS inversion
HAUKE-type DMA and the (N)AIS mobility. Mobilities is purely theoretical and seems to work best for the monomo-
measured with the (N)AISs were plotted against the selectedbile ions.

DMA peak mobilities or standard mobilities (Figeands). Theoretically, there is no difference in detection of neg-

Almost troughout the whole measured mobility range the &tive and positive ions. However, the (N)AISs appeared to
(N)AISs detected the mobilities of positive charges largerMmeasure the mobllltle_s of negative ions slightly more accu-
compared to the DMA peak mobilities (Fig). This be- rately (Fig.5). The d|ﬁeren_ge between the DMA s.elected
haviour was mainly constant with size — only in the largest@1d (N)AIS measured mobility was constant with size. The
mobilities the difference decreased. A linear fit of slope of Mobility drift obtained from the linear fitting was 1.30.16
one was fitted to all the data points in logarithmic scale intimes the mobility for negative polarity ions. The finding is
order to get an estimate for the mobility drift in the (N)AISs. the same as in case of positive polarity that the (N)AIS mea-
This drift was 1.38-0.15 times the mobility for positive po- SUreés non-monomobile molecules at too small sizes. How-
larity ions, where the error is estimated as a standard devi€Ver the calibrations rely on the assumption that the ion mo-
ation of the residuals. The mobilities were measured mord?ility Spectrum remains unaltered during the 1.5 s residence
accurately in the smallest sizes and this decreased the driff{me Petween the outlet of the DMA and the inlet of the

value slightly. The HAUKE DMA and ADMA measure- (N)AIS. It is difficult to characterise the stability of the ion
ments overlapped well, confirming the reliability of the re- distribution and thus in the cluster ion range the monomobile
sults. Due to the very,IOW<(50 cm—3) calibration aerosol standards should be considered as the most reliable calibra-

concentration below mobility 0.03 &V 15! the ADMA tion method. The median percentage of standard deviation
calibration results were considered unrealiable. The shadetfrsus mean negative ion mobility was 6.4, 9.5, and 8.6 in
areas in Fig4 present the standard deviation between theStandard, high-resolution, and HAUKE DMA calibrations,

(N)AISs. The median percentage of standard deviation verrespectively, indicating similar variation between the (N)AIS
sus mean positive ion mobility was 3.2, 11.4, and 9.3 in measured mobilities as in case of positive ions. Again, most

standard, high-resolution, and HAUKE DMA calibrations molecular clusters (standards) were measured correctly with
respectively. The relatively small standard deviation givesthe exception of two molecules. The two molecules were de-

evidence of the uniformity and reproducibility of the (N)AIS teqted at similar mobilities as the corresponding charg.er ions.
positive mobility measurement, especially when consider-1his might have been caused by molecule fragmenting and

ing the short measurement time (about 1 min) per spectrumtUs Non-monomobile sample aerosol. A mass spectrometer
The mobility of the monomobile standards was detected withSPectra of the peaks could confirm this guess.

the best accuracy and precision. Thus it seems that the The (N)AIS concentration was integrated from the size
(N)AIS specrum moves towards smaller sizes only in casedistribution and compared with the CPC (in HAUKE DMA
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Fig. 5. Geometric mean mobility 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 of silver particles, charger ions, and molecular
clusters (standards).
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Fig. 6. Concentration of positive ions (average and standard deviation between (N)AISs, and NAIS5 measurement as an example) measurec
with (N)AIS as a function of Attoui/Herrmann and HAUKE DMA selected mobility of silver particles and charger ions, and monomobile
mobility standards.

calibrations) and the aerosol electrometer (in A/H DMA 1.0+0.2. Only at the largest mobilities (i.e. smallest sizes)
and standard calibrations) measured concentrations (Figs. the ratio increased. This increase began at smaller mobil-
and 7). For most mobilities this ratio was close to one. ity (0.4cn?V~1s1) in negative ions than in positive ions
The median of the average negative ion concentration rafwhere the increase began at mobility 12vr1s™1). At

tios obtained from different calibration set-ups wereti03, the largest measured mobility the (N)AISs detected on av-
1.1+0.1, and 1.6:0.1, for standards, high-resolution DMA, erage two times the concentration of the aerosol electrom-
and HAUKE DMA, respectively. Same numbers for pos- eter. The first suspected reason for this was the electrome-
itive ion concentration ratios were @9.2, 1.0:0.1, and ter losses. However, in tests the electrometer signal became
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Fig. 7. Concentration of negative ions (average and standard deviation between (N)AISs, and NAIS5 measurement as an example) measure
with (N)AIS as a function of Attoui/Herrmann and HAUKE DMA selected mobility using silver particles, charger ions, and molecular
clusters (standards).

flow independent at lower flowrate than was used in here5.3 Detection of total particle concentration
making it an unlikely cause. In addition, the calibration ion
concentrations were decreased to below 500tat mobil-  The NAIS can also measure total particle number size distri-
ities larger than 1 cAV~1s~1. This had probably a small butions. The lowest detection limit is defined by the maxi-
effect, as low concentration might have induced a relativelymum size of the charger ions. In calibrations, the NAIS con-
higher noise resulting in small background in the (N)AIS centration response was tested for 11 DMA selected sizes,
signal. This background was irrelevant at higher concen-beginning at 4 nm. After the DMA, particles were brought to
trations and was partly due to the unavoidable electrometecharge equilibrium with a neutraliser. This is critical, as the
noise, partly the processing of negative values in the invernumber concentration in the NAIS is calculated based on the
sion. Lower concentration also led to larger standard deviaassumption that the particles are initialially in charge equilib-
tion. Small increase in the ratio was, however, detected whemium. Even a slight overcharge in initial condition can affect
using mobility standards as well. Thus the increase is mainlythe charging probability, and furthermore, the measured par-
suspected to be caused by the (N)AIS inversion, not relatedicle concentration. In case of initially overcharged aerosol
to the noise. In contrast, the increase detected below mobilitghe NAIS overestimates the particle concentration.
0.03cn? V—1s1 was most probably due to low calibration  The concentration measured by the NAIS was calculated
aerosol ion concentrations. Otherwise, the HAUKE and A/H by integrating over all sizes above 3nm. The lower cut-off
DMA results overlapped well. size of 3nm was set to get rid of the ions produced in the
It is interesting to look at the above results in the contextNAIS corona charger, and in the bipolar charger prior to the
of the commonly measured atmospheric cluster ion mobili-NAIS. However, even lower (1.5-2 nm) cut-off size can be
ties and numbers. As if it seems that the (N)AISs overesti-achieved if the particle concentration is high at the small-
mate the ion mobility this would mean the atmospheric ionsest sizes, as will be later presented. The average concen-
are actually bigger than previously thought based on (N)AlStrations detected by the NAISs were withi#t60% of the
measurements. Typically in the atmosphere the positive clusreference CPC (Fig8). At sizes below 10 nm the NAISs
ter are bigger than the negative clusters. The above resukhowed smaller concentrations than the CPC. At small sizes
of the bigger drift of the mobility in positive polarity would the 3 nm cut-off size, and the transfer function broadening,
suggest that the difference between polarities is even highegprobably caused a part of the particles to fall out from the
than previously measured. Additionally, especially the con-integrated size range, resulting in underestimation of the par-
centration of negative cluster ions might have been overestiticle number. At larger sizes the NAISs showed slightly
mated in the previous (N)AIS measurements. Interestinglyhigher concentrations than the CPC, typically some tens of
this would suggest a decreased fraction of the ion-inducegercents. One explanation for the higher number concentra-
nucleation mechanism pathway. tion measured by the NAISs was the background in particle
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Fig. 8. Average concentration of all particles (charged=neutral) andFig- 9. Measured transfer functions for positive and negative ions
standard deviation between the five NAISs as a function of HAUKE and theoretical transfer functions for electrometers of the channels

DMA selected mobility of silver particles. Particles measured in N0 5, 9, and 13. In theoretical transfer functions the ion losses in
NAIS positive and negative column are presented separatelly. the inlet are additionally included, increasing the area compared to
the measured transfer functions.

measuring mode. When the NAISs were used to measure ion ) ) o
concentrations, a small background, caused by the noise ¢t€" 9 would in theory 0r11Iy Qetec_t ions of mobilities between
the electrometers, was always present. When ion concentrg00ut 0.2 and 0.4 Cr?v_ls_l butin reality, also ions of mo-
tions were multiplied with charging probabilities, the back- Pilities below 0.1cmV==s"* were detected at this channel.

ground became more significant. This also leads in addi©One explanation for the deviation could be turbulence in the

tional broadening of the measured particle number size spednl€ts of the (N)AIS analysers, which might push the ions
tra. In addition, occasionally the particles were not in equi_towards th? outer cylinder. This Woul_d d_emand more vv_ork
librium but a clear difference between negative and positivel© resolve in a way that all other extrinsic factors, possibly
ion numbers was observed. As mentioned before, this migh@ffécting the results, would be excluded, such as the ion sta-
create overestimation of the number concentration. HoweverPility iSSues.

this effect should be most pronounced at the smallest sizes, AS the resolution of the Attoui DMA was lower than
oppositely as detected here. the Herrmann DMA, the calibrations were done with both

DMAs. Results were non-divergent between the DMASs,
5.4 Transfer functions of the measurement channels which indicates that the resolution of the Attoui DMA can

be considered sufficient, i.e. the ADMA transfer function
A transfer function for each measurement channel of thewidening can be ignored. In Fi@ the transfer function
selected (N)AISs was calculated based on the A/lH DMA determined with the Herrmann DMA is only presented for
densely size separated silver and charger ion concentrationshannel number 9 but the conclusion applies to other chan-
Positive and negative ion transfer functions for the NAIS5 nels as well. Also, the transfer functions of all calibrated
channels 5, 9, and 13 are presented in Bigln the theo-  (N)AISs had a similar shape, as the results presented in ear-
retical transfer functions the ion losses in the inlet are takerlier subsections, already suggested.
into account while the measured transfer functions are based
on raw current signal values in each electrometer, withouts.5 Calibrations with reduced calibration aerosol concen-
separating the ion losses. This increases the area of the the-  tration
oretical transfer functions compared to the measured func-
tions particularly at the smallest sizes, but does not affectMost calibrations were performed with relatively high con-
the shape. The theoretical transfer functions are logarithmi€entrations if compared with the atmospheric ion concentra-
cally nearly symmetrical around the peak value whereas thé¢ions. This minimises the statistical errors but also arises a
measured transfer functions deviated, showing a tail towardsjuestion if the (N)AISs respond consistently to reduced con-
the smaller mobilities. In addition, especially in the positive centrations. To test this, the 10 nm charged and neutral silver
polarity, the peak of the distribution moved towards the tail. particle concentration was decreased by diluting the sample
This resulted to the detection of the ions at slightly larger mo-air and further, size separated with the HAUKE-type DMA.
bilities than their actual mobility, and especially in positive A decrease in the negative ion concentration from 1000 to
polarity. The shape of the transfer function and the observedibout 100 cm? resulted in congruent decrease of the AIS7
tail, explain much of the mobility drift observed in Figé.  and the CPC concentration (Fif)). When the concentration
and5. For instance, the electrometer of the channel num-decreased further to below 10 cfithe AIS7 was unable to

Atmos. Chem. Phys., 9, 14154, 2009 www.atmos-chem-phys.net/9/141/2009/



E. Asmi et al.: AIS calibration 151

10 10

o AIS7 negative ions AIS5
—1/1line AIS7

—NAIS1
NAIS2
—NAIS3
NAIS4
—NAIS5
——BSMA

=
o
w
T
I

10°

N

N

=
o
T
I

AIS concentration [cm_3
=
o
T
o
|
Concentration dN/dLog(Dp) [cm_s]

100 ‘ ‘ ‘ Size: 10 nm 100
10° 10" 102 10° 10* 10 10

. 3 lon diameter [m]
CPC concentration [cm ]

Fig. 12. Two day average negative ion number size distribution

Fig. 10. Negatively charged 10nm silver particle concentration measured simultaniously with several (N)AISs.

measured with AlIS7 as a function of CPC concentration.
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Fig. 11. Total (neutral+charged) 10 nm silver particle concentration
measured with NAIS5 negative and positive column as a function

of CPC concentration. Fig. 13. One day average particle number size distribution mea-

sured simultaniously with several NAISs (negative column).

follow the CPC concentration and recorded higher numbers
of ions. This same phenomenon was detected in case of the g
NAISS5 in particle measuring mode (Figl). The concen-
tration followed the CPC concentration down to 300€m 5 gng particle size distibutions, measured simultaneously

but below the NAISS detected more particles. The back-yith the different (N)AISs, showed consistant results be-
ground appears to be caused by the electrometer noise, Whigheen the AISs and the NAISs (Figk2 and13). In cluster

normally always exists. In case of neutral particle measurejqp, sizes the average AIS, NAIS and BSMA ion size distribu-
ments the noise becomes even more significant due to the 10y, was similar. However, above 2 nm, their results diverged
charging probability of such small particles. The backgroundgnq the NAISs detected higher numbers of negative (Ely.

C(_)mplicates reliable measurement of very low concentrations,nq aiso positive ions (not shown here). This is partly thought
with the (N)AISs. At low concentrations, the measurementi, pe due to the different inversion of the NAIS. The back-

time per spectrum should be increased and the measuremegf, nd noise level was higher in the NAISs increasing the

signal shoqld conquer the noise.signal. In these calibrations,oncentration when the total concentration was low. At

only one minute measurement time per spectrum was usedigher concentrations the AIS and the NAIS spectra were
similar at all size fractions. That explains why the differ-
ence was not observed in calibrations where the concentra-
tions were high. All instruments which use electrometers in
detecting particles have the same problem with noise in low

Intercomparisons
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10° ‘ — — ‘ : 6 Discussion and conclusions

There is a great demand for sub-3 nm cluster measurements
(Kulmala et al, 2004h 20073. The (N)AIS is a recently
developed instrument cabable of detecting below 3 nm neu-
tral and ionic clusters. The focus of this work was to cal-
ibrate the (N)AISs so that they could be reliably used for
cluster studies. Considering the short time period from de-
velopment, and the fact that the (N)AIS is used to capture
nanometer-sized ions and patrticles, its performance was dis
: . covered good.
| posive coromm charaor one. S While proper calibration methods of smallest cluster ions
08 1 12 14 16 18 2 22 have been lacking so far, the (N)AIS relies on purely the-
Mobility diameter [m] x10 oretical measuring channel transfer functions. According to
our calibrations, the theoretical trasfer functions worked well
for monomobile cluster ions when using large calibration
ion concentrations. Both the mobility and the concentration
were measured accurately, althought the monomobile mobil-

concentrations and it is difficult to overcome. In atmosphericlty Peak diverged to 3 to 5 channels in the (N)AISs. This
measurements, for example during nucleation events whef’@gnitude of the deviation was expected and due to diffu-
the concentrations of intermediate and big ions are high, thsional Iosges of ions and the ratio between aerosol and sheath
different AISs and NAISs measure similar ion concentrationsfloW used in the (N)AIS. _

and the noise is negligible. In addition, the average total par- The atmospheric ion distribution s, however, polydis-
ticle number size distributions measured with the five testecP€rse. Some discrepancies were observed between theoret-
NAISs showed coinciding results, even though the post-filteriC@l and measured (N)AIS channel transfer functions when

Concentration [cm'3]

0
1
00.6

Fig. 14. Corona ions produced by the NAIS charger in room air.

adjustements were slightly drifted (Fit). DMA selected nearly monomobile calibration ions were em-
ployed. The transfer function had a tail towards smaller mo-
5.7 lons produced in NAIS corona charger bilities, resulting in a drift of the measured ion mobility. In

positive polarity, the peak of the transfer function was as well
The measurement of neutral particles with the NAIS relies onslightly shifted. The summarised result, based on different
the known charging probability of the particles. The coronacalibrations, was that (N)AISs detected the negative ions at
discharging method is used for charging. In corona charging36+16% larger mobilities and the positive ions at a#3%%
the size and the concentration of charger ions depend on thiarger mobilities as compared to the DMA selected reference
corona voltage (e.gilamm et al.1992. As the positive ions  mobilities. It was assumed that the selected ion distribution
move more slowly than negative, the corona current is advemained unaltered during the 1.5 s residence time, which is
justed a few nA larger in the NAIS positive corona charger. unsure in case of the very smallest, possibly instable, ions.
This can also increase the size of the positive corona ionsHowever, the about 40% mobility drift might also be related
The size of these ions determines the lowest theoretical patto some turbulence inside the instrument. As the difference
ticle detection limit of the NAIS. was mainly congruent with size, it can be taken into account

The Herrmann DMA coupled with the aerosol electrome- in future data inversion programs. Final goal, however, is to

ter was used to test the mobility distribution of the coronainspect the reasons behind the transfer function shape and to
ions. In room air measurements in NTP-conditions, theimprove the design of the (N)AIS to be able to avoid the tail.
NAIS positive corona ions were smaller than 1.8 nm, whereas At high calibration ion and aerosol concentrations the dif-
the negative ions were below 1.5 nm (Flg). However, due  ference between the concentrations measured by the (N)AIS
to the transfer function broadening a part of these ions areind the reference instrument (CPC or aerosol electrometer)
detected at bigger sizes. Thus, the lowest detection limit carvas small. When calibration aerosol concentration decreased
be set between 2 to 3 nm, being smaller in negative and largesignificantly, the (N)AIS detected elevated concentrations.
in positive polarity. The limit can be further decreased if the This was expected to be partly due to the background noise.
measured cluster concentration if high. The corona chargeadditionally at sizes below 1.5 nm (positive) and below 3 nm
ion production depends also on the air particle composition(negative) the ion spectrometers detected higher ion concen-
and the relative humidity. Thus, the determined limit is en- trations when compared to the aerosol electrometer, but in
vironment dependent and should be tested in changing enviease of monomobile standards, the concentration difference
ronmental conditions. was not as evident. However, the (N)AIS results seem to be

reliable at moderate and high ion and aerosol concentrations.

The results in the cluster ion (below 1.5nm) region might
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need some reconsideration and more calibrations should be at Reynolds numbers up to 5000, J. Aerosol Sci., 29, 617-626,
performed. The neutral particle concentrations measured by 1998.
NAISs were on average withi#t50% of the reference CPC Eichler, T.: A Differential Mobility analyzer for ions and nanopar-

concentrations. ticles: Laminar flow at high Reynolds numbers, Senior Gradu-
There was a difference between the AIS and the NAIS in ation Thesis presented to Fachhochschule Offenburg, Germany,
May 1997.

measuring atr(;lospherlc Ionsr?t Sl;malll Conc(ejntratlons'hA%amFerrﬁndez de la Mora, J. and Attoui, M.: A DMA covering the 1-
one suspected reason was the background noise, which was 100 nm particle size range with high resolution down to 1 nm,

slightly higher in the NAIS_due to differentinverters. Incali-  apgtract of the EAC 2007, Saltzburg, Austria, 9-14 September,
brations, by contrast, no difference was detected between the 2qg7.

AIS and the NAIS. Both the concentration and the mobility Ferrandez de la Mora, J., de Juan, L., Eichler, T., and Rosell, J.:
calibration results showed only small deviations between the Differential mobility analysis of molecular ions and nanometer
instruments at all size ranges. particles, Trend. Anal. Chem., 17, 328-339, 1998.

To be able to calibrate all (N)AISs within a reasonable Herrmann, W, Eichler, T., Bernardo, N., and Femdez de la Mora,
time period, the time per one measurement was limited to J.: Turbulent transition arises at Re 35000 in a short Vienna-
about one minute. This increases the statistical error and YP€ DMAwith alarge Iaminarizing inlet, Abstract to the annual
noise, and decreases the reliability of the calibrations. A _cc_mference 9f the.AAAR.’ St. Louis, MO, 6-10 October, 2000,

tofth bl b dwh ing | libration i Hirsikko, A., Yli-Juuti, T., Nieminen, T., Vartiainen, E., Laakso, L.,
partorthe Pro ems o sgrye when using low calibration 1on Hussein, T., and Kulmala, M.: Indoor and outdoor air ion and
concentrations might originate from the use of such a short ,eros0| particles in the urban atmosphere of Helsinki: charac-

time resolution. teristics, sources and formation, Boreal Env. Res., 12, 295-310,
In addition, a measurement of corona charger ion size dis- 2007.

tribution was performed in room air, and in NTP-conditions. IPCC2007: Summary for Policymakers. In: Climate Change 2007:

The corona ions were below 1.8 nm (positive) and 1.5nm The Physical Science Basis, in: Contribution of Working Group |

(negative) in diameter. However, a part of the ions are de- 10 the Fourth Assessment Report of the Intergovernmental Panel

tected at bigger sizes due to the transfer function broadening. ©n Climate Change, edited by: Solomon, S., Qin, D., Manning,

Based on this, in clean condisions with low particle num- M- Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller,

bers, the lowest cut-off size in neutral particle detection with H. L., Cambridge University Press, Cambridge, United Kingdom
the NAIS is 2—3 bei ler i fi larity. B and New York, NY, USA.
e IS 2#=5nhm, being smaller iIn negative polanty. be- ., maja M., Riipinen, 1., Sip#k, M., Manninen, H., Pafa, T.,

I0\_/v th_e cut-off size, the charger ion_s from the corona char_ger Junninen H., Dal Maso, M., Mordas, G., Mirme, A., Vana, M.,
mlghtlncr_ease the measurement signal and the increase is not jrsikko, A., Laakso, L., Harrison, R. M., Hanson, 1., Leung,
necessarily a constant value. However, when the concentra- c., Lehtinen, K. E. J., and Kerminen, V.-M.: Toward Direct
tion of the measured particles below 3 nm is high, the cut-off Measurement of Atmospheric Nucleation, Science, 318, 89-92,
size will decrease as the number of charger ions becomes doi:10.1126/science.1144124, 2007a.

insignificant compared to the number of measured particlesKulmala, M., Asmi, A., and Lappalainen, H.: European Integrated
This is the case in atmospheric measurements for example Project on Aerosol Cloud Climate Air Quality Interactions — EU-
during nucleation, when even concentrations of 1.5 nm parti- CAARI, Abstract of the EAC 2007, Saltzburg, Austria, 9-14

cles can be measured at negative polarity. September, 2007b. .
Kulmala, M., Lehtinen, K. E. J., and Laaksonen, A.: Cluster activa-
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