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Abstract. When studying new particle formation, the uncer- the saturator flow, where the aerosol flow stays constant at
tainty in determining the “true” nucleation rate is consid- 2.5 L min~!. Different test aerosols were generated using a
erably reduced when using condensation particle counteraano-differential mobility analyser (nano-DMA) or a high-
(CPCs) capable of measuring concentrations of aerosol paresolution DMA, to obtain detection efficiency curves for all
ticles at sizes close to or even at the critical cluster size (1four CPCs. One calibration setup included a high-resolution
2nm). Recently, CPCs able to reliably detect particles belowmass spectrometer (APi-TOF) for the determination of the
2nm in size and even close to 1 nm became available. Usehemical composition of the generated clusters. The low-
ing these instruments, the corrections needed for calculatingst cut-off sizes were achieved with negatively charged am-
nucleation rates are substantially reduced compared to scalmonium sulfate clusters, resulting in cut-offs of 1.4 nm for
ing the observed formation rate to the nucleation rate at thehe laminar flow CPCs and 1.2 and 1.1 nm for the PSMs. A
critical cluster size. However, this improved instrumentation comparison of one of the laminar-flow CPCs and one of the
requires a careful characterization of their cut-off size andPSMs measuring ambient and laboratory air showed good
the shape of the detection efficiency curve because relativelpgreement between the instruments.
small shifts in the cut-off size can translate into larger relative
errors when measuring particles close to the cut-off size.
Here we describe the development of two continuous-flow
CPCs using diethylene glycol (DEG) as the working fluid. 1 Introduction
The design is based on two TSI 3776 counters. Several sets
of measurements to characterize their performance at differRoughly 50 % of the global cloud condensation nuclei (CCN)
ent temperature settings were carried out. Furthermore, tw@re thought to originate from secondary aerosol productioniin
mixing-type particle size magnifiers (PSM) A09 from Air- the atmosphereMerikanto et al.2009. Therefore, one ma-
modus were characterized in parallel. One PSM was Operjor topic in atmospheric sciences is the detailed study of the
ated at the highest mixing ratio (1 L mih saturator flow), nucleation processes. As atmospheric new particle formation
and the other was operated in a scanning mode, where th@appens in the size range below 2 nm, there has been a grow-
mixing ratios are changed periodically, resulting in a rangeind demand to extend the range, where direct measurements

of cut-off sizes. The mixing ratios are determined by varying aré possible also, below that. The lower size limit of a con-
densation particle counter (CPC) is generally described by
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1794 D. Wimmer et al.: Sub-3 nm counters

the diameter at which the counter still detects half of the par-2005 Kulmala et al, 2007a Sipila et al, 2008 2009 lida
ticles. This diameter is called the cut-off diameter,dgg. et al, 2009 Lehtipalo et al, 2009 201Q Saghafifar et aJ.
Using condensation particle counters with low cut-off sizes2009 Vanhanen et gl2011).
enables detection of particles right after they are formed, Here we characterize four diethylene glycol-based CPCs:
even when the initial growth rate is slow. This also allows two laminar flow DEG CPCs (modified TSI 3776) and two
for obtaining information on the particle formation rate close mixing-type particle size magnifiers (Airmodus A09 PSM),
to or even at the critical cluster sizKylmala et al, 2012 and the focus is on the validation of their performance in the
2013, without the need to scale down the measurement dataub-3 nm size range through precise laboratory calibrations.
of CPCs with larger cut-off sizes by using assumptions aboutn addition, two of the instruments of different type were
the particle growth rate and the loss mechanisms. It has beeimter-compared while measuring ambient air. All of the four
proposed$ipila et al, 2010 that the inability of reproducing  instruments were used in the CLOUD experiments at CERN
atmospheric nucleation rates in the laboratory could be partlyKirkby et al,, 2011), and the calibration data are crucial for
explained by the slow growth of particles together with the evaluating and understanding their performance during the
relatively large cut-off sizes of the instrumentation used inexperiments.
most experiments.

Condensation particle counters are the most commonly
used instruments for measuring the total particle number con-
centration in the sub-micrometre rangdoMurry, 2000. 2 General considerations
The working principle of a condensation particle counter
is to expose the aerosol sample to a supersaturated vapoudne limiting factor in lowering the cut-off diameter of a CPC
which condenses on the patrticles, thereby making them larges homogeneous nucleation inside the instrument. If the satu-
enough to be detected optically. At least three different meth+ation ratio is too high, homogeneous nucleation of the work-
ods have been used for creating the required supersaturatiomg fluid can occur, which leads to a too high count rate
adiabatic expansior@ghafifar et al.2009, thermal diffu-  in the CPC due to the internally produced particleda
sion in a laminar flow $tolzenburg and McMurry1991) or et al.(2009 evaluated different working fluids for CPCs and
mixing of two flows with different thermodynamic properties showed that by selecting a working fluid with high surface
(Vanhanen et al2011). tension but low enough saturation vapour pressure, one can

The overall detection efficiency of a CPC depends bothachieve high supersaturations without considerable homoge-
on the losses of particles inside the instrument as well as omeous nucleation. In that study, diethylene glycol was identi-
the activation probability of the particleStolzenburg and fied as a fluid with very favourable properties, and it has been
McMurry, 1991). demonstrated that it can be used to activate particles even
close to 1 nmJiang et al.2011h Vanhanen et a12011). An-
other method to not only measure the total particle concentra-
wherensamis the sampling efficiency, which is defined as the tion in the range below 3 nm in diameter but also to retrieve
ratio of particle concentrations exiting and the concentrationsnformation about their size is the SANC (size analysing nu-
extracted from the sample flow;ct is defined as the activa- clei counter), which is an expansion-type CPC, and by using
tion efficiency; andyget is defined as the counting efficiency the CAMS (constant angle Mie scattering) method, informa-
of the particles in the optics. tion about the particle size can be determinfinkler et al,

The activation probability, in turn, mainly depends on the 2008.
supersaturation of the condensing vapour which the particles The calibration of a CPC requires being able to produce
are exposed to and also on the activating vapour. Besidea monodisperse aerosol with known size, chemical compo-
the size of the particles, their surface curvature (Kelvin ef-sition and charging state, which is not straightforward in
fect), their chemical composition and their charging state carthe size range below 3nm. CPCs are calibrated by using an
have an influence on their activatiokiulmala et al, 2007h aerosol generator and a differential mobility analyser (DMA)
Winkler et al, 2008. The cut-off size of a CPC can be low- downstream, where the aerosol is classified according to the
ered mainly by increasing the supersaturation, but also taelectrical mobility of the particles. As a reference instrument
some extent by minimizing the diffusional losses of particlesusually an electrometer is used. One major topic in aerosol
inside the instrument. The first CPCs designed specificallynucleation studies is the question of how far the nucleation
for ultrafine particles were developed in the 1990s with a cut-process is affected by the presence of iokskby et al,
off size around 3 nmJtolzenburg and McMurpy1991). The  2011). In the atmosphere, ions are always present, and there-
demand to measure even smaller particles — mainly to stud§ore the measured formation rates will include both the neu-
atmospheric nucleation — has led to further CPC developiral and the charged component if no ion filter is used in
ment, and by now several different instruments have beeriront of the CPCs. Therefore, it is useful to calibrate CPCs
reported to measure in the sub-3nm size rai8gid et al.  with charged particles of both polarities, but calibration mea-
1997 Sgro and Fernandez de la Mp2004 Mordas et al. surements using neutral particles would also be desirable.

NICPQDp) = TlsamDy) * NactDp) * Ndet(Dp)» 1)
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Usually charged particles of different compositions are usec
N . to a booster CPC
for calibrating CPCs. 0.31min’
Measurements in the sub-3 nm size range need to achiev )] cooled condenser
a stable and sufficient concentration of aerosols for each se | R

aerosol flow capillary
90-100 cm?/min/40-50 cm®*/min

lected size. Furthermore, significant diffusional losses have °
to be considered. Even if one manages to produce larg Y

amounts of 1 nm patrticles, a sufficient concentration needs tt /Jl\
reach the aerosol counters after charging and transfer throug ]
the DMA. ?

heated saturator

55 °C/52 °C wick soaked with DEG

variable orifice
adjusts sheath air flow

. .. heath air filt
3 Experimental description e

needle valve exhaust

3.1 The laminar flow DEG CPCs —= L0 R Q -—

aerosol inlet
1.8 I min"/1.5 1 min™

particle filter
external pump

Diethylene glycol (DEG) is very well suited for activating

aerosol particle; smaller than 3nm in dia_meter’ but as itsFig. 1. A detailed overview of the setup for DEG CPC 1 and 2.
absolute saturation vapour pressure at typical saturator teMrpe setup is based on the commercially available TSI 3776. For the
peratures is low, the particles grow only to sizes of aboutpeG CPC 2 avalve and a pump were added to give the possibility to
90-100 nm, and are thus too small for direct optical detec-ncrease the inlet flow. The flow and temperature settings for each
tion (lida et al, 2009 Vanhanen et gl.2011). This means CPC are shown in magenta for the DEG CPC 2 and in green the
that a special setup consisting of two growth stages is reDEG CPC 1.

quired. In the first stage the particles are activated and grown

by DEG; in the second stage they grow further by con-
densing another liquid and the actual counting of the par-
ticles takes place. For the second stage a commercial CP

can be used, which will be termed the “booster” CPC in . . ) . : .
a high-efficiency particle filter was installed at the inlet of

the following according to the nomenclature given lma : : . .
et al. In the work presented here, two butanol-based CPCsthe CPCs (using laboratory air as carrier gas) while step-
a TSI 3776 o= 2.5nm), a TSI ’3010450 — 10nm) and ping up the saturator temperature. With the temperatures of

an isopropanol-based TSI 300%¢ = 10 nm) were used as 10 and 52C the homogeneous nucleation was about 0.01—

3min-1
booster CPCs. The total flow through the DEG stage is sep'?zz C? mIII)?EG- CPC 2 th dificati
to 0.3Lmin 1, but the booster can have a higher inlet flow or the € same modilications were per-

rate. In this case an additional adjustable dilution flow afterzﬁrmedh’ tEUt with t\INO aﬁd't'onal ghanges.d Tfhe fl%v gaget
the DEG stage is required. rough the aerosol capillary was increased (from 40-50 to

lida et al.(2009 used a total inlet flow rate into the CPC 90-100cris™), which allowed for raising the saturator
of 0.3Lmin"L. The condenser temperature was at@pand temp.erature to 5% b_efore subgt.antlal homogeneous nu-
the saturator temperature was set t¢60The wick that is cleation occurred. .Th's was verified by applying t.he same
installed inside the saturator was replaced by a 14dcm procedure as mentioned before, and the same patrticle forma-

cellulose sheet. However, in the work presented here twéion rate by homogeneous nucleation was achieved. Another
y " change was made by implementing a needle valve and an ex-

standard TSI 3776 ultrafine butanol CPCs were modified.ternal pump (see Figl). Thereby, the inlet flow rate of the
after removing the wick, a cellulose filter was wrapped PC could be increased up to 1.8 Lmin In the following,

around a perforated stainless steel tube housed in the satt-. i il be referred t DEG CPC 2
rator part of the CPC. Since the TSI software does not al- IS S€lup Wil be reterred 1o as LE '
Details for the systems, displaying the flow schemes and

low for controlling the saturator temperature to values Iargert t h - Fih. Labels i font
than 50°C, an additional temperature control was installed. empetr{ahures, sre S ov(\;rjt.m '? ?h e;é'zsgéelfg 19” rep- t
It consists of a Pt1000 attached directly outside the satura €€t the working condtions for the » magenta

tor block and a PID (proportional-integral-derivative) heat represents the settings used for the DEG CPC 2. Similar

control unit (EZ-Zone, PM 6CICK-2AAAAAA). The optics  medifications were reported bjuang et al.(2011). They
part of the CPC was r,emoved and instead an adapter was ashowed that with these modifications the detection efficien-
tached to the outlet of the condenser in order to connect it t&'> O_f the CPCs were |mprove_d significantly, when using
a booster CPC. negatively charged sodium chloride (NaCl) as a test aerosol.

Test measurements were performed to determine the high-
est saturator temperature where no homogeneous nucleation
occurs while having the condenser at a fixed temperature of

10°C. This saturator temperature was found to beG20ne
f the DEG CPCs was always operated with these settings,
and is here termed DEG CPC 1. During these measurements,
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sizes to account for small differences in the setups. Two dif-

10 EEgses —— t ferent electrometers (Grimm Aerosol Technik, FCE — Grimm
" HEDeER model 5.705 and TSI model 3068B) were used as reference
08 frrs s instruments. An inter-comparison showed that the two in-

struments agreed within 0.5-1 %. The comparison was done
by selecting a certain diameter in the DMA while the two
electrometers were measuring the concentrations in paral-
/ 4 lel. Also the offset was measured for both instruments and
/ subtracted. The concentrations measured by the electrome-
ter were corrected for the offset by setting the voltage at the
—— 177 m centre electrode of the DMA to zero, which prevents parti-
cles from reaching the exit. Since the offset can vary with
; time, the zero measurement was done regularly. The con-
00t M AR Tl centrations were also corrected for diffusional losszise
saturator flow (L min®) and Puj 2007 for each CPC/electrometer individually since
they have different inlet flow rates. All the fitting curves for
Fig. 2. Detection efficiency of the PSM as a function of the satu- the counting efficiencies shown in the following are based on
rato_r flow rat_e for negat_ively chgrged ammonium sulfate _|oarti_(:lesthe function proposed b$tolzenburg and McMurry1991)
atdlffe_rent sizes. The different I|_nes are measurements with d_'ﬁe_r'except for Fig.7a. The maximum uncertainty in the se-
ently sized particles and determine the saturator flow rate which igg o g mobility diameter using the nano-differential mobil-
needed for achieving the corresponding cut-off diameters. ity analyser (nano-DMA) was 10% at 1 nm, where the high-
resolution DMA had a resolution of about 20igng et al.
20113. The instrument mobility resolution is defined as the
reciprocal of the normalized full width at half-maximum, as

The particle size magnifier (PSM; Airmodus A09) is described inflagan 1999.
a mixing-type condensation particle counter in which the su-
persaturation required for activating particles is achieved b

turbulently mixing the sample with clean air saturated with The main focus of this work is to characterize and compare

diethylene glycol. A regular comme_rcial CPC (TS_I 3772 or the detection efficiencies of the DEG CPCs and the PSMs.
T.Sl 3010) vyas used fqr further growmg and counting .the aC'Therefore, detailed calibration measurements were carried
tivated particles. Details of the instrument are described by,

. out using six methods for providing monodisperse aerosol
Vanhanen et al(2011). The cut-off size of the PSM can be particles in the size range between 1 and 10 nm.

varied by changing the mixing ratio of the saturator and sam- The first setup is shown in Figa, where a nano-DMA

ple flow rate, which determines the supersaturation aChieve(EGrimm Aerosol Technik, S-DMA, 55-100) was used for
in the mixing section. Therefore, using the PSM in a Scan'size-selecting the generated aerosol particles. In this case

ning mode, also information about the particle size distri- the DMA was running in a closed loop arrangement with

putlon can be.obtamed. One scan starts at the lowest MiX2 sheath air flow rate of 20 Lmit. Two different types
ing ratio, continues up to the highest and then back dow

L . . . "of aerosol generators were used in this configuration. These
again, one fuI_I scan takes .4 min. The relat|on_sh|p _betwee re (a) a tungsten oxide generator (Grimm Aerosol Technik,
the mixing ratio ahd agtlvatlorj diameter of particles is basedNANO WO, Generator, 7.860) and (b) a sulfuric acid par-
on laboratory calibrations. Figur2 shows how the detec- ticle generatorNliddlebrook et al. 1997). The sulfuric acid

tion efficiency of differently sized negative ammonium Su"VJ:)articIe generator consists of a small heated quartz glass tube

fate clusters change when varying the PSM saturator flo containing a ceramic vessel filled with sulfuric acid (Carl

rate. Particles above 2nm in diameter are detected alreadpﬁoth GmbH + Co. KG, 95 %). The temperatures of the heater
with very small saturator flow_rates (_m_ixing r_atio_0.0?), were varied between 55 and 7C. For these experiments
whereas 1.2nm clusters require a mixing ratio higher thar1he carrier gas was not conditioned, except for placing a
?'22 before th dey a(rje d_(tar:etchted. Ihe ;‘mm‘.’g"‘é".‘ sg!fate CIusF\igh-efficiency particle filter in front of the aerosol genera-
erstvsverei grg uced wi € setup described in Bi¢see tion unit. Therefore it is likely that the particle composition
next Sect. 3.3). changes before the particles reach the calibration setup, e.g.
by uptake of ammonia and other trace gases contained in the
laboratory air. In this setup there was no mass spectrometer
The detection efficiencies shown in the following were de- available to provide more detailed information about the ex-

rived from the ratio of the concentrations measured by a CPC&Ct particle composition.
and an electrometer, which was normalized to 1 at larger

0.6
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3.2 The particle size magnifier

.4 Generation of test aerosols

3.3 Reference instrument
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(a) (b)
Electrometer Electrometer
1 112
nano-DMA HR DMA

' Q dilutiod
Q =s B
_ sulphuric acid - ) . WO_Generator/
Particle free air =#| Generator/ —_— Particle fres air — El . - -~
WO Generator * . ectrospray
- . dilution Q“

(c) () nano-DMA Tube; 0.3 1 min”
Electrometer| "
112 y
HR OhA Particle free air —| tube furnace |=— —_— DEgFCFPC
J-way valve
) (N oy
N, —» |tubefurnace/| —p —p»f »| DEG *
z Electrospray

CPC 172
iluti
WO Generator: Grimm Asrosol Technik, MANO WO Generator, 7860
‘ ‘ TSI 3776
MNano DMA = nano-DMA (Grimm Aerosol Technik, NANG S-DMA, 55-100)

HR DA = high reseluticn DMA (Herrmann DMA)

APi-TOF PSM 1/2
Electrometer 1 = Grimm electrometer (Grimm Aerosol Technik, 5.705 )

Electrometer 2 = TSI electrometer (TSI, 3068B)

Fig. 3. Overview of the different configurations used for the calibrations. The aerosol generators used together with the nano-DMA are shown
in (a). The measurement configurations using the high-resolution DMA in the open loop mode are skimyemihfor the closed loop mode
in (c); (d) shows the setup for quantifying the internal losses of the DEG CPCs.

The high-resolution DMA Kerrmann et a).2000 was  a better overview over the different calibration setups used,
operated in two different modes. The first one is shown inin Tablel an overview over the DMAs and their operations
Fig. 3b, where the high-resolution DMA was running in an and the generators used is given.
open loop arrangement, and the DEG CPC 1 was calibrated
against an electrometer. In the second mode (8@, the
high-resolution DMA was operated in a closed loop arrange4 Results
ment, while one DEG CPC and one PSM at a time were cal-
ibrated in parallel against an electrometer. All four instru- 4-1 ~Cut-off measurements
ments were calibrated using this setup. The main difference )
between running a DMA in open or closed loop mode is theln the following, t.he results of the cut-off measurements are
way the sheath air is controlled. In the closed loop Setup,pres.,ented.T.he diameters reported here are electrical mobl!lty
the sheath air is recirculating. When using an open sheath affduivalent diameters because the DMA measurement prin-

setup, on the other hand, the air is drawn in from ambient aniP!€ IS based on electrical mobility. When the mobility is
depending on the conditioning of the laboratory air the con-c0nverted into a diameter, the use of the mobility diameter is
ditions in the sheath flow will change. Detailed information most direct, while the conversion to a mass equivalent diame-

about the different methods can be foundkiangasluoma ter introduces additional uncertaintieé§ Ku and Fernandez

etal.(2013. A high-resolution mass spectrometer capable ofd€ 12 Mora 2009 Ehn et al, 2011).

analysing the composition of the clusters (atmospheric pres- Figure4 shows the counting efficiency as a function of
sure interface — time of flight APi-TOBunninen et al2010) the saturator temperature for the DEG CPC 1. For each set-

was measuring in parallel to verify that the composition of ting the condenser temperature was kept constant & 10

the aerosol was free of impurities and did not change duringVn€reas the saturator temperature was varied betwe®d 40

the calibration measurements. By using pure nitrogen as catdark-blue line) and 55C (red line). The plot clearly shows
{hat the counting efficiencies of the DEG CPC 1 vary with the

rier gas (5.0), the aerosol sample was observed to be bisulfa .
clusters with only a few contaminant substances at low lev-lemperature difference between saturator and condenser. For

els, while contaminant levels were considerably higher wherthe smallest temperature difference between the saturator and
filtered lab air was used. Since no direct measurement of thd1€ condenser, théso Wasofound to be 2.7 nm. For the tem-
high-resolution DMA sheath gas flow rate was available, ionsP€rature of 52C, the 50 % counting efficiency was 2.0 nm

from an electrospray source with known electrical mobility 21d for 55°C 1.8nm. These two temperature settings are
were used to calibrate the voltage-mobility relation flow prior US€d for the DEG CPC 1 and 2 respectively, but the highest

to each measuremerfidrnandez de la Mora et 22008 For temperature difference could only be realized with the higher
capillary flow rate while avoiding significant homogeneous

www.atmos-meas-tech.net/6/1793/2013/ Atmos. Meas. Tech., 6, 171884 2013
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Table 1. Summary of DMAS, calibration setups and aerosol generators used.

Setup Particles Purpose

nano-DMA closed loop  tungsten oxide calibration DEG CPC 1
sulfuric acid calibration DEG CPC 1

high-resolution DMA tungsten oxide calibration DEG CPC 1
open loop electrospray calibration DEG CPC 1
electrospray calibration high-resolution DMA

high-resolution DMA Nacl, calibration DEG CPC 1
closed loop ammonium calibration DEG CPC 2
sulfate calibration PSM 1

calibration PSM 2
cluster composition

high-resolution DMA electrospray calibration DEG CPC 1

closed loop calibration DEG CPC 2
calibration PSM 1
calibration PSM 2
cluster composition

1.0 11
0.9 : 10 fiipair Iy .
e f/iffi::::::% 0o o o o
0.8 E g 5 ] - e
g 7 £
0.7 ] % b o8 x
— T v
®
> p: >
%) 4 o 07
S 06 ] Tsaturator! Tcondenser 5 /
3 ] A
% ;/ & 10°C/40°C % 06 DEG CPC 1; nano DMA + electrometer 1
o 05 « 10°C/43°C o A ® H,SO, (negative)
% } / ¢ 10°C/d6°C % 05 ® WO, (negative)
3 0.4 i j . 18087;202 3 o4 DEG CPC1; high resolution DMA + electrometer 2
o o N i
0.3 ¢ 10°C/55°C N v WO, (neg_a_tlve)
' —— it 10 °C/40 °C 03 A WO, (positive)
1 —— fit 10 °C/43 °C| v A mobility standards (THABr, TDDABTr)
0.2 4 — f!t 10 °C/46 °C 0.2
Z it 10 °C/49 °C) —— fit function based on WO, and H,SO,,
01 — fit 10 °C/52 °C| ¢®
: J —— fit 10 °C/55 °C]| 0.1
} .
0.0 : R 00
1.0 15 2.0 25 3.0 35 4.0 4.5 5.0 55 6.0 1 2 3 4 5 6 7 8 9 10 11 12
diameter (nm) diameter (nm)

Fig. 4. Detection efficiencies for DEG CPC 1 at different temper- Fig. 5. Detection efficiencies for the DEG CPC 1 for different parti-
ature settings, using tungsten oxide particles. The condenser tentle types of both polarities classified with a nano-DMA and a high-
perature was 19C, and the saturator temperature was varied from resolution DMA in open loop. For particles larger than 5nm, sul-
40°C (blue) up to 55C (red). The black symbols show the setting furic acid was used as test aerosol. The tungsten oxide measure-
of 52°C, which was used throughout all the experiments shown inments stop at 4nm, because with the applied settings for the high-
this work. The fit curves to the data are based on the parameteriza€solution DMA, the biggest size that can be selected is 4 nm. Mo-
tion by Stolzenburg and McMurry1991). bility standards are not included for the fit.

nucleation. The fact that the curves shown in Hgeach
different plateau values is most likely due to internal losses Figure5 shows the counting efficiency of the DEG CPC
inside the DEG CPC 1 and 2 and to incomplete activation ofl applying the methods of generating test aerosols according
particles which travel through regions of the condenser withto Fig. 3a and b. The circles show the measurements per-
lower saturation ratio§tratmann et 311994. The calcula-  formed with the nano-DMA and the triangles with the high-
tions of the uncertainties for the counting efficiency measureesolution DMA (in the open loop configuration). By using
ments are at least 10 %, from the flow uncertainty plus thethis configuration, @so of 2.0 nm was achieved. The results
contribution from statistical counting uncertainties; sample©f the measurements performed providing sulfuric acid par-
error bars included in Figt. ticles (according to setup Fi§a) are shown in Fig6. Here

one data point at 1.7 nm is higher than expected, and similar

Atmos. Meas. Tech., 6, 1793804 2013 www.atmos-meas-tech.net/6/1793/2013/
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Fig. 6. Detection efficiencies for the DEG CPC 1 using negatively
charged sulfuric acid particles classified with a nano-DMA.

counting efficiency

calibrations did not reproduce this high point; therefore it
is regarded as an experimental outlierd#y of 2.0 nm was
achieved also for sulfuric acid test aerosol.

Figure7a shows a comparison of the counting efficiencies
for PSM 1 and 2 as well as DEG CPC 1 and 2 using the setuj
from Fig.3c. The PSM 1 was set to the highest saturator flow, «©

1799

1.14
1.04
0.94
0.8
0.74
0.6
0.5
0.4+
0.3
0.2
0.1+

¢ DEGCPC2
* PSM1
¢ PSM2
—— fit DEG CPC 2
— fit PSM1
— fit PSM2

0.0
0.5

so it was operating at the lowest cut-off diameter, whereas the

PSM 2 was in scanning mode and the results shown here ar "7

achieved, by using the channel with the highest mixing ra-z .l

tio. The figure shows the results for a set of measurementg

where negatively charged ammonium sulfate particles were“gz 0.6

used as test aerosol; here a sigmoid fit function was appliecé ——

since the fit proposed b$tolzenburg and Munrry199]) 8§ 041 ¢ DEccRet

did not represent the data properly. Surprlsmgly, the cut-off ool ;;Sygg rea

of the DEG CPC 1 (1.4 nm) seems to be considerably lowel | — ftDEG cPC

(by 0.6 nm) than shown in Fid, whereas the DEG CPC 2 0.0 | ‘ . . | —

has a 50 % counting efficiency of 1.3 nm. The fact that the 05 10 15 20 25 30 35 40 45 50
diameter (nm)

cut-off of the DEG CPC 1 is significantly shifted towards

lower sizes compared to the calibration measurements Usjg 7. petection efficiencies for the DEG CPCs compared to the

ir}g tungsten oxide and sulfuric acid particles is unexpectedpgs using negatively charged ammonium sulfaie positively
since the results for the other measurements all showed a cUgharged ammonium sulfage) and negatively charged sodium chlo-

off diameter of= 2 nm. Nevertheless, similar results for the ride particlegc) produced in the closed loop high-resolution setup.
dsp (1.4 nm) for negatively charged ammonium sulfate par-
ticles are reported biyda et al.(2009. The PSMs here also
show the lowest cut-offs that have been achieved through- Figure 7c shows the counting efficiencies for both PSM
out the measurements and havésg counting efficiency of  1/2 and DEG CPC 1/2 applying the setup shown in Big.
1.1/1.2nm. where negatively charged sodium chloride particles were
Figure 7b shows the counting efficiencies for both generated. These data show 50 % counting efficiencies of
PSM 1/2 and DEG CPC 2 using the setup Big).The aerosol 1.7 nm for the DEG CPC 2 and 2 nm for the DEG CPC 1
used here was positively charged ammonium sulfate. Actespectively. The cut-off for both PSMs for sodium chloride
cording to these measurements the DEG CPC 2 had a 50 %as 1.2 nm.
counting efficiency at 1.7 nm. The PSMs here agree nicely One reason for the differences in the cut-off sizes of the
with each other. Both have a cut-off of 1.6 nm, which were CPCs for the different test aerosols might be the following:
the highest cut-offs that have been measured with the PSM&/hen using an APi-TOF in parallel, to measure the cluster
within this study. composition, we found out that, if the aerosol sample and the
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measurement setup is not cleaned carefully, it will contain 10
molecular impurities, which seem to affect the measurement . E
at sizes smaller than about 1.7 nm. The cleaning was done
by heating the tubes, and purging them with nitrogen. Also,
for each substance always the same tubing was used. Des °7
tails concerning the procedure can be foungamgasluoma
et al. (2013. Especially when generating positively charged
aerosol particles, it turned out that it was impossible to pro-:
duce a completely clean test aerosol without organic impu-g °*
rities in our setup, which could explain the higher cut-off * o3
size (by 0.5nm) for positive ammonium sulfate. The effect
of a lower counting efficiency for positively charged clusters
has been shown by various other studies, and even for dif-
ferent working fluids Yinkler et al, 2008 lida et al, 2009 0.0
Kuang et al. 2011). One possible explanation might be that
aerosol particles consisting of a considerable amount of or-
ganic compounds are less soluble in the organic vapours thdtig. 8. Calculated penetration efficiencies as a function of size
are mostly used as working fluids. Another explanation couldfor the experimentally determined parameters (flow rate and tube
be that in the positive polarity where the ions produced in thelength). They were derived by measuring the conce_ntrations_ of size-
charger are bigger, they can have an influence on the countingEIeCteOI aerosols (3, 4 and 6 nm) once after passing a flexible tube
- . S . . nd once after passing through an empty laminar flow CPC (model
efficiency curves, as their activation properties are d|1°ferent_|.SI 3776).
to the sample ionsSipila et al, 2009 Kangasluoma et al.
2013. The overall question comes up of whether the lower
counting efficiency for positively charged aerosols is due to
the charge sign or due to the fact that in the positive case To quantify the effect of the internal losses, a set of
the organic contribution is always higher than in the negativemeasurements was carried out. The setup used is shown in
case. These two effects are very likely not to be completelyFig. 3d and consists of an aerosol generator (tube furnace
decoupled from each other. with sodium chloride) and a Grimm nano-DMA for classifi-
The 50% counting efficiency diameters are summarizedcation of the particles. Behind the DMA, a three-way valve is
in Table2 and the overall results indicate that the effect of located where the flow is directed either to the DEG stage or
the aerosol type on the counting efficiencies is in generalo a flexible conductive tubing before being sampled by the
non-negligible. It seems that when dealing with aerosol par-CPC. The tube length was adjusted until the CPC showed the
ticles/clusters in the sub-3 nm size range, the chemical comsame concentrations no matter whether the aerosol was go-
position of the clusters and the purity of the sample haveing through the DEG stage or through the tube. To determine
a significant impact on the counting efficiencies. The factthe final effective tube length, the length of the condenser
that a range of cut-off diameters exists and that the shapewas estimated (8 cm). This has to be subtracted from the total
of the counting efficiency curves are different makes it morelength, since the particles at this stage can be considered big
difficult to determine the formation/nucleation/growth rates enough not to be substantially affected by diffusional losses
unambiguously. It is not obvious which cut-off diameter to any more. Prior to these measurements the DEG CPC was
choose if a calibration with exactly the same particle compo-dried carefully and the saturator temperature was set €30
sition is not possible. to avoid any activation of the particles. This way, the effective
length was evaluated to be 19 cm at a flow rate of 0.3 Lthin
through the tube. Figurg shows the calculated penetration
efficiencies according t&ormley and Kennedy1948 for
the size range 1-10 nm using the experimentally determined
tube length and flow rate. The detection efficiencies, apply-
The design of the ultrafine TSI 3776 with its rather low ing these corrections of the DEG CPC 1 (red symbols) and
aerosol flow rate inside the capillary (508min~1; see  the uncorrected points (green symbols) are shown inig.
Fig. 1) indicates that it has non-negligible internal losses. InThe fact that the 100 % efficiency line is reached for parti-
addition, the comparison of the cut-off curves for the DEG cles larger than 3 nm indicates that the corrections applied
CPCs and the PSMs underline this assumption. From7ig. are appropriate. As a comparison the data points from the
it can be seen thatthe PSMs 1 and 2 have steeper slopes in tleSM 2 for the positively charged sodium chloride clusters
counting efficiencies, and reach an efficiency close to 100 %are added to this figure (black symbols). It shows that after
at smaller sizes compared to the DEG CPCs, which might beorrecting for the internal losses, the slopes of the counting
due to the fact that the DEG CPCs have larger internal lossesfficiency curves of the laminar-flow CPC are comparable

0.8

0.6

n efficien

R T

tratiol

0.2

0.1

1 2 3 4 5 6 7 8 9 10
diameter (nm)

4.2 Evaluation of the diffusional losses in a laminar
flow CPC
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Table 2. Summary of the 50 % detection efficiencies of the four CPCs for different types of aerosols. When using tungsten oxide as test
aerosol the smallest size that can be produced was about 1.5 nm, where the PSMs still detected roughly 60 %.

Type of aerosol Polarity ds5gDEG CPC1 dg5gDEG CPC2 dggPSM1  dgg PSM2
sulfuric acid negative 2.0nm no data no data no data
tungsten oxide negative 2.0nm no data <15n$m <1.5nm
tungsten oxide positive 2.0nm no data <15n$m <1.5nm
ammonium sulfate  negative 1.4nm 1.4nm 1.2nm 1.1nm
ammonium sulfate  positive no data 1.8nm 1.6nm 1.6nm
sodium chloride negative 1.7nm 1.5nm 1.2nm 1.2nm
1.1 Indoors measurement Qutdoors measurement
* > . . .
1.0 = - 10 . — —
00 sl e T e
- AR . e |
il ] per
& 07 byl 2 10° *oﬁmgm I
2 A s {| ——085lbm ||
L " o ——096lpm
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Fig. 9. Detection efficiencies of DEG CPC 1 before correcting for Fig. 10.Comparison of the scanning PSM and DEG CPC 1 measur-
internal losses (green symbols) and after the correction (red syming the total particle concentration indoors and outdoors. The differ-

bols). As a comparison the (uncorrected) data from the PSM 2 fronent coloured lines for the scanning PSM show the different flow rate
Fig. 7c is shown here in black. settings for the saturator flow. The scatter plot shows the correlation

between the 0.55Lmint saturator flow setting for the scanning
PSM and the DEG CPC 1. The slight spread of the data for higher

. . . . . concentrations might be due to coincidence in the DEG CPC.
to the mixing-type CPCs, in which the diffusional losses of g

particles are considerably lower. Thus the red symbols (cor-
rected data) represent the activation efficiency of particles in
the DEG CPC 1. of total particle concentration measured with the DEG CPC
As the internal losses are rather significant (approximately2 and the PSM 1 in scanning mode, measuring lab air for
50 % at 2nm), it needs to be discussed as to how far the rea time period of approximately 10 h. The different colours of
sults from DEG CPC measurements such as the nucleatiothe lines represent the different flow settings for the saturator
and formation rates need to be corrected to account for thestows of the PSM. The right half of the figure shows outdoor
internal losses. However the same applies to all continuousair measurements. The two channels with the highest mix-
flow CPCs when measuring close to their cut-off sizes. Usu-ing ratios (lowest cut-off diameter) of the PSM (green and
ally it is not possible to correct the data without knowing the blue line) show a slightly higher concentration than the other
exact size distribution of the measured particles, because thehannels, especially when the overall particle concentration
diffusional losses are size dependent. Therefore, in our dateas low, leading to a lower condensation sink for small par-

analysis, the uncorrected counting efficiency is used. ticles. The difference in concentration between the flow set-
tings was larger in the indoor air measurements, which might
4.3 Instrument comparison in ambient conditions be due to the fact that a lot of small particles were present in

the laboratory air as the aerosol generation setup was run-
In this section, measurements of outdoor air in Helsinki (in ning. It is worth noting that all the settings of the scanning
Kumpula university campus area, ca. 4 km from Helsinki city PSM show very similar concentrations during the outdoor
centre) as well as indoor air from the aerosol laboratory areair measurements. Therefore, it can be concluded that no
shown. The left-hand side of Fig0 shows the comparison significant amount of nucleation mode particles was present
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during this measurement period. The sudden increase of thmeasurements with multiple sub-3nm CPCs are highly use-
particle concentration around 04:30 UTC (06:30LT — local ful, since matching data from several CPCs with indepen-
time) might be due to the beginning of the morning traffic, dent operating principles adds greatly to the confidence in
as the measurement place is close to a big road. In the inthe measurements, allows for rapid and reliable determina-
set of the figure a scatter plot shows the correlation betweetion of data quality and helps to identify any instrumental
the total concentrations measured by the DEG CPC and thproblems. When comparing the mixing-type CPCs with the
PSM during the ambient measurement period. It shows goodaminar-flow DEG CPCs, they agree fairly well based on our
agreementR? = 0.95) between the DEG CPC @5p = 1.5 experiments. The measurements at CLOUD have underlined
1.8nm) and the 0.55 L mirt setting @so=1.5nm) of the  the good agreement of the two counter types and the impor-
scanning PSM. tance of using low cut-off counters for the nucleation mea-
surementsKirkby et al, 2011, Kulmala et al, 2013.

5 Conclusions
Acknowledgements/Ve would like to thank CERN for supporting

We investigated the performance of CPCs which are sensiCLOUD with important technical and financial resources, and for
tive to particles below 3 nm in mobility equivalent diameter. providing a particle_beam from the CERN Proton Synchrotron. This
Four different ultrafine CPCs which all use diethylene glycol research has received funding from the EC Seventh Framework

. . . - . .~ Programme (Marie Curie Initial Training Network “CLOUD-ITN”
as the working fluid were studied. Two different calibration , ="~ 215072, and ERC-Advanced ‘ATMNUCLE’ grant

setups and in total six different methods of generating tesﬁo. 227463), the German Federal Ministry of Education and
aerosols were used. Research (project no. 01LK0902A) and the Academy of Finland
The determination of the exact detection efficiency func- centre of Excellence program (project no. 1118615). We would
tions of the CPCs is important when measuring concentratike to thank Sebastian Ehrhart, Linda Rondo and Bertrarrigr
tions close to the cut-off sizes. If the cut-off function is for fruitful discussions.
shallow, both the nucleation rates and the growth rates can
be affected by the shape of the detection efficiency curvesEdited by: J. Abbatt
Our results show that the 50 % detection efficiency diam-
eters of the diethylene glycol-based particle counters dif-
fer depending on the composition of the particles. Even
thOUQh the tV\_’O DEG _CPCS.a‘re slightly different from efar' Chen, D. R. and Pui, D. H. Y.: Numerical and experimental studies
lier work, their detection efficiency results agree well with ot particle deposition in a tube with a conical contraction — lami-
the ones developed and characterized in other laboratories nar flow regime, in: Aerosol Measurement, John Wiley and Sons
(Jiang et al.2011a Kuang et al. 2012, lida et al, 2009. Inc., New York, 173-176, 2001.
lida et al.(2009 achieved a cut-off diameter of 2nm using Ehn, M., Junninen, H., Schobesberger, S., Manninen, H. E.,
negatively charged silver particles, and roughly 1.3nm for Franchin, A., Sipi, M. M., Pegja, T., Kerminen, V.-M., Tam-
negatively charged ammonium sulfate particles, drahg met, H., Mirme, A., Mirme, S., Horrak, U., Kulmala, M., and
et al. (20113 achieved the same result by using negatively Worsnop, D. R.. An instrumental colmparison. of mobility and .
charged sodium chloride particlésuang et al.(2011) ac- mass measurements of atmospheric small ions, Aerosol Sci.
quired cut-offs of 1.5nm with a temperature difference of _ 1eS" 45, 522-532, 2011.
50K for negative sodium chloride patrticles. In this study we Femanqez de la Mora, J Thomson, B. A. and Gamero-
- N Castdio, M.: Tandem mobility mass spectrometry study of elec-
found a cut-off diameter of 1.4 nm for negatively charged am-

; : trosprayed tetraheptyl ammonium bromide clusters, J. Am. Soc.
monium sulfate for both laminar flow DEG CPCsand 1.2and  \jass, Spectrom., 16, 717—732, 2005.

1.1nm for the PSMs. Using negative sodium chloride par-gjagan, R. C.: On differential mobility analyzer resolution, Aerosol
ticles resulted indsg of 1.7 and 1.5 nm for the DEG CPCs Sci. Tech., 30, 556-570, 1999.

and 1.2nm for the PSMs. In the laboratory the chemical-Gormley, P. G. and Kennedy, M.: Diffusion from a stream flow-
composition-dependent counting efficiencies are not a prob- ing through a cylindrical tube, in: Proceedings of the Royal Irish
lem as there the particle composition is typically known, but Academy, Section A: Mathematical and Physical Sciences, 52,
in the real atmosphere the composition is unknown. This available at:http://vyww.jstor.org/stable/2048849(&st access:
leads to a higher uncertainty in the data obtained with the January 2013), University College Dublin, 163-169, 1948.
atmospheric nanoparticles. Herrmann, W., Eichler, T., Bernardo, N., and Fernandez de la

. . . Mora, J.: Turbulent transition arises at Reynolds number 35000
The CPCs capable of detecting particles in the range in a short ViennaType DMA with a large laminarization inlet, in:

of 1 to 2nm are highly important when studying atmo- AAAR, Annual Conference, St. Louis, Minnesota, USA, 2000.
spheric nucleation because the corrections for calculatingjga, k., Stolzenburg, M. R., and McMurry, P. H.: Effect of work-

the “true” nucleation rates are considerably reduced and in-  ing fluid on sub-2 nm particle detection with a laminar flow ultra-
formation about particle growth rates in the size range be- fine condensation particle counter, Aerosol Sci. Tech., 43, 81-96,
tween 1 and 3 nm can be obtained. Also seemingly redundant 2009.
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