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ARTICLE INFO ABSTRACT
Keywords: The accurate measurement of aerosol particles and clusters smaller than 3 nm in diameter is
Particle size magnifier crucial for the understanding of new particle formation processes. The particle counters used for

Condensation particle counter
Calibration

Detection efficiency

Sub-3 nm aerosols

measuring these particles are typically calibrated with metal or salt particles under dry condi-
tions, which does not always represent the field conditions where these instruments are later
used. In this study, we calibrated the A11 nano Condensation Nucleus Counter (nCNC), consisting
of the PSM (Particle Size Magnifier) and a laminar flow butanol based CPC (Condensational
Particle Counter), with well-defined biogenic oxidation products from f-caryophyllene oxidation
and compared it to a calibration with tungsten oxide under the same conditions. The organic
particles were detected less efficiently than the inorganic ones. This resulted in a higher cut-off
size for p-caryophyllene oxidation products than for tungsten oxide. At the same PSM settings,
the cut-off size for tungsten oxide was 1.2 nm and for p-caryophyllene oxidation products 1.9 nm.
However, repeating the calibration of the biogenic particles at 13% relative humidity at 31°C,
increased their detection efficiency in the PSM, increasing the cut-off diameter to 1.6 nm.
Additionally, we present a comparison of the ion concentrations measured with the PSM and
the NAIS (Neutral Cluster and Air Ion Spectrometer) during new particle formation experiments
in the CLOUD (Cosmics Leaving Outdoors Droplets) chamber. In these experiments, we produced
particles from different organic precursors, such as a-pinene, p-caryophyllene and isoprene, as
well as iodine. This way, we could determine the shift in cut-off diameter of the PSM for several
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different atmospherically relevant chemical compounds and compare it to the laboratory cali-
brations. We saw a diameter shift for the organic precursors of +0.3 nm in the PSM compared to
the NAIS. These two approaches agreed well with each other and show that it is important to
know the chemical composition of the measured particles to determine the exact size distribution
using a supersaturation scanning method.

1. Introduction

Atmospheric aerosol particles can cause human health deterioration (K.-H. Kim et al., 2015) and significantly impact the global
climate directly by scattering the sunlight and indirectly by affecting cloud formation (Albrecht, 1989; Bauer et al., 2012). While some
aerosol particles are directly emitted from sources such as biomass burning, volcanoes or sea spray, most aerosol particles are created
in the atmosphere due to clustering of vapour molecules (Merikanto et al., 2009). These clusters will grow by condensation and form
aerosol particles. This process is called new particle formation (Kulmala et al., 2013). Accurate measurements of ultrafine particles in
the size range between 1 and 10 nm are essential for a detailed understanding of this process and quantifying the new particle
formation rate and growth rates (Kulmala et al., 2012). However, quantitative measurements in this size range remain a challenge
(Kangasluoma et al., 2020).

Condensation particle counters (CPC) measure aerosol particles optically after growing them through condensation of a working
fluid into optically detectable sizes (McMurry, 2000). CPCs are essential for many studies since they can measure both neutral as well
as charged particles down to extremely small number concentrations of 1 particle per cm™. They are frequently used e.g. in
atmospheric field measurements (Brilke et al., 2019; McMurry, 2000; Z. Wang et al., 2017; Woo et al., 2001), laboratory studies
(Attoui, 2018; Picard et al., 2019; Wlasits et al., 2020), as well as monitoring indoor air quality (Patel et al., 2020; Stabile et al., 2016)
and vehicular emissions (X. Wang et al., 2010). There are different types of CPCs, which use different working fluids like water, butanol
and diethylene glycol (DEG). The working fluid directly affects the activation efficiency of particles and thus the size where 50% of
particles compared to the plateau value are detected, which is defined as the cut-off of a CPC. lida et al. (2009) concluded that DEG
could be used to achieve very low cut-off sizes without homogenous nucleation. Since then, several so called ‘low cut-off’ CPCs, which
are using DEG have been developed (Jiang et al., 2011; Kuang et al., 2012; Wimmer et al., 2013). DEG is also sometimes used in
particle size magnifiers (PSM), which were first introduced by (Kogan et al., 1960) and later further developed by e.g. Okuyama et al.
(1984), Seto et al. (1997), C. S. Kim et al. (2003) and Ito et al. (2011). Airmodus Ltd. commercialised the A11 nano Condensation
Nucleus Counter (nCNC), which consists of a PSM, an aerosol pre-conditioner that uses DEG to grow particles as small as 1 nm to
approximately 90 nm, and a butanol based CPC (Vanhanen et al., 2011). The Airmodus PSM is based on the design of Sgro et al. (2004).
The flow rates within the Airmodus PSM, which affect the supersaturation and thus the cut-off diameter, can be changed periodically to
measure the particle size distribution between 1 and 3 nm (Lehtipalo et al., 2014).

Previous studies show that the heterogeneous nucleation processes responsible for particle activation inside the particle counters
are dependent on the chemical composition of the sample aerosol (lida et al., 2009; Kangasluoma et al., 2014; Wlasits et al., 2020).
Particle counters are usually calibrated with metal or salt particles under dry conditions (Wiedensohler et al., 2018; Yli-Ojanpera et al.,
2012). This causes uncertainties when measuring atmospheric particles, especially those of organic origin, since the chemical
composition is significantly different. According to a modelling study, the cut-off diameter can shift to bigger sizes for organic particles
compared to inorganic ones, because of the reduced amount of hydrogen bonding sites (Keshavarz et al., 2020). This means that the
diethylene glycol based particle counters are probably not as sensitive to organic particles as they are to inorganics. A previous study
on the PSM’s detection efficiency towards particles of different composition using limonene and tungsten oxidation products
(Kangasluoma et al., 2014) supports this. However, there is lack of knowledge regarding other atmospherically relevant organic
compounds. Here we used f-caryophyllene (BCY) for the PSM calibration, because it produces HOMs (highly oxygenated organic
compounds), which are frequently observed in the atmosphere (Ehn et al., 2014; Jokinen et al., 2016). HOMs are also believed to take
part in particle formation and growth processes (Kirkby et al., 2016; Lehtipalo et al., 2018). Additionally, we investigated the humidity
dependency of the PSM detection efficiency, which have not been quantified before. These experiments were done under well-defined
laboratory conditions to provide further information of the particle activation in the PSM.

We also used data from the CLOUD (Cosmics Leaving OUtdoor Droplets) chamber experiments at CERN (Kirkby et al., 2011) to
confirm our laboratory results. During these campaigns, several nucleation experiments were performed in the chamber with different
inorganic and organic precursor gases and their mixtures. During those experiments, the PSMs and a Neutral Cluster and Air Ion
Spectrometer (NAIS) (Mirme et al., 2013) measured the particle size distribution from the chamber in parallel (Wagner et al., 2016).
The NAIS measurements are not affected by chemical composition, therefore comparing those instruments can provide additional
information about the sensitivity of the PSM to different particle compositions (Dada et al., 2020).

In the present study, we aim to determine the PSM cut-off diameter for atmospherically relevant organic particle mixtures relative
to standard calibration compounds and further explore how the measurements are affected by changes in relative humidity. The
ultimate goal is to improve future measurements and data analysis of sub-3 nm aerosol particles and our general understanding of how
composition affects heterogeneous nucleation and activation probabilities.
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2. Methods
2.1. Instruments

2.1.1. Particle size magnifier

We used the Airmodus A11 Nano Condensation Nucleus Counter (nCNC) to measure the aerosol particle number size distribution
between 1 and 3 nm. The nCNC consists of the A10 PSM and the A20 CPC. The PSM uses diethylene glycol (DEG) as the working fluid,
which saturates the flow in the saturator and later condenses on the aerosol particles in the growth tube and grows these particles to
sizes the CPC can detect. The cut-off diameter of the PSM can be decreased by increasing the flow through the saturator. This increases
the supersaturation inside the growth tube and smaller aerosol particles are activated. The flow rate through the saturator can be
adjusted between 0.1 and 1.3 L per minute (Ipm), which corresponds to a particle activation range of about 1-3 nm. The saturator flow
can be set to scanning, stepping or fixed mode, according to the preferences of the user. For our experiments, the saturator flow rate
was set to scanning mode. This means, that the saturator flow rate increases linearly within 2 min from 0.1 Ipm to 1.3 Ipm and then
decreases in the same time period to 0.1 lpm. The PSM must be calibrated before use to determine which particle sizes are activated at
which saturator flow rate. In addition to the saturator flow rate, the cut-off diameter of the PSM is determined by the temperature
difference between the saturator and the growth tube. Higher temperature difference leads to a higher supersaturation and a lower
cut-off diameter. However, if the temperature difference is too high, DEG nucleates homogenously, which causes false background
counts (Vanhanen et al., 2011).

Here, we calibrated the PSM with positive BCY oxidation products at two different supersaturation settings. In the low supersat-
uration setting, the saturator temperature was 78°C and the growth tube temperature was 2°C. No homogeneous nucleation
was observed inside the PSM and the settings were the same as during the calibration with tungsten oxide (WOx). In the higher
supersaturation setting, the saturator tube temperature was increased to 80°C and the growth tube temperature stayed the same. At
this setting, homogeneous nucleation lead to a particle concentration of about 5 cm™ in the PSM at the highest saturator flow rate. This
is similar to the settings used at SMEAR II station to detect atmospheric clusters (Sulo et al., 2020).

The settings that were used during our calibration are listed in Table 1. Additionally, we also did experiments with increased
relative humidity and fixed particle size at 1.7 nm, where the saturator temperature was set to 76°C, 78°C, 80°C and 82°C. This setup is
explained in chapter 2.2.

2.1.2. ioniAPi-TOF

During the calibration with BCY, we used an atmospheric pressure interface time-of-flight (APi-TOF) mass spectrometer from
IONICON Analytik, referred to as the ioniAPi-TOF, to measure the chemical composition of the charged particles after they were size
selected by the uDMA (Fig. 1A). These are sampled from atmospheric pressure and transferred through three pressure stages via
hexapole ion guides and ion optics into the vacuum (of about 10°® mbar) of the mass analyser. Here, the ioniAPi-TOF has a mass
resolution (m/Am) of about 6000. The data of the positive ion mode was used for this analysis (Leiminger et al., 2019).

We calibrated the mass axis of the ioniAPi-TOF with positive Tetraheptylammonium bromide monomers and dimers. Afterwards,
the mass axis was automatically corrected using typical BCY oxidation products when there were small axis shifts over time by non-
constant lab temperature. This gives us a well calibrated mass axis up to masses of m/z 800, above that the mass axis can deviate
slightly.

2.1.3. Neutral Cluster and Air Ion Spectrometer

The Neutral Cluster and Air Ion Spectrometer (NAIS) is a multichannel ion mobility spectrometer that can measure the number size
distribution of charged particles (ions) of both polarities as well as total (naturally charged and neutral) particle concentration. The
NAIS consists of two parallel differential mobility analysers (DMA), which measure the positive and negative ions of mobility
diameters in the range of 0.8 nm—40 nm (Manninen et al., 2016; Mirme et al., 2013). During the CLOUD experiments used in this study,
it was set to measure only ions. The uncertainty of the ion concentration measurements of the NAIS is less than 10%, which makes it a
good reference instrument in this study (Wagner et al., 2016).

2.2. p-caryophyllene calibration setup

The BCY oxidation products were created in a continuous Teflon bag reactor with the dimensions 98x47x2 cm and a reaction time
of 11 s. The temperature in the bag was 31°C during the experiments. The setup is presented in Fig. 1A. We used 10 mlpm dry
(RH = 0%) compressed air as carrier flow to inject BCY from its glass bubbler into the bag. We also used 4 lpm compressed air through 2
UVP ozone generators from Analytik Jena to introduce ozone into the bag. The bypass flow was 31 Ipm. The airflows containing ozone
and BCY were mixed upon entry into the bag. The total flow through the bag was 35 lpm. The conditions in the bag were constantly

Table 1

PSM settings during the calibration.
PSM Saturator temperature PSM Growth tube temperature PSM inlet temperature CPC Saturator temperature CPC Condenser temperature
78°C or 80°C 2°C 40°C 39°C 20°C
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Fig. 1. Schematic of the f-caryophyllene calibration setup (A) and tungsten calibration setup (B).

monitored by the NH,"-CIMS, an ammonium chemical ionisation mass spectrometer (Hansel et al., 2018), based on the ion source
designed by Breitenlechner et al. (2017) to confirm that there are no contaminations in the bag and to measure the BCY concentration.
We used 30 ppb BCY, which reacted with 200 ppb ozone, which was measured at the overflow by the ozone monitor 49C from Thermo
Environmental Instruments, for the calibration.

The generated particles were charged with a Ni63 charger and then size selected according to their electrical mobility by a
high-resolution uDMA (Steiner et al., 2010). We calibrated the PSM with positively charged BCY oxidation products and compared it to
the negatively charged tungsten oxide calibration. It was not possible to create the necessary amount of negatively charged particles in
this setup. It should be noted, that there can be a difference in the detection efficiency for particles with different polarities, because
charge can affect the heterogenous nucleation probability by affecting the seed-adsorbate interactions (Keshavarz et al., 2020). For
Tungsten oxide, earlier experiments have shown that the difference is —0.15 nm in the PSM cut-off size between negatively to
positively charged particles, probably due to organic contaminations below 1.5 nm in the positive mode (Kangasluoma et al., 2014).

Ten lpm of the sample flow were directed to the ioniAPi-TOF for mass spectral analysis confirming the chemical composition of the
measured particles. The remaining 5 lpm were evenly split between the PSM and the reference instrument, a custom built faraday cup
electrometer with a noise level of 101® A, based on the design presented by Winklmayr et al. (1991). The setup was constructed in a
way that the losses in the PSM inlet are the same as the ones in the electrometer inlet. With this setup, we managed to generate a
charged particle concentration, which varied between 500 and 8000 cm™ for charged particles between 1 and 2.5 nm for the
calibration.

During the calibration, the PSM is set to scanning mode, while the DMA is in fixed mode so that the PSM and electrometer are
measuring just one size bin at the time. This is repeated for several DMA settings to get the desired size range. The PSM can be
compared to the electrometer to get the relation between the saturator flow and the cut-off diameter of the PSM, as well as the
detection efficiency. The calibration was done under dry conditions.

Additionally, we did experiments with increased humidity up to 10 g m™ inside the Teflon bag, which corresponds to a relative
humidity of 30% at 31°C, by humidifying part of the carrier flow with a temperature controlled water vapour saturator. The humidity
was measured by an infrared gas analyser from LI-COR Biosciences (LI-840A).

2.3. Tungsten calibration setup

We calibrated the PSM with tungsten oxide particles (WOx) using the setup explained in Kangasluoma, Attoui, et al. (2015), which
can be seen in Fig. 1B. A wire generator (Peineke et al., 2006; Schmidt-Ott et al., 1980) with tungsten wire is heated by applying a high
current to it until it produces supersaturated vapour. The vapour cools down when it is carried away from the wire by the carrier flow,
condenses and forms clusters. In our case, these clusters are naturally charged and can be classified by their electrical mobility. For the
classification, we used a high resolution Herrmann DMA, which was connected to a positive voltage to classify negatively charged
particles (Kangasluoma et al., 2016). After the classification, the flow is split evenly between the reference instrument, an electrometer
(TSI 3068B), and the PSM. With this setup, we can generate high concentrations of monodisperse particles between 1 and 3 nm. The
calibration was done under dry conditions and the same way as it is described in chapter 2.2.
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2.4. Comparison to NAIS during the CLOUD experiments

The CLOUD chamber at CERN is a 26.1 m> stainless steel cylinder operated in continuous mode. It is used to study nucleation
processes in well controlled, simulated environments (Duplissy et al., 2016; Kirkby et al., 2011; Wagner et al., 2017). A nucleation
event is simulated by injecting precursor gases like a-pinene, which reacts with oxidants and starts forming particles. Depending on the
experiment, different precursors or their mixtures are used. The experiments are repeated at different mixing ratios of precursors,
different temperatures and relative humidities. The experiment is continued until a steady state is reached or particles have reached
large enough sizes, then they are cleaned out and the chamber is prepared for the next experiment. The experiments used in this study
are from CLOUD10, CLOUD11 and CLOUD13 and they were all done in the Galactic Cosmic Rays mode (GCR), meaning that ions were
produced in the chamber by natural galactic cosmic rays and no additional ionisation was used.

During the experiments, several instruments are continuously extracting samples from the chamber. We compared the PSM data to
the NAIS data during new particle formation experiments, using different precursor mixtures to determine the diameter shift of the
PSM for each particle composition. The NAIS can be operated in ion mode, where it only measures the naturally charged particles, and
total mode, where the neutral particles are charged with a corona needle, so they can be measured as well. In total mode, the particles
below 2.5 nm are affected by the charger ions from the corona needle (Manninen, 2011) and therefore a direct comparison between the
PSM and NALIS in total mode is not possible (Kangasluoma et al., 2013).

Therefore, we used a setup described in Wagner et al. (2017) to compare the two instruments. This setup consists of two PSMs in
scanning mode sampling from the same line. One had an ion filter in front of the inlet, which removed all charged particles below 10
nm (Kangasluoma, Franchin, et al., 2015). Thus, this PSM was only measuring neutral particles (PSM,,). The other PSM was measuring
the total particle count, charged and neutral particles (PSMy). The ion concentration below 3 nm can thus be calculated from the
difference between the two PSM measurements (Dada et al., 2020).

Noow =Nsw, — Nosw, m

This gives us the ion concentration from the PSM, which can be compared to the total ion concentration from the NAIS, which was
calculated by summing up the ion concentrations starting from different size channels. During the CLOUD experiments, we regularly
perform experiments also in neutral conditions. During neutral experiments, all ions in the chamber are removed by a high voltage
field cage (Kirkby et al., 2011). These experiments were used to verify that the PSM; and PSM;, measure the same concentration during
neutral conditions. By performing this check, we ensure that the only difference between the number concentration measured by the
two PSMs is the result of ions trapped by the ion trap in front of PSM;,.
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Fig. 2. The mass defect for the positively charged BCY oxidation products, produced for the calibration at DMA voltage —600V (A) and —300V (B),
which corresponds to classified particles of 1.6 nm and 1.2 nm in mobility diameter, respectively. It is coloured by O:C ratio and the size of the
points is log-scaled with the signal strength at the exact mass. The monomers, dimers and trimers are circled with a dashed line in orange, red and
purple respectively. The points highlighted in blue are clusters containing 4 monomers, which stand out because of their low O:C ratio. The signal
below m/z 300 is due to smaller ionized organic material. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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3. Results
3.1. Laboratory calibrations of the PSM

3.1.1. Composition of the organic calibration particles

We used the ioniAPi-TOF to confirm the chemical composition of the charged particles produced from p-caryophyllene (BCY)
ozonolysis used in the calibration. In Fig. 2, the mass defect plot from the ioniAPi-TOF is shown for two different DMA settings, which
had a similar total signal strength in the ioniAPi-TOF. In the upper panel, the DMA was set to —600 V and in the lower panel to —300 V,
which corresponds to classified particles of 1.6 nm and 1.2 nm in mobility diameter, respectively, based on previous calibration of the
uDMA. The points are coloured by the oxygen to carbon ratio (O:C) and the size is log-scaled with the signal strength of the exact mass.
The O:C shows that we have highly oxygenated compounds meaning they are close to what would be found in the atmosphere (Ehn
et al., 2014). The monomers, dimers and trimers of BCY HOMs are highlighted in orange, red and purple respectively. The points
highlighted in blue are clusters containing 4 monomers. The signal below m/z 300 is due to smaller ionised organic material probably
due to impurities, possibly from the DMA sheath flow. In the plot, we see a rather broad mass range even after mobility selection by the
DMA. This can partially be due to the resolution of the uDMA. With a resolution of 10-15, the passage of a small range of close or
overlapping mobilities of the broad BCY HOM distribution, depending on the concentration of the respective ions, is likely. Classifying
an ion of m/z 300 at a resolving power of 10, for example, would mean an m/z range of 150 at half-maximum of the uDMA trans-
mission function whereas at m/z 700 the corresponding m/z range would already be larger than 300. On the other hand, dissociation
of cluster ions during transfer from atmospheric pressure into mass spectrometers is commonly observed for different chemical systems
and mass spectrometers (Hogan et al., 2010; Passananti et al., 2019; Thomas et al., 2016). Therefore, we conclude that declustering
and evaporation on entrance into the ioniAPi-TOF additionally contributes to the observed broad mass range.

3.1.2. Calibration results with the PSM

We calibrated the PSM with BCY oxidation products at two different supersaturation settings using the setup shown in Fig. 1 and
compared the results to the standard calibration with tungsten oxide (WOx) particles. The settings of the calibration can be found in
Table 1. In Fig. 3, the detection efficiency and activation saturator flow as a function of the particle diameter are displayed. The
detection efficiency is calculated from the PSM concentration at the highest saturator flow of 1.3 Ipm and the activation saturator flow
is defined as the saturator flow rate where 50% of the particles compared to the maximum value are activated and detected by the PSM.
We found that, tungsten oxide particles are detected with a higher detection efficiency than BCY oxidation products at the same
settings, especially in sizes smaller than 1.7 nm, where the activation probability of organic particles drops quickly. The cut-off
diameter for tungsten oxide is 1.2 nm in this calibration, whereas for BCY it is 1.9 nm for the same PSM settings. Next, we
increased the saturator temperature to 80°C to increase the supersaturation, until ca. 5 cm™ of homogenous nucleation occurred at 1.3
Ipm saturator flow. These counts have not been subtracted for the analysis because they are too small to have an effect on the detection
efficiency. Increasing the supersaturation, increases the detection efficiency for BCY oxidation products significantly and decreases the
cut-off diameter to 1.7 nm.

In addition, the activation flow rate, which is the flow rate at which half of particles are activated, is affected by the change in
chemical composition. It is increasing much quicker with decreasing particle size for BCY oxidation products than for tungsten oxide.
For example, 1.9 nm BCY oxidation products are activated at a saturator flow rate around 1.1 lpm, but similarly sized WOx particles
already at 0.2 Ipm. This shows how important it is to consider the particle composition effect before inferring size information from the
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Fig. 3. The detection efficiency (A) and the activation saturator flow (B) of the PSM for positively charged BCY oxidation products at two su-
persaturation settings compared to negatively charged tungsten oxide calibration. The cut-off diameter for tungsten oxide is 1.2 nm and for BCY
oxide 1.9 nm at the same settings in dry conditions. Increasing the saturator temperature by 2°C, increases the detection efficiency and decreases the
cut-off diameter to 1.7 nm. Changing the relative humidity to 13%, decreases the cut-off diameter even to 1.6 nm. The activation saturator flow is
clearly higher for BCY particles compared to WOx but does not change much with changing humidity or supersaturation. The cut-off diameter for
80°C saturator temperature and 13% humidity is 1.5 nm.



B. Rorup et al. Journal of Aerosol Science 161 (2022) 105945

supersaturation scanning method.

3.1.3. Humidity dependency

In the second set of experiments, we increased the absolute humidity from 0.0008 to 4.22 g m', which corresponds to a relative
humidity of 13% at 31°C (Fig. 3). The detection efficiency increased significantly with increased humidity. The cut-off diameter
decreased from 1.9 nm in dry conditions to about 1.6 nm in humid conditions when the saturator temperature was 78°C and from 1.7
nm to 1.5 nm for 80°C. Unfortunately this set of experiments was limited to sizes below 1.7 nm, so the plataeu value and activation flow
rates could not be determined. Therefore, the cut-off diameter in this experiment could only be estimated. The cut-off diameters of our
calibrations are summarised in Table 2. In summary, increasing the relative humidity to 13% has a higher effect on the detection
efficiency of BCY oxidation products than increasing the supersaturation of the PSM by increasing the saturator temperature by 2°C.
However, in all cases the activation efficiency is clearly lower than for WOx.

In order to investigate this humidity effect in more detail, we conducted another experiment with BCY, where we increased the
absolute humidity up to 10 g m', which corresponds to 30% relative humidity, in 3 steps (Fig. 4A). At each humidity stage, we set the
DMA to select 1.7 nm particles and repeated the calibration at 4 different supersaturation settings by setting the saturator temperature
of the PSM to 76°C, 78°C, 80°C and 82°C. For each setting, we also did a measurement where the DMA is set to 0 V, meaning no
particles would come through and all counts in the PSM are a result of homogeneous nucleation. Those counts need to be subtracted
before the data analysis. The humidity effect was most notable at low supersaturation settings. The detection efficiency doubled for the
lowest saturator temperature setting, when we increased the relative humidity by 10%. Increasing the saturator temperature increases
the detection efficiency already on its own, therefore the humidity does not increase the detection efficiency as much at higher
supersaturation settings. Increasing the humidity also increases the homogeneous nucleation within the PSM. Especially at higher
supersaturation settings, the increased humidity causes high homogeneous nucleation (Fig. 4B) that needs to be subtracted, which can
lead to errors in the data analysis if it is not accounted for.

These findings agree with Tauber et al. (2019), who looked at humidity effects in butanol based CPCs. They found that increasing
the humidity lowers the saturation ratio from butanol on natrium chloride therefore increasing the detection efficiency. Furthermore,
Toropainen et al. (2021) found that water molecules are reducing the evaporation rates and therefore stabilising formed clusters of
natrium chloride. It is reasonable to assume that humidity does the same for DEG based particle counters, which explains the increased
detection efficiency in humid conditions. Another possibility is that the increase in detection efficiency due to humidity could be
caused by the water uptake of the particle. This adsorption of water molecules would shift the collision cross section of the particle and
make it easier to activate (Thomas et al., 2016). Further measurements are needed to determine the exact reason for the increased
detection efficiency.

3.2. Composition dependence of the cut-off diameter during CLOUD experiments

In the CLOUD experiments, particle formation rates are calculated for 1.7 nm particles (Kirkby et al., 2011). Therefore, we wanted
to determine the saturator flow rate at which the PSM cut-off size best corresponds to 1.7 nm for particles of different chemical
compositions. For doing that, we compared the PSM measurements at nominal 1.7 nm cut-off size, based on WOx calibration, to
cumulated concentrations at different size channels of the NAIS using the method described in Section 2.4 and equation (1). Since
the NAIS measurement is not composition dependent, it is used as a reference instrument in this case (Mirme et al., 2013). Note, that
this cross calibration method can be applied to other diameters as well. In Fig. 5, an example of this comparison is shown. The
concentrations of PSM and NAIS are normalised to the maximum concentration detected in each size class to be able to compare the
time evolution of the different size bins. We collected data during experiments, where iodine, a-pinene or p-caryophyllene were used as
precursors of particle formation, as well as mixtures of a-pinene and isoprene. The results are summarised in Table 3.

During the iodine experiments, when particle formation proceeds via clustering of iodine oxoacids (He et al., 2021; Sipila et al.,
2016), the appearance times of ions detected by PSM and NAIS agreed well (Fig. 5A). We defined the appearance time as the time when
50% of the normalised concentration was reached (Lehtipalo et al., 2014).The normalised ion concentration of the PSM at nominal 1.7
nm cut-off size is comparable to the normalised concentration of ions detected by NAIS at the same size. However, during the organic
runs with pure a-pinene or p-caryophyllene as precursors, the nominal 1.7 nm channel of the PSM ion concentration usually fell
between the 1.9 nm and 2.06 nm channel of the NAIS, suggesting, a +0.3 nm (+0.1 nm) diameter shift in the cut-off diameter
(Fig. 5B-C). In addition, mixtures of organics like a-pinene and isoprene had the same behaviour, probably because of the similar

Table 2
Summary of the cut-off diameter of the different calibrations.
Compound Humidity PSM setting Cut-off diameter
Tungsten oxidation products 0% Tsar = 78°C 1.2 nm
BCY oxidation products 0% Tsat = 78°C 1.9 nm
BCY oxidation products 0% Tsar = 80°C 1.7 nm
BCY oxidation products 13% Tsar = 78°C 1.6 nm
BCY oxidation products 13% Tsat = 80°C 1.5 nm
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Fig. 4. The detection efficiency of 1.7 nm positively charged BCY oxidation products at multiple relative humidities and supersaturation settings (A)
and the particle concentration caused by homogeneous nucleation at the same settings (B). Plot A shows that the detection efficiency increases
significantly with increasing humidity in the Teflon bag, most significantly between 0 and 10%. Increasing the humidity also increases the ho-
mogeneous nucleation, especially at higher supersaturation settings. The points are coloured by saturator temperature to represent the different
supersaturation settings of the PSM. There was no homogeneous nucleation for 0% RH at 76°C and 78°C and also for 10% RH at 76°C.
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Fig. 5. The normalised ion concentration detected by the PSM at nominal 1.7 nm cut-off size (black) compared to cumulated concentrations above a
certain size channel of the NAIS during new particle formation experiment in the CLOUD chamber. The different lines refer to the different mobility
diameters in nm. In the case of iodine nucleation (A), the appearance times of the ions in the PSM agree well with the NAIS, suggesting similar cut-
off size. Whereas in the case of p-caryophyllene (B), a-pinene (C) and a-pinene-isoprene (D) nucleation the PSM cut-off size is shifted. Note that B has
a different legend because a different NAIS model was used. For a-pinene and a-pinene-isoprene nucleation, it falls between 1.91 nm and 2.06 nm
and for p-caryophyllene between 1.92 and 2.21 nm of the NAIS. We conclude from this, that the real cut-off size in the PSM is about 2.0 nm =+ 0.1 nm
for those cases. Therefore a +0.3 nm (+0.1 nm) shift can be observed compared to the tungsten oxide calibration.
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Table 3
Cut-off diameter shift (nm) for different experiments. The humidity was stable for each run but several examples were used.
Particle formation precursor RH Diameter change relative to WOx calibration
Iodine 20-70% 0 (£0.1 nm)
o-pinene 40-80% 0.3 (£0.1 nm)
p-caryophyllene 40% 0.3 (+0.1 nm)
a-pinene/isoprene 40-80% 0.3 (£0.1 nm)
BCY (lab, low SS) 0% 0.7 nm
BCY (lab, high SS) 0% 0.5 nm
BCY(lab, low SS) 13% 0.4 nm

composition of the growing particles (Fig. 5D). This shift is significantly smaller than what we saw in calibrations under dry conditions
in the lab, but the CLOUD experiments were always conducted with 20% relative humidity or higher. The diameter shift between the
tungsten oxide calibration and the calibration with BCY at 13% relative humidity is +0.4 nm and therefore agrees with the CLOUD
results.

4. Conclusion

We characterised the PSM with atmospherically relevant organic particles and determined the shift of the cut-off size relative to the
standard calibration done with tungsten oxide. We can confirm the results of earlier studies (Kangasluoma et al., 2014) showing that
the PSM detects organic particles less efficiently than inorganic ones. The cut-off diameter for BCY oxidation products is 1.9 nm and for
tungsten oxide at 1.2 nm in dry conditions (RH = 0%) with the same PSM settings. Nevertheless, increasing the saturation ratio of DEG
or the relative humidity increased the detection efficiency significantly. However, as the homogenous nucleation background also
increases with supersaturation and relative humidity, one should carefully characterise the instrument to find the optimal setting.

In the CLOUD experiments, we produced particles from the oxidation of different organic precursors, such as a-pinene, BCY and
isoprene, as well as iodine. We compared the appearance times of different sized ions measured with the PSM to the ions detected with
the NAIS, which is not affected by changes in ion composition. This led to the results that the organic mixtures have a cut-off shift of
+0.3 nm (0.1 nm) at relative humidities higher than 30% compared to the tungsten oxide calibration, whereas in experiments with
iodine the two instruments agreed and no cut-off shift was observed.

It is important to know the chemical composition of the measured particles to determine information that depends on the cut-off
size, such as the size distribution and to calculate formation rates accurately. Under ideal circumstances, the PSM should be calibrated
with similar humidity and particle composition as it is expected to measure in the field. However, the results in this study can be used to
correct for humidity and chemical composition effects in the data analysis.
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