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Abstract

This review discusses the developments in aerosol instrumentation that have led to the current vapor
condensation based instruments capable of detecting sub-3 nm particles. We begin from selected reports
prior to year 1991, which have advanced the technology or understanding in condensation particle
counting toward sub-3 nm sizes, and continue to more in depth review of the past efforts after 1991. We
discuss how the developments in the calibration methods have progressed the development of particle
counting techniques, and review briefly the sub-3 nm calibration experiments and cluster production
methods used in calibration experiments. Based on these reviews, we identify several technological and
scientific advances for the future to improve the accuracy, understanding and technology of sub-3 nm
particle counting.

1 Introduction

In gas-to-particle conversion vapors undergo chemical reactions and clustering, producing molecular
clusters that grow to larger sizes via vapor condensation and coagulation. Such process takes place in
the atmosphere, and in many industrial and nanomaterial synthesis processes (Ahonen et al. 2017;
Alanen et al. 2015; Cai et al. 2017b; Carbone et al. 2016; Feng et al. 2016; Hietikko et al. 2018; Jiang et
al. 2011c; Kangasluoma et al. 2015b; Kirkby et al. 2011; Kirkby et al. 2016; Kuang et al. 2012a; Kulmala
et al. 2013; Maisser et al. 2015a; Nosko et al. 2017; Ronkko et al. 2017; Wagner et al. 2017; Wang et al.
2017a). The need to understand and quantify these processes starting from the smallest molecular
clusters has led to development of several particle counting instruments and methods to verify their
operation. Electrical methods are used in some cases to count the sub-3 nm particles, while a
condensation particle counter (CPC) is the most commonly used detector due to its extremely low
background noise levels. In this review, we focus on the CPCs capable for sub-3 nm particle counting
and the preceding developments, the CPC calibrations and cluster production methods for the
calibrations.

CPC refers to a technique, in which nanoparticles are grown by condensing a selected
vapor onto the particle. At minimum, the particles have to grow to around 300 nm in diameter to scatter
light from a laser source, and these scattered light pulses from individual particles are counted with a
photodetector. There are several aspects to consider in the instrument design when aiming for the
detection of sub-3 nm particles using the CPC technique. The fluid supersaturation has to be high enough
so that when the particles are exposed to the supersaturated fluid, condensational growth is activated
(activation). The simplest model for predicting the required supersaturation is the Kelvin equation,
describing the saturation vapor pressure over curved surfaces. Later on Fletcher constructed a
heterogeneous nucleation theory for a nuclei growing on a curved particle surface (Fletcher 1958).
Reaching sufficient supersaturation is often not a practical problem, as it is mostly controlled by the
temperature difference (AT) between the heated and saturated flow, and its subsequent cooling, which
in practical applications are in easily achievable range (0-100 °C). If the fluid supersaturation is high
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enough, vapor condenses also homogeneously. Preferably, the supersaturation is kept low enough to not
produce droplets via homogeneous vapor nucleation to ensure that each counted pulse is originating
from heterogeneously formed and grown droplet. Often the activation of sub-3 nm particles requires a
supersaturation that is close to the homogeneous nucleation limit, and in some cases exceeds that, for
example when a CPC is tuned to its limits to detect the smallest particles possible. Then, a suitable
supersaturation is limited by the signal-to-noise ratio (ratio of droplet count produced by heterogeneous
over homogeneous nucleation) in a given experiment.

It is also important to account for diffusional transport losses when evaluating the
performance of sub-3 nm CPCs. As usually assumed, once a particle collides to the transport tube wall
due to random Brownian motion, it is permanently lost there. This means that in the instrument design,
the transport distance and time from the inlet to the supersaturated region must be minimized. Similarly,
in practical particle concentration monitoring experiments, the length of transport lines must be
minimized in order to ensure that the highest possible fraction of the particles reach the instrument inlet.

Other important parameters in the instrument design are, for example, selection of the
working fluid, saturator and condenser geometry, flow rates, and capability to detect high particle
concentrations accurately. The working fluid determines the required temperatures while (mainly) flow
rates constrain minimum length for the saturator and condenser. Some sub-3 nm CPCs utilize relatively
high flow rates, thus the saturator and condenser geometry has to be such that there is enough time for a
flow to become fully saturated, and on the other hand the peak supersaturation has to take place early
enough in the condenser to give enough time for droplet growth. The concentrations of small clusters
are often high during their formation process, so the CPC should be capable of detecting concentrations
at least up to 10° cm®.

To date, three techniques to create fluid supersaturation in a CPC have been introduced:
adiabatic expansion, adiabatic and turbulent mixing of two flows, and laminar flow diffusion, all of
which have been applied to sub-3 nm particle detection. Adiabatic expansion technique is semi-
continuous and instrumentally more complex than the other two methods, while, on the other hand, it
gives accurate control over the supersaturation via accurate control of uniform temperature field and
expansion ratio of the chamber. Thus, it has remained mostly a valuable laboratory instrument in
research of physical processes governing heterogeneous nucleation. Turbulent mixing of a heated and
saturated flow with another cooler flow containing the sample particles allows continuous
measurements. When equipped with adequate flow control system, it makes possible fast changes in the
supersaturation, and has the advantage that the aerosol does not need to be brought through the heated
saturator. In the turbulent mixing method, accurate determination of the magnitude and field of
supersaturation is a challenge due to turbulence taking place in very small dimensions and potential
vapor losses that can be hard to determine. Continuous laminar diffusion CPCs, of which operation
principle is based on the relative difference in the rate of diffusion between the working fluid and heat,
are the most common CPCs due to their (relative) technological simplicity.

The previously listed parameters are the first requirements to perform sub-3 nm particle
concentration measurements with CPCs. More parameters of interest and technigues are included when
the size distribution of sub-3 nm particles are measured. Generally, these techniques can be split into
four: the electrical mobility spectrometer (EMS) method, CPC battery (CPCb) method, supersaturation
scan method (SS) and pulse height analysis (PHA) method. In this review, we discuss these methods
from the CPC point of view. The CPCb method is realized with multiple CPCs but with different smallest
detectable particle diameters (cut-off diameter, the diameter at which 50% of particles are detected. From
here onward: cut-off), while in the SS method by using a single CPC, of which one parameter (flow or
temperature) is varied to vary the cut-off. The PHA method relies on the supersaturation profile along
the particle trajectories in the CPC condenser: smaller particles activate deeper in the condenser, having
less time for condensational growth. Thus, the final droplet diameter and scattered pulse height in the
optics is dependent on the initial particle diameter. In an EMS, the particles are charged often with a



bipolar radioactive source, then classified using a differential mobility analyzer (DMA), and the size-
classified particles are detected using a CPC.

In this review, we discuss the above mentioned techniques in the context of sub-3 nm
particle detection. We start with discussion on some selected reports prior to 1991 that we consider as
significant advances toward sub-3 nm particle detection. Next, more in depth review is given for
developments after 1991, when the ultrafine CPC was introduced by Stolzenburg and McMurry. An
important part of the CPC development work has been the development of the calibration methods, and
they are reviewed after the CPCs. Part of the calibration method discussion are the sub-3 nm particle
production methods, which are also briefly reviewed. In the light of these reviews, we finally discuss
some future challenges that would improve the CPC based measurements and our capabilities for
characterizing the sub-3 nm particles and their dynamics more accurately. We apologize for any
omissions or biases in the review.

2 Milestones prior to 1991

The intriguing historical review on CPCs by McMurry (2000) cites major developments and prior
reviews through the end of the twentieth century. This review, with its focus on sub-3 nm detection,
begins by noting the landmark publications on early CPC developments considered capable of sub-3nm
detection. We begin this review with notes of few landmark publications on early CPC developments
and related instrumentation prior to the CPCs that are commonly considered as 3 nm or sub-3 nm CPCs.
We briefly discuss the first CPC experiments with the three main designs, then notes on CPC detection
efficiency on particle size and particle chemical composition, absolute CPC concentration calibration,
comparisons to theory, ultrafine CPC workshop and CPC condenser modeling, which all are crucial
steps in progressing the CPC technology toward sub-3 nm particle detection.

The first CPC experiments were conducted by Coulier (Coulier 1875a; b) and Aitken (Aitken
1880a; b), and further continued by Wilson (Wilson 1897; 1899). In their expansion type instruments, a
known volume containing air saturated with water vapor is expanded to achieve well-defined water
supersaturation. The supersaturation was accurately controlled by varying the expansion ratio of the
chamber. The grown droplets were manually counted by eye due to lack of optical technology. Already
these first expansion type CPCs would have been able to grow and detect sub-3 nm particles were they
present in the expansion chambers, since they were able to activate and grow ions produced by the X-
rays, as well as produce homogeneously formed droplets from water. It took a century to develop the
necessary instrumentation to generate and size-classify the suitable particle populations to verify the size
dependent fraction of activated particles in such experiments. The second commonly used method for
creating vapor supersaturation, turbulent mixing of warm saturated flow with a second, cooler flow
containing the aerosol particles, was invented by Kogan and Burnasheva (1960). Their CPC was
operating with dibutyl phthalate, and the grown droplets were manually counted. The work of Bricard
et al. (1976) and Sinclair and Hoopes (1975) showed the third method for exposing particles to
supersaturation: the continuous laminar flow diffusion based CPC. Their CPCs operated with water,
methanol, ethanol or butanol as condensing liquid. Particle detection in the CPC of Sinclair was based
on light intensity attenuation, while the CPC of Bricard utilizes single particle counting thanks to the
design of the optical head (El Golli et al. 1975). The saturator-condenser-optics design of the Bricard
CPC resembles very closely the current conventional 10 nm laminar flow CPCs, which, as such, has
been also shown to be capable for sub-3 nm particle detection.

Before aerosol sizing with a DMA and concentration measurement with an aerosol electrometer
(AEM) were available, most CPC calibration experiments were conducted against the Pollak counter
(Pollak and Daly 1957), which was thought to give a reliable number concentration measurement. Many
experiments focused on measuring atmospheric particle number concentration, whereas in laboratory
experiments the CPCs were operated at the limit of homogeneous droplet formation or ion induced
nucleation. Therefore, it may have been thought that the CPCs can detect all particles above the Kelvin



diameter at a supersaturation slightly below the limit of homogeneous nucleation. The Kelvin diameter
gives a theoretical prediction for the equilibrium vapor pressure over a curved surface, i.e. what is the
smallest particle size onto which liquid condenses at a given supersaturation. However, it does not take
into account the properties of the particle, like its solubility and wettability. For most of the liquids that
can be considered as a CPC working fluid, the Kelvin diameter is from 1.7 to 4 nm at supersaturation
just low enough not to produce homogeneously nucleated droplets. Magnusson and coworkers found out
that glycerol and water give the smallest Kelvin diameter while lida and coworkers showed that
diethylene glycol is the best working fluid both theoretically and experimentally (lida et al. 2009;
Magnusson et al. 2003).

The first CPC calibration using a DMA and an aerosol electrometer (AEM) was published by
Liu and Pui (1974) in their landmark paper. They were the first ones to combine a Faraday cage particle
filter to an analog electrometer, providing a new absolute concentration reference. For accurate
concentration measurement, the AEM requires that the test particles are singly charged. From the
methodological point of view, their experimental setup is identical to the standard CPC calibration setups
used today: Particle generator, charger, DMA, and comparison of AEM and CPC signals for size selected
particles. In their setup, particles were generated by nebulizing NaCl, heating it up in a furnace, and
subsequently cooling it down to produce high particle concentrations also in the smallest size range.
Using this setup, Liu and Pui calibrated Environment/One model Rich 100 CPC and General Electric
CPC down to particle diameter of 11 nm. They concluded that there is no size dependency on the CPC
detection efficiency down to 25 nm, suggesting relatively well designed CPC in terms of particle
transport and diffusion losses. Thanks to the introduction of a DMA and an electrometer, more accurate
CPC characterizations became possible.

Notes on the size dependency of CPC detection efficiency were published by Pedder (1971,
1974), who studied the diffusion characteristics of particles inside the Pollak counter. After Pedder,
several other researchers examined the size dependent detection efficiency of CPCs, which are reviewed
by Sinclair (1981). Notably, Liu and Kim (1977) used their DMA and electrometer based calibration
setup to calibrate the expansion type GE CPC in the size range of 10 to 80 nm, finding clear decrease in
the detection efficiency at sizes below 40 nm. The conclusion was clear; at sizes below 50 nm the CPCs
do not count 100% of the particles, and the size dependent particle detection efficiency must be
characterized for accurate number concentration measurements. It became evident that the Kelvin theory
alone does not predict the CPC cut-off.

With similar calibration setup as Liu and Pui, Madelaine and Metayer (Madelaine and Metayer
1980; Metayer and Madelaine 1980) presented cut-off curves for a CPC operated with butanol (CPC
detection efficiency as a function of the particle diameter) for sulfuric acid, sodium chloride and
vanadium oxide. Their results suggested that the butanol CPC cut-off is dependent on the particle
chemical composition.

In his thesis, Brockmann describes experiments that lead later on to the development of the pulse
height analysis (PHA) CPC (Brockmann 1981). Among other things, he was modifying the detection
threshold of the optical white light detector. The pulse heights obtained using the TSI 3020 showed clear
increase when the particle size range increased from 3 to about 20 nm.

An impressive theoretical analysis and set of experiments were published in 1985-1986 by
Porstendorfer et al. (1985) and Scheibel and Porstenddrfer (1986a; 1986b). They performed calibrations
for three water-based CPCs, a photographic CPC, and two General Electric expansion CPCs, using size
classified NaCl and Ag particles, studied the effect of particle charge and composition on the detection
efficiency, and compared their results to theoretical predictions given by the Kelvin model and
heterogeneous nucleation theory by Fletcher (1958). Summarizing their important conclusions: it is
impossible to generalize the cut-off for all CPCs because it depends on the vapor saturation ratio and
especially on particle surface properties, which originate from the particle chemical composition, and is
theoretically handled with the liquid-particle contact angle. The experimental results show that NaCl
particles are detected at lower supersaturation than the Kelvin prediction, while for the Ag particles it is



the opposite, and that the detection efficiency does not depend on particle charge. For the insoluble
particles, agreement was found between the Fletcher theory and experiments. Further, they discuss the
importance of sampling based on experiments and theory, concluding that in the current CPC designs,
the detection efficiency of 2 nm particles can be very low, even to below 10%, due to particle diffusion
losses even if the vapor saturation ratio is large enough. This publication lead to a discussion on the role
of particle solubility on the critical supersaturation, which is possibly one of the parameters determining
the cut-off for various liquid-particle composition pairs (Scheibel and Porstendérfer 1986¢; Stolzenburg
1986).

Results from an ultrafine particle counter workshop (interestingly including all three types of
CPCs) are reported by Bartz et al. (1985) in which four different CPCs were compared: water based
expansion CPC by Niesser and Helsper (1985), commercial laminar flow butanol CPC TSI 3020 by
Agarwal and Sem (1980), conductively cooled ultrafine (CCU) butanol CPC by Stolzenburg and
McMurry (1991) (the prototype CPC leading to the commercial TSI ultrafine CPCs) and mixing type
ultrafine (MTU) CPC by Kousaka et al. (1982) operated with water or hexanol. The TSI 3020, MTU
CPC and CCU CPCs showed detection efficiencies of 0.06, 0.6 and 0.83, respectively, for 3 nm NacCl
particles. The publication reports also generation of neutralized particles and measurement of their
respective detection efficiency, however, without findings of any significant effect of charge nor charge
sign on the particle detection. On the optics and electronics, the authors noted: When separate pulse
counting electronics were connected to the TSI Model 3020 photodetector, the counting efficiency at 3
nm was 0.28+0.04. This challenge was solved by TSI in the TSI 3022 and ultrafine 3025 by introducing
laser optics instead of white light and microcontroller, and such problems do not exist anymore. The
workshop also clearly demonstrated the importance of the instrument design in sampling and detection
of sub-3 nm particles.

In 1990, Ahn and Liu (1990a; 1990b) presented measurements on the grown droplet size
downstream of the condenser, as well as a flow dynamic model of the supersaturation profile inside the
CPC condenser. They noticed a clear connection between the initial particle size and grown droplet size,
and that these droplets can be sized based on the height of the scattered light pulse. The explanation for
this observation is that the smaller particles penetrate deeper into the supersaturation field before the
growth begins, thus having less time to grow than the larger particles. This is the basis of the pulse height
analysis (PHA) CPCs that have been applied in sub-3 nm sizing also.

Review of past efforts on sub-3 nm particle detection
3 Laminar flow butanol CPCs
Design line of the Stolzenburg ultrafine CPC

One of the main milestones in the detection of sub-3 nm particles was published in 1991,
when Stolzenburg and McMurry (1991) reported their ultrafine CPC, which was modified from the TSI
3020 (Figure 1). Part of the work of Stolzenburg was initially published in a book chapter already in
1984 (Stolzenburg and McMurry 1984), where they also present the first computational fluid dynamics
model of the CPC condenser. The CPC is the prototype of the ultrafine CPC series TSI 3025A, 3776
and 3756 and on most parts also the DEG based TSI 3777, and its design served as the basis for many
subsequent CPC prototypes.

The instrument design included various improvements to the previous laminar CPCs with
respect to 3 nm particle detection. The predecessor of this prototype is the CPC of Wilson et al. (1983),
which introduced the concept of sheath flow in the condenser (to initially minimize the effect of ambient
pressure on detection efficiency). Similar to previous TSI 3022, the prototype ultrafine CPC can be
operated at inlet flow rate of 0.3 or 1.5 L min™t. When using 1.5 L min*inlet flow rate, 0.3 L mint is
extracted with a sub-sampling design from the main transport flow centerline, and 1.2 L min? is



discarded. The extracted aerosol flow is subsequently split to two: 0.03 L min'* aerosol flow going
through a capillary that is again extracted from the core of the flow and fed to the condenser centerline,
and 0.27 L min? sheath flow that is filtered and saturated with butanol, and finally brought back to the
condenser around the aerosol flow. Thus, dilution of 1/10, which is coupled to relatively low aerosol
flow rate, allows single particle counting above concentrations of 10° cm, The flow rate in the optics
is always 0.3 L min out of which aerosol flow is 0.03 L min regardless of the operation conditions.

The aerosol transport from the inlet to the condenser consists of two sub-sampling sections,
in which a portion of the aerosol flow is subsampled from the flow centerline. This preserves the particle
concentration in the condenser close to the initial sampled concentration and minimizes the particle
transport losses. In the previous fine CPCs, the particles had to travel through a long and heated saturator,
which causes significant particle losses due to particles diffusing to the walls. Further, the capillary of
the second subsampling feeds the particles to the centerline of the condenser, and together with a butanol
saturated sheath flow around the aerosol flow, the particles are exposed to the highest supersaturation
region in the centerline of the condenser. This design makes the cut-off curve sharper compared to non-
sheathed fine CPCs, as the particles are exposed to a more uniform supersaturation profile. A major
fraction of the particle diffusion losses take place in the capillary needle, which can be determined
theoretically. With all these technological advances, this CPC reaches 50% detection efficiency at 3 nm
(Figure 2). Further milestones of their research were the reasonable agreement of a theoretical condenser
and particle activation model of the CPC detection efficiency in comparison to the experiments, and
detailed handling of the data, leading to the final detection efficiency values.

Overall, the work of Stolzenburg and McMurry at University of Minnesota created tool for
aerosol scientists to study directly and in-situ airborne ultrafine particle processes, which were
unreachable previously. Much of the progress on the design of the CPCs for detecting sub-3 nm particles
is based on their work. TSI developed Stolzenburg and McMurry’s sub-3 nm CPC into a commercial
instrument that was widely used by other groups. Subsequently, many other groups began developing
new tools for measuring sub-3 nm particles, and studying phenomena in this size range.
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Figure 1. The ultrafine condensation particle counter by Stolzenburg and McMurry (1991) (Reproduced
with permission of AAAR and AS&T).
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Figure 2. Detection efficiency of the ultrafine CPC prototype by Stolzenburg and McMurry (1991)
(Reproduced with permission of AAAR and AS&T).

In the same year in 1991, a calibration of the commercial TSI 3025A was published by Kesten
etal. (1991). The first modification of the 3025A was also published in 1991 by McDermott et al. (1991),
who showed the operation of the CPC with a fluorinated liquid, optimized flow configuration and
condenser design. The modification resulted in detection efficiencies closer to unity at sizes above 4 nm
compared with the previous operation conditions, and the increased aerosol flow rate increased the
counting statistics by a factor of 5. The purpose of the increased counting statistics was indeed to enhance
the particle detection probability in extremely low particle concentration environments, such as
cleanrooms. Additionally, McDermott et al. (1991) showed the particle sizing capability of the modified
CPC between 3 and 10 nm by scanning the condenser temperature.

Recently, two separate publications, Attoui (2018) and Barmpounis et al. (2018), report flow and
temperature modifications of the TSI 3776. By increasing the flow rate in the capillary and decreasing
the condenser temperature, detection efficiency up to 5% was reached for 1 nm ions without significant
presence of homogeneous butanol droplet formation. These results suggest that there is still space for
optimization in the operation conditions of the current butanol based ultrafine CPCs for maximizing the
detection efficiency of the smallest particles close to 1 nm.

PHA CPC

Marti et al. (1996) noted that the pulse height distributions measured for monodisperse particle
populations using the commercial laser based optics of the TSI 3025 were irregular in shape, but
replacing the laser with a white light source changed the shape of the pulse height distributions to
Gaussian. Further, the initial particle size was clearly correlated with the peak pulse height (Figure 3).
This discovery is the basis of particle sizing based on the PHA method. Utilizing this finding, Saros et
al. (1996) modified the TSI 3020 by replacing the laser of the optics with a white light source, and Weber
et al. (1998) described a data inversion methodology for analyzing pulse height distribution data. Saros
et al. (1996) reported that even if the peak channel measured with a multichannel analyzer (MCA) for a
fixed particle size varied with the sample flow pressure, the relative peak MCA channels between
different particle sizes stayed constant in the pressure range of 0.25-1 bar. According to this study, the
largest limitation of the PHA method is that the detection efficiency of the 3 nm particles decreased if
the total concentration of the particles was larger than 4000 cm. This can be overcome, however, by a
suitable dilution system, presuming the ultrafine particle concentrations are high enough. Furthermore,



they state that “The sudden decrease in counting efficiency is correlated with the increase in
multichannel analyzer dead time, suggesting that the limitation was a result of particle coincidence rather
than vapor depletion”, suggesting that this concentration limitation could be overcome also by
technological developments in the CPC optics.

After the high resolution DMA technology reached the groups of Helsinki and Minnesota, the
next steps were taken in the development of laminar diffusion PHA CPCs. Sipilé et al. (2008) and Sipila
et al. (2009) constructed their version of a PHA CPC from the TSI 3025A, which was operated at a
supersaturation high enough to produce homogeneously formed butanol droplets. They noticed that
homogeneously formed droplets grow to smaller final droplet sizes than heterogeneously formed, and
these two processes can be separated in the PHA. Because of this, the instrument can be used at onset
supersaturation required for homogeneous droplet formation, thus in practice activating all particles that
can be activated via heterogeneous nucleation without significant homogeneous background. Sipilé and
coworkers applied this technology to measure small neutral ambient clusters and presented first long-
term field observations of sub-3nm particles measured by CPCs (Lehtipalo et al. 2009). They also
presented an inversion method based on PHA to get size information of 1.3-5 nm particles.

Kuang (2018) reports the first DEG based PHA CPC by modifying the Palas universal fluid CPC
(Baltzer et al. 2014) by operating it with DEG and implementing a PHA to the optical particle detection.
The most important advance in the work of Kuang is the optimization of the optical detector gain so that
the signal from the grown DEG droplets can be separated from the electric noise. This allows the
detection of the DEG droplets without an additional counter CPC, which is another interesting finding.
With development of an inversion routine, Kuang demonstrates the applicability of DEG based PHA
CPC for sub-3 nm particle sizing experiments even down to possibly molecular sizes. As the PHA
technique can work with time resolution as fast as 1 s, the PHA DEG CPC can possibly measure sub-3
nm size distributions with 1 s time resolution, which is yet to be demonstrated.
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Figure 3. Pulse height distributions measured with the first PHA CPC by Marti and coworkers
(Reproduced with permission of AAAR and AS&T).

UFO02 proto

The UFO02 proto reported by Mordas et al. (2005), is the last CPC design following the ultrafine
CPC of Stolzenburg. It uses similar two stage core sampling and capillary feeding of aerosols to the
condenser centerline. The main difference is that the sheath flow is fed tangentially to the condenser,
causing swirling flow that is further enhanced with a fan rotating around the capillary. The outlet of the
condenser is conical to focus the particles to the optical detector. A cut-off of 4.5 nm was obtained for
this proto CPC using Ag particles. Their subsequent publication presents tuning of the temperature



difference between the saturator and the condenser (AT) for the same instrument, decreasing the cut-off
down to 2 nm (Mordas et al. 2008b). Appreciating the limited size resolution of the 11 cm long Vienna
DMA, they adjusted the DMA output size distribution according to the input distribution. Mordas and
coworkers also show that there is a minor effect of background aerosol on the detection efficiency:
particle concentration of around 3000 cm™ lowered the detection efficiency at sizes below 2 nm
compared to a case with no background particles.

Optimized, unsheathed butanol CPCs

After the work of Stolzenburg and McMurry (1991) and other work related to the ultrafine CPC,
the next reports on the operation of laminar type CPCs toward sub-3 nm particle detection were made
by Mertes et al. (1995) and Wiedensohler et al. (1997). They showed that by increasing AT of the TSI
3010, it is possible to detect particles down to 4 nm and 2.5 nm, respectively. These results showed that
even the conventional non-sheathed fine CPCs are capable of detecting the very smallest particles. The
particle detection is mostly limited by sampling losses and non-uniform supersaturation field in the
condenser. Later on, Kangasluoma et al. (2015a) showed that the TSI 3772 and Airmodus A20 fine
CPCs are capable of even sub-1.5 nm particle detection (Figure 4), which was followed by Picard et al.
(2018) by similarly boosting a TSI 3010 for airborne measurements. Such modification to the fine CPCs
carry three advantages over the ultrafine design: the fine CPCs are cheaper and simpler in design, and
with higher aerosol flow rates, the counting statistics will be significantly better compared to the ultrafine
CPC design. The disadvantage is the larger butanol consumption because of larger flow rate and higher
temperature in the saturator, and the slowly increasing detection efficiency as function of particle size
in the sub-5 nm sizes. To date, no commercial design of such CPC exists for sub-3 nm sizes.
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Figure 4. Detection efficiencies of the Airmodus A20 and Al1l, and TSI 3772 and 3776 with modified
condenser and saturator temperatures. In all temperature settings the condenser is set to 10 °C (except
for the A11) (Reproduced with permission of AAAR and AS&T).

Other butanol based CPCs

Recently, Kanomax published a fast CPC operating with butanol with a response time of 60 ms
(defined as 3t1) and cut-off of 2 nm reported by the manufacturer. In that CPC, the geometry of the
condenser is planar, with sheath flow on two sides of the flow. As the residence time in the condenser is
small, there is not much time to develop a profile in the flow. This leads to fast response time because
only small fraction of particles are transported close to the walls where the flow velocity is the smallest.
This CPC also introduces a recirculating butanol system. The CPC is part of a commercial ion mobility
drift tube for particle sizing (Buckley and Hogan 2017), while no scientific reports on the CPC exist yet.

The latest CPC design has been published by Yoo et al. (2019) (laminar flow) and Kwon et al.
(2019) (mixing type), who manufactured the saturator and condenser using microelectromechanical
design. The saturator and condenser surfaces are full of microcapillaries that are used to bring the
working fluid from the liquid reservoir to the saturator via capillary action. This surface makes it possible
to construct a more complex saturator flow path and to use lighter materials, thereby reducing the size
and weight of the CPC. The cut-off of both CPCs were around 13 nm. In the future new fabrication
techniques might allow further miniaturization of sub-3nm CPCs.

4 Water CPCs
Two-stage water CPCs

A major conceptual improvement in the laminar flow diffusion CPCs was the invention of
water based CPCs (Hering and Stolzenburg 2005), of which the first one was designed and reported by
Hering et al. (2005). It exploits the higher diffusivity of water relative to heat in air by first cooling down
the sample flow in a conditioner and subsequently heating it up in a growth tube with water-wetted walls.
In contrast to the butanol CPCs with usually horizontal saturator and vertical condenser, the first water
CPC design is a continuous porous wick spanning from the inlet through conditioner and growth tube to
the optics. The conditioner and growth tube are only separated by the different wick temperature. This
design was commercialized as the TSI model 3785 fine particle counter with cut-off diameter somewhere
between 4 to 30 nm depending on the test aerosol composition: For salts, sucrose and ambient particles
the cut-off was in the range of 3-5 nm, for oleic acid 8 nm, and for contaminated and pure oil droplets
starting from 7 nm up to anywhere close to 50 nm and larger (Hering et al. 2005; Liu et al. 2006; Petdja
et al. 2006). Soon after, an ultrafine design of the water CPC was commercialized by TSI by adding a
sheath flow design to the inlet of the conditioner with both aerosol and sheath flow rate of 0.3 L min™
(Figure 5). The design of the ultrafine water CPC has been characterized by Liu et al. (2006), lida et al.
(2008), Mordas et al. (2008a), and Kupc et al. (2013a), and depending on the AT and particle
composition, the cut-off was pushed even down to 2.25 nm. Experiments with oil droplets, on the other
hand, exhibited cut-off starting from 15 nm up to larger than 50 nm depending on the oil purity.
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of AAAR and AS&T).

Three-stage water CPCs

More recently, Hering and her coworkers have continued the development of the laminar
flow water CPC technology by implementing a third stage to the continuous tube between the growth
tube and optics, moderating the flow temperature back to around 20 °C (Hering et al. 2017; Hering et al.
2014). This advance has two major consequences: a supersaturation peak can be created with high AT
between the conditioner and initiator (high temperature stage in the middle), while the supersaturation
will be brought down fast by the moderator, allowing the use of very high supersaturation and activation
of 1 nm particles without homogeneous water droplet formation (Figure 6). This feature is utilized in the
versatile water CPC, commercialized by TSI as the model 3789. This CPC can be operated at the extreme
temperatures of water, conditioner at 1 °C and initiator at 99 °C, leading to high detection efficiencies
even at 1 nm mobility diameter. Water is directly injected to the middle stage to handle the rapid
evaporation.
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The second, even more significant impact is that the water vapor concentration in the
moderator is decreased close to the level of the water concentration at the inlet. As the wetted wick is
continuous, the water condensed to the moderator walls flows back to the initiator due to capillary force.
Water that is used to grow the particles will be collected from the sample flow in the cold conditioner,
to where water condenses and similarly flows to the initiator. This tremendous design has been shown
to be functional for several weeks using only the water vapor of the atmosphere without additional water
fill bottle and in any CPC alignment (Hering et al. 2018). This is also from where the acronym “Magic”
originates (Moderated Aerosol Growth with Internal water Cycling). In very dry or cold environments,
the Magic CPC still requires additional humidifier upstream of the CPC inlet. Such design is the first
step toward long term unattended monitoring of particle concentrations in places that hard to reach for
maintenance.

Other water-based CPCs

Three other groups have followed the idea of using water as the CPC working fluid, while, slightly
surprisingly, using similar heated saturator and cooled condenser as in the butanol CPCs. Romay et al.
(2016) report a condenser design, in which the aerosol is fed tangentially to the partly conical cylinder,
causing cyclonic flow spinning toward the condenser exit. This CPC design was commercialized as the
MSP CPC models 1110 and 1120, the production of which is now already discontinued. With the
saturator at 35°C and condenser at 4°C the cut-off for NaCl was shown to be 3.9 nm.

Hwang and Ahn (2017) present the first miniaturized water CPC with dimensions of about
80x190 mm and weight of 1 kg. It follows the standard butanol CPC operation scheme with temperatures
of 64 °C and 3 °C for the saturator and condenser respectively. A cut-off of 3 nmis reported for this CPC
for zinc particles. Enmont have commercialized a miniature water CPC with models PUFP100,
PUFP110 and PUFP200, while detailed publications on the CPC design was not found in the literature.
Asbach et al. (2017) has published a concentration response comparison of the PUFP100 against the TSI
3776 with reasonable agreement for NaCl and carbon particles, and strong underestimation for oil
droplets. The cut-off performance characterization of the Enmont CPC is missing from the literature.



The main achievements of these two CPCs is miniaturization compared to standard CPCs, which is a
step toward new applications, such as personal sampling or deployment in unmanned aerial vehicles.

5 Discovery of DEG

The group of Minneapolis began their second wave of sub-3 nm CPC development with
the work of lida et al. (2009). They studied theoretically hundreds of different liquids in the TSI 3025A
condenser, confining the AT so that the homogeneous droplet formation rate was below 1 min™. Their
theoretical analysis showed that of the nonhazardous liquids, diethylene glycol (DEG) can activate the
smallest particles because of the low vapor pressure and high surface tension. The prediction was in
sound agreement with the experiments in the sense that DEG activates the smallest particles of the tested
liquids. However, their model predicted cut-off of about 1.85 nm, which is in disagreement with the
experimentally determined detection of almost unity at 1 nm mobility diameter for sodium chloride
(Figure 7). While the result of 100% activation efficiency at 1 nm is remarkable, it was only for particles
of one type chemical composition. Thus, we are left with the problem that how to deal with the activation
efficiency if the particle composition is unknown? Another finding in the same report is that the CPC
activation efficiency is dependent on the sample flow relative humidity for ethylene and propylene
glycol. The experiments of lida et al. were conducted using a modified TSI 3025A, for which the main
modification was that they removed the optical counter, and placed another TSI fine CPC instead to
count the grown droplets. Because of the low vapor pressure of DEG and other tested liquids, the droplets
do not grow inside the 3025A to optically detectable sizes, thus a subsequent CPC is required to further
grow and count the particles. The two stage system has been already suggested by Seto et al. (1997).
The application of DEG for sub-3 nm CPCs was a groundbreaking discovery, and the liquid is utilized
in most current sub-3 nm particle measurements.
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DEG based laminar flow CPCs

Based on the modifications of lida et al. (2009) to the TSI 3025A, Jiang et al. (2011b) modified
a similar DEG CPC to be a detector in a particle sizing system to observe atmospheric new particle
formation (Jiang et al. 2011c). Their DEG SMPS is the first SMPS type instrument modified for sub-3
nm particle detection. The DEG SMPS was later improved by replacing the TSI 3085 nanoDMA used
in Jiang et al. (2011c) with a newly developed mini-cyDMA (Cai et al. 2017a; Cai et al. 2019). In the
improved DEG SMPS, the TSI 3776 was modified to run DEG as the working fluid. Further, thanks to
the calibration setup allowing the separation of large molecules organic molecules, Jiang and coworkers
report that the detection efficiency is strongly dependent on chemical composition of the test particles:
DEG activates certain hydrocarbon species poorly compared to sodium chloride. Some years later,
Kangasluoma et al. (2018) reported construction of another sub-3 nm DMPS system, but based on the
Half-mini type DMA (Fernandéz de la Mora 2017), with a sampling inlet optimized for sub-3 nm
particles (Fu et al. 2019; Kangasluoma et al. 2016b) and a commercial mixing type CPC. Their results
confirm in the field studies what others found in the laboratory: DEG does not activate organic species
well. Thus, the smallest detected particles with that instrument were around 3 nm in atmospheric
experiments in boreal forest. Further, they compare the counting statistics of the optimized DMPS and



a long term monitoring DMPS, finding that the counting statistics related uncertainties are 50% smaller
for the new instrument. A commercial 1 nm SMPS based on Jiang et al. (2011b) was released around
2015 by TSI. In this commercial instrument, the TSI 3086 DMA (Stolzenburg et al. 2018) is used. To
date, no scientific literature exists on the commercial instrument.

With similar modifications to the 3025A as described previously by lida and coworkers, Kuang
et al. (2012b) boosted their DEG CPC further by modifying the flow configuration by changing the
aerosol and condenser flow rates. Their findings showed that increasing the AT and aerosol flow rate in
the condenser improved both detection efficiencies and counting statistics. Wimmer et al. (2013)
modified two TSI 3025As in similar fashion as Jiang et al. (2011b) and Kuang et al. (2012b), and verified
the instruments together with the two first commercial mixing type CPCs by Airmodus. Wimmer et al.
(2015) further studied the response of the DEG CPCs to measure very cold aerosol samples, finding
around 1-2 nm increase in the cut-off for aerosol samples at temperatures of 207 K — 246 K compared
to the laboratory experiment at 293 K. All these modified DEG CPCs were shown to have the cut-off
below 2 nm for negative sodium chloride particles, and for some other substances, without the presence
of homogeneously formed droplets. Based on these modifications on the TSI 3025A or 3776, TSI
commercialized the DEG CPC as the TSI Nano Enhancer 3777 (Kangasluoma et al. 2017), and very
soon after Nano Enhancer 3757.

6 Mixing type CPCs
Yale PSMs

The first time mixing CPCs were shown to be capable of detecting sub-3 nm particles was a result from
collaboration by Okuyama and Fernandéz de la Mora, who combined the particle size magnifier (PSM)
and the new high resolution DMAs to the same experimental setup. Seto et al. (1997) reported critical
supersaturations of dibutyl phthalate (DBP, toxic and carcinogenic liquid) required for growing strictly
monomobile ions close to 1 nm in size. Their “short DMA,” a shortened version of the Reischl design,
was capable of separating and selecting individual ions from the mobility spectrum. This allowed them
to measure a critical supersaturation value for each individual ionic species.

The experimental setup (Figure 8) of Seto and coworkers is the first one to combine a high
resolution DMA with a CPC. This instrumental combination is a significant advance in conducting
experiments to understand the possibilities and limitations of condensation based particle counting. In
their PSM, DBP is evaporated from a heated silica gel bed to into a gas stream, which is delivered to a
turbulent mixer where it is blended with the sampled aerosol. The PSM mixer includes four small holes,
from which the cooled aerosol flow is injected and mixed with the saturated flow. Downstream of the
mixing zone is a temperature controlled section to condition the flow temperature close to the mixing
zone temperature. The supersaturation of DBP was controlled by varying the temperature of the
saturator. Because of the low vapor pressure of DBP, the droplets do not grow to optically visible sizes.
Seto and coworkers solve this challenge by introducing a second CPC (booster) to count the grown
droplets. In this configuration the PSM operates only as a particle magnifier prior to conventional CPC,
from where the acronym PSM originates (initially from Okuyama et al. (1984)).



compressed gas

Reheater l

B e

ES chamber

Electrometer DBP in

PSM
Figure 8. Experimental setup of Seto et al. (1997) (Seto, T., Okuyama, K., de Juan, L., Fernandéz de la

Mora, J. (1997). Condensation of supersaturated vapors on monovalent and divalent ions of varying size.
Journal of Physical Chemistry 107:1576-1585).

Gamero-Castano and Fernandéz de la Mora (2000; 2002) improved the previous PSM design by
including a reheater between the saturator and the mixing section, which minimized the DBP loss before
the mixing section and, therefore, allowing more accurate estimation of the fluid supersaturation in the
mixing zone. The reheater also prevented the DBP from nucleating homogeneously before the mixing
section, further reducing vapor losses prior to the mixing section. With this improvement, the
supersaturation can be scanned more rapidly by varying the flow rate through the saturator instead of
varying the temperature of the saturator. Further, the number of aerosol feeding inlets in the mixing piece
was reduced from four to two to increase Peclet number and enhance mixing. The experiments of
Gamero-Castano showed that when the test ions are small enough, the activation probability does not
depend on the ion size (mobility) anymore. This feature of heterogeneous nucleation has been predicted
theoretically later (Fernandéz de la Mora 2011), but to date has not been confirmed by other experimental
researchers. Gamero-Castano and Fernandéz de la Mora also compared their results to the Kelvin and
Thomson’s equation using the mixing type CPC, showing reasonably good agreement.

The most recent PSM design published by the Yale group is described by Sgro and Fernandéz
de la Mora (2004), in which the new T-shaped aerosol injection design improved the penetration of the
smallest particles. It is the simplest version of the PSMs published so far. This PSM was found to be
capable of activating 1.7 nm ions at 100% efficiency using DBP, and also growing them large enough
for direct optical detection as opposed to the previous DBP based PSMs. This publication also includes
an interesting appendix on the previously tested PSM designs.

The construction and characterization of the laboratory PSMs and high resolution DMAs by
Fernandéz de la Mora and his collaborators, and their fundamental research on ion-induced nucleation,
set the stage for improving the CPC technology for sub-3 nm particle detection and calibrations that are
applicable to atmospheric and other applied measurements. As already noted, the use of high resolution
DMAs by the Helsinki and Minneapolis groups occurred several years after they were first described by
Fernandez de la Mora and coworkers.

Other PSMs



Kim et al. (2002) and Kim et al. (2003) present another two versions of a PSM, which are
able to detect 3 nm particles. They introduce ethylene glycol as the working fluid, as it is odorless and
harmless, while good in activating sub-3 nm particles. Kim’s PSM of 2002 is a commercial mixing type
CPC (MTCPC) by Kanomax. The mixing piece includes four aerosol inlets to mix with the saturated
flow, which possibly leads to some aerosol losses and not 100% detection efficiency at 3 nm. New in
the work of Kim et al. (2002) was the extensive probing of the PSM operation below normal atmospheric
pressure. The performance was found not to change dramatically at pressures down to 200 torr (26.7
kPa), allowing the use of PSM at high altitudes. Another interesting note from this work is that the
counting efficiency of the PSM is almost equal when the detector is a CPC or an optical counter. It
suggests that most particles grow to optical sizes, and the extra CPC is unnecessary. This is contradicting
with e.g. the current commercial designs of the DEG based CPCs. The PSM of 2003 by Kim et al. is a
laboratory prototype, in which the mixing section was simplified so that it included only one aerosol
inlet based on the PSM design of Sgro and Fernandéz de la Mora (2004), i.e. it had a shape of a T.
Another difference in the design was that the condenser was conical. The second PSM of Kim et al. was
characterized down to sub-2 nm particles, with remarks on ion induced nucleation. Ethylene glycol was
found to prefer nucleation on negative ions.

Four more independently developed mixing CPCs are by Mavliev and Wang (2000) and Mavliev
(2002), which operated with DBP as working fluid and were capable of activating 3 nm particles. Ito et
al. (2011) published a PSM, which was operated with ethylene glycol as working fluid, and Kim et al.
(2015) studied the temperature dependence of heterogeneous nucleation with their PSM operated with
DEG as working fluid. Wang et al. (2002) developed a butanol based fast response time mixing CPC for
rapid SMPS measurements. They showed that even time resolution of one second was possible for an
SMPS if the detector was the fast CPC. This CPC model is commercialized as the Brechtel MCPC.

Commercial PSM

To date, the last commercialized version of the sub-3 nm PSMs was published by Vanhanen et al. (2011)
(Figure 8). Their DEG-based PSM design is close to the one of Sgro and Fernandéz de la Mora (2004),
consisting of a simple T-shaped mixing piece with one aerosol inlet in the mixing piece. Indeed, the
largest advance in the engineering of this PSM is that it is field deployable, and it includes automated
supersaturation scan via simultaneous scanning of the flows passing through the saturator and exiting
the PSM. Another advance of this PSM is that the turbulent mixer is fabricated from electrically
conductive plastic, which insulates the hot and cold parts. When operated with the normal factory
settings for temperatures, the maximum supersaturation in this PSM takes place in the growth tube
downstream of the mixing section. In some cases, this has led to non-monotonic increase in the detected
particle concentration with increasing supersaturation due to two separate regions of almost equal
supersaturation (Kangasluoma et al. 2016b). The PSM was commercialized by Airmodus as model A09
and later on A10. Airmodus Al1l is then A10 combined to their A20 butanol CPC. The impact of this
PSM to the ultrafine particle measurements is comparable to the series of ultrafine CPCs by TSI, as
through commercialization the aerosol community has now access to the 1-3 nm particle size distribution
measurements (e.g. Kontkanen et al. 2017) (Figures 9 and 10). Similar to water, the detection efficiency
of DEG is strongly dependent on the particle chemical composition, and much of the subsequent efforts
in understanding the applicability of this PSM to atmospheric measurements has been to understand its
response to various particle compositions. These are discussed more thoroughly in the calibration
section.
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7 Expansion type CPCs

An expansion CPC built by the Vienna group, the size analyzing nuclei counter (SANC), utilizes
sophisticated optical detection published by Wagner (1985). Particles are brought to an expansion
chamber through a humidifier that saturates the sample flow with the working fluid. By rapidly
expanding the chamber the working fluid becomes supersaturated uniformly in the chamber. The
supersaturation is defined from the expansion ratio and temperature of the sample, while the absolute
particle concentration is obtained from the time dependent intensity of the light scattered by the particles,
and is an absolute concentration measurement. Furthermore, it allows separation of homogeneous and
heterogeneous nucleation. The SANC is more an instrument for heterogeneous nucleation research due
its large size, than a CPC for particle concentration measurements. Starting from the year 2008, the
Vienna group has published a variety of notable experimental studies on heterogeneous nucleation.
Winkler et al. (2008b) showed that expansion CPCs can be made sensitive to 1.4 nm particles without
the presence of homogeneous nucleation when operated with propanol. They further used the SANC to
show that propanol prefers the activation of negative ions over positive ions at constant mobility
diameter, for the first time taking into account also the size selected neutral particles with sufficient
experimental accuracy (Winkler et al. 2008a). The Vienna group has also published articles
homogeneous nucleation (Strey et al. 1986; Strey et al. 1994), factors that influence the critical cluster
size using clean monomobile ions (Winkler et al. 2012), testing the heterogeneous nucleation theory
using the nucleation theorem and activation curves from monomobile ions (Tauber et al. 2018), and
building of the portable SANC (Figure 11) (Pinterich et al. 2016) and other publications on
heterogeneous nucleation (Kupc et al. 2013b; Winkler et al. 2011). One of their latest reports (Tauber et
al. 2019b) shows quantitative intercomparison between the SANC and a TSI 3776 detection efficiency
based on the quantified supersaturation inside the SANC chamber and also, similar to findings of
Barmpounis et al. (2018), that the detection efficiency of a butanol CPC is increased with decreased
condenser temperature. In another recent report Tauber et al. (2019a) study in more detail the effect of
nucleation temperature, particle charge and sample relative humidity on heterogeneous nucleation of
NaCl and Ag seeds in the size range of 1-11 nm. The cut-off for the TSI 3776 was found to be reduced
when the CPC condenser was operated at lower temperatures but constant AT. Increasing relative
humidity was shown to significantly reduce the cut-off of the TSI 3776.
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Figure 11. Size dependent CPC counting efficiencies of positively charged ammonium sulfate particles.
Diamonds (black) refer to vSANC counting efficiency data. Circles (green) and stars (red) are activation
efficiencies of an ultrafine CPC (modified TSI Model 3025; lida et al. 2009) and a nCNC (Airmodus
Model Al1l), respectively, both using diethylene glycol as working fluid (Pinterich et al. 2016)
(Reproduced with permission of AAAR and AS&T).

In 2005 an expansion CPC was published, which was the first time when the detection
efficiency of an expansion CPC was characterized down to 3 nm by Kurten et al. (2005). Their CPC
utilized an optical detector based on Mie scattering developed by Wagner (1985), which follows the size
evolution of the growing droplets with a high time resolution. Kurten and coworkers compared their
expansion CPC against the TSI 3025A, finding good agreement down to 3 nm. Later the same instrument
was used by Sipila (2008) to detect sub-3nm clusters in both field and laboratory using either water or
butanol as condensing liquid.

8 Calibrations

In this section we review past efforts in sub-3 nm CPC calibrations, starting again from the work of
Stolzenburg and McMurry (1991). The following parameters are discussed: DMA output particle
distribution, sample flow pressure, CPC response time and cut-off. Lastly, in the next section we look at
the currently used cluster production methods in CPC calibrations.

Pushing the cut-off below 3 nm was first achieved at Yale University by the group of
Fernandéz de la Mora with mixing type CPCs in around 1997 after they developed the first
moderate/high resolution DMAs (Rosell-Llompart et al. 1996) capable for selecting monodisperse ions
and clusters from electrosprayed samples. Later, after acquiring one of the Herrmann type DMAs
(Kangasluoma et al. 2016a), the groups of Minnesota and Helsinki were able to push the cut-off of



laminar diffusion CPCs below 3 nm (Jiang et al. 2011b; Sipild et al. 2009). Only Mordas and coworkers
in their publications on year 2008 present cut-offs below 3 nm using a “conventional” DMA. DMA
resolution here is defined Z/AZ (Flagan 1999), often measured for the tetraheptylammonium ion at
inverse mobility of 1.03 Vs cm, and high resolution for a DMA is around 20 or more. Such resolution
is high enough to separate monodisperse ion with known composition from the mobility spectrum, and
when combined to suitable particle generators and CPC calibration setup, gives insights into the vapor-
liquid interactions, which play crucial role in determining the CPC cut-off, as discussed below.

DMA output distribution

The study of Stolzenburg and McMurry (1991) includes valuable discussion on the
importance of proper particle production setup in the calibrations. At sub-3 nm size range, diffusion
broadening of the DMA transfer function is significant, and therefore the particle size distribution at the
DMA inlet can skew the output particle distribution significantly (Stolzenburg and McMurry 2008). The
lower the DMA resolution, the more significant this skewing will be. Using a low resolution DMA in a
sub-3 nm CPC calibration leads to overestimation or underestimation of the CPC cut-off, depending on
whether the input distribution mode diameter is larger or smaller than the DMA set point diameter.
Stolzenburg and McMurry (1991) demonstrate this effect by performing three sets of calibrations with
different DMA input particle distributions, which result in cut-offs of around 2.5-3 nm. We perform
simple simulation of a CPC calibration by simulating a DMA transfer function (according to Stolzenburg
and McMurry 2008) of the TSI long DMA, TSI nanoDMA at aerosol-to-sheath flow ratio of 0.1, and
the Halfmini DMA (long/fat, Fernandéz de la Mora and Kozlowski 2013) at flow ratio of 0.1 and 0.02
(Figure 12), leading to resolutions of 0.85, 3.8, 6.7 and 20.1 at 1.46 nm, respectively. Use of a low
resolution DMA skews the DMA output particle distribution, leading to skewed detection efficiency (1)
curve. The results suggest that a resolution of around 10 is sufficient for avoiding such calibration
artifacts. Similar conclusion is reached by Cai et al. (2019), who suggests DMA resolution of around 6-
9 is sufficient for avoiding the largest sizing uncertainties in atmospheric particle sampling. Of the
current DMAs, of which resolution has been characterized with the tetraheptylammonium positive ion,
the Half-mini (both p and m models), Herrmann and planar DMA can easily reach such resolution due
to ability to handle high sheath flow rates (Amo-Gonzalez and Perez 2018; Fernandéz de la Mora 2017,
Kangasluoma et al. 2016a; Santos et al. 2009), while the TSI nanoDMA (models 3085 and 3086), Grimm
S-DMA, nano-radial DMA and the mini-cyDMA reach resolution of around 4-6 as reported currently
(Brunelli et al. 2009; Cai et al. 2017a; Jiang et al. 2011a; Stolzenburg et al. 2018).
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Figure 12. Simulated CPC calibration using various DMA resolution.
Sample flow pressure

Reports on the performance of ultrafine CPCs at low pressures are quite limited. Four
publications were found, in which the sample flow pressure was reduced by using a valve or orifice to
restrict the sample flow between the DMA and the CPC and AEM. The first one is by Saros et al. (1996)
whose focus was the performance of the PHA under low pressure. They found changes in the absolute
pulse heights, while the relative differences in the peak pulse height MCA channels stayed quite constant
throughout the studied pressure range. 20 years later, Takegawa et al. (2017) published experiments on
verification of the aerosol flow rate of the TSI 3776 for low pressure conditions by measuring the mass
flow rate at the inlet, sheath channel and optics to correct the pressure dependent flow rate changes.
Their results show quite small differences in the cut-off of the 3776 with varying pressure, confirming
its use in airborne measurements with proper capillary flow calibration.

The first report of low pressure experiments for a mixing type CPC is by Kim et al. (2002),
studying the operation of their PSM down to around 10 kPa. They conclude that the optimal operation
conditions for a mixing CPC are similar in low and ambient pressure conditions, and that at decreasing
pressure the decrease in the detection efficiency is due to decreased particle growth time in the
condenser. Even at pressure of 15 kPa their PSM detected 40% of 3 nm particles compared to 85% at
atmospheric pressure. For the Airmodus All, Kangasluoma et al. (2016b) report its operation
characterization down to 50 kPa, which corresponds to a typical pressure at the maximum altitude that
their group has performed flights with a Cessna aircraft. They show that the largest changes in the
instrument operation are in the A20 CPC detection efficiency, which decreases at pressures below 60
kPa rapidly. The A1l cut-off was shown to be constant in the pressure range of 60-100 kPa within the
experimental uncertainties.

Response time

For the CPC response time calibration, we mainly summarize the findings of Enroth et al.
(2018), who investigated the methods and their flaws to determine the CPC response time. The suggested
definition for the response time is 3t, where 7 is the time constant in the exponential decay curve when
the sampled concentration is rapidly brought from constant value to 0. Thus, 3t represents the time that



is required for the concentration to decay from the initial value to 5% of the initial value. They also list
challenges related to each of the experimental methods concerning the response time determination.
Erroneous response times are potentially obtained with the spark method if the used concentration is too
high to saturate the optics, the particle pulse is too transient for a CPC to follow its increase or decrease,
or the particles are too small or about the size of the CPC cut-off. Using a fast valve is a simple method
to obtain sharp change in the particle concentration, while it creates discontinuity in pressure that can
affect e.g. some sheathed instruments. Further, in the experimental setup all flows has to be turbulent to
avoid flow smearing, particle concentrations low enough for not causing coincidence in the optics and
test particles above the CPC cut-off to avoid biases due to flow and supersaturation profiles inside the
CPC.

The suggested method for inducing the rapid concentration change is a fast valve with
switching time of 2 ms (or less). The sub-3 nm CPCs can be grouped to three based on their measured
response times. The two-stage CPCs, the TSI 3777 and Airmodus Al1, are the slowest sub-3 nm CPCs,
the response times being around 1.5-2 s. The second group are the boosted non-sheathed laminar CPCs
of response times around 0.5-1 s. These include boosted laminar CPCs with increased flow rates, such
as the ADI 1 nm CPC or the B3010. The fastest CPCs are the sheathed laminar CPCs reaching response
times even down to 100 ms or below, such as the TSI 3776 and 3788, and the Kanomax Fast CPC with
response times of around 100, 120, and 60 ms, respectively.

The response time is determined by the travel time difference of the fastest and slowest
particles, and in the sheathed instruments, the travel time profile is very uniform due to absence of slow
particles close to the walls. The drawback of the sheathed instruments is the low counting statistics due
to low aerosol flow rate. Thus, careful consideration is suggested when optimizing the selection of
instrument between the response time and counting statistics.

Table 1. CPC response times [s] as measured by Enroth et al. (2018).

Working Spark, Valve, Valve,

CPC fluid Instrument type decay increase decay

ADI wVCPC Water Laminar, sheathed 0.68 - -

Airmodus A1l DEG Mixing, two stage - 1.62-1.74 1.48-1.72
Laminar,

Airmodus A20 Butanol unsheathed 1.15 1.13 1.08
Laminar,

B3010 Butanol unsheathed 2.32 - -
Laminar,

B3010 (1.6 lpm)  Butanol unsheathed 0.91 - -
Laminar,

TSI 3010 Butanol unsheathed 1.37 2.07 2.26
Laminar,

TSI 3772 Butanol unsheathed 0.89 1.32 1.3

TSI 3776 Butanol Laminar, sheathed 0.09 0.09 0.1
Laminar, two

TSI 3777 DEG stage 1.94 - -

TSI 3788 Water Laminar, sheathed - 0.12 0.12

UHEL FCPC Butanol Mixing 0.35 - -

Cut-off

The principle of defining the cut-off for a sub-3 nm CPC is based on similar calibration setup as reported
by Liu and Pui (1974): concentration measured by the test CPC is compared against a reference aerosol



electrometer for size selected charged particles. As suggested above, the DMA size resolution is
beneficiary to be above 10 to avoid sizing artifacts. Besides the DMA resolution, as shown by many
separate reports, in sub-3 nm size range the chemical composition of the test particles is at least as
important as the particle mobility diameter in determining the detection efficiency. Thus, our discussion
is mostly focused on the fluid-particle pairs, and briefly their practical implications.

lon induced nucleation

Already a century ago, (Wilson 1897; 1899) reported that more fog is formed in an
expansion chamber when negative ions are present compared to the presence of positive ions, and also
more fog formation in the presence of bipolar ions compared to no ions at all. From the mechanistic
point of view, this process is the same as is the CPC cut-off calibration: condensation of vapor onto
charged or neutral seeds, with exception that the seeds used by Wilson were not size nor chemically
classified. A few similar reports after Wilson have been published in which ion-induced nucleation has
been studied by creating the ions inside the chamber (e.g. Adachi et al. 1992; Kane et al. 1995; Rabeony
and Mirabel 1987), while such chamber studies cannot resolve completely the ion induced nucleation
problem due to lack of ion classification. Stolzenburg and McMurry (1991) are possibly the first to report
observation of higher detection efficiency (ion induced nucleation probability) for size selected
negatively charged particles than positively charged particles, while they conclude that this observation
may well be an experimental artifact. Based on the following discussion, retrospectively, their
observation may have been correct. Bartz et al. (1985) also studied electrically neutral size classified
particles, but reported no difference in the detection efficiency as compared to charged particles due to
lack of sufficient instrumental accuracy.

Seto et al. (1997) are the first one to report ion induced nucleation experiments for strictly
monomobile ions of around 1 nm in size, made possible by the combination of electrosprayed ions, high
resolution DMA and their PSM, as discussed previously. They found that singly positively charged
alkylhalide, ionic liquid and some other type of salts can be detected via condensation methods at the
onset of homogeneous nucleation of DPB, while negatively charged ions were not detected at all. As
other groups obtained the high resolution DMAs, which were used to calibrate sub-3 nm CPCs, more
reports were published on similar ion induced nucleation sign preferences (Hering et al. 2017; lida et al.
2009; Kangasluoma et al. 2013; Kangasluoma et al. 2014; Kuang et al. 2012b; Sipila et al. 2009; Winkler
et al. 2008a). Few of these studies report similar finding as Stolzenburg and McMurry two decades
earlier that the detection efficiency is higher for negative than positive particles for butanol at around 3
nm size. Of these publications, Winkler et al. (2008a) studied also particles that were neutralized from
the size selected charged particles, and observed that the charged particles (with negative sign
preference) were activated at lower supersaturation than the neutral ones. By examining the size selected
neutralized particles using three different particle and condensing fluid compositions, Kangasluoma et
al. (2016c) showed that the particle and condensing vapor chemistry related factors are governing
heterogeneous nucleation over particle charging state or possibly even mobility equivalent size. Tauber
et al. (2018) reports the most recent CPC related ion induced nucleation experiment, in which they
nucleated butanol onto singly charged atoms at saturation ratios below what is required for homogenous
nucleation. Their results agree well with the Kelvin-Thomson theory.

Working fluids

Butanol is traditionally the most used working fluid, and the detection efficiencies are the
least dependent on the particle composition (Kangasluoma et al. 2014; Kangasluoma et al. 2016c;
Kulmala et al. 2007; Kupc et al. 2013a), mostly because of the ability to activate some hydrocarbon
species that DEG and water cannot activate that well. This may be due to that butanol is not polar like
water, but more nonpolar similar to the test hydrocarbon ions such as THABr. On the other hand, high



detection efficiencies without significant homogeneous nucleation have not been reported at 1 nm for
butanol, except very recently by Barmpounis et al. (2018), who lowered the condenser temperature of
their CPC down to 2 °C. This observation is supported by Tauber et al. (2018) who report detection of
monoatomic ions at butanol saturation ratio of around 4.6, which is below the homogeneous nucleation
saturation ratio of 5-6 (Viisanen and Strey 1994). DEG and water exhibit similar responses to particle
composition: very efficient activation of salts while poor activation of hydrocarbons (Jiang et al. 2011b;
Kangasluoma et al. 2017; Kangasluoma et al. 2014; Kuang et al. 2012b). The main difference to butanol
is that the cut-off for certain types of hydrocarbon particles is considerably larger than for example for
NaCl. This observation can be partly biased due to lack of well characterized sources sub-3 nm of
hydrocarbon test particles. Thus, the selection between butanol and water/DEG as the working fluid can
be roughly simplified as follows: butanol yields more stable response to particle chemical composition,
while increasing the detection efficiency at 1 nm is challenging due to homogeneous nucleation. On the
other hand, water and DEG can activate particles close to 1 nm depending on the particle chemical
composition without significant amount of homogeneous nucleation, but the cut-off is highly dependent
on the chemical composition.

The work with the water CPCs (at the latest) showed that the CPC response is sensitive to the
composition of the sampled aerosol particles. Similarly, O'Dowd et al. (2004) notes that the chemical
composition of the test aerosol will affect the pulse height distributions of the droplets grown by butanol.
Therefore, it is evident that the composition of the test particles will have a significant effect on the CPC
cut-off diameter. Indeed, the composition-dependent cut-off has been utilized in CPCb type instruments
aiming to infer information about the chemical composition of atmospheric aerosol (Kangasluoma et al.
2014; Kulmala et al. 2007; Riipinen et al. 2009). The operation principle is that two CPCs with two
different working fluids can be tuned for identical performance in activating insoluble aerosol particles
(often Ag in laboratory characterizations), while solubility effects lower the cut-off of the other CPC for
specific particles. Practically, for example, when a butanol and a water based CPC are tuned to exhibit
a similar cut-off curve for insoluble Ag particles, the water based CPC can detect smaller particles of
NaCl than the butanol CPC due to NaCl solubility in water.

Relative humidity

Of the three most commonly used CPC working fluids, the detection efficiency given by
butanol and DEG are affected by the sample flow water concentration, while water based CPCs are not.
lida et al. (2009) noted that the sample flow relative humidity affects the detection efficiency of 2.3 nm
Ag particles, interestingly so that increasing humidity increased detection efficiency when using
propylene glycol, while detection efficiency decreased when the working fluid was ethylene glycol. Both
in the first DEG SMPS (Jiang et al. 2011b) and in the improved DEG SMPS (Cai et al. 2019; Cai et al.
2017b), a Nafion semi-permeable membrane (PERMA PURE LLC) was installed in the DEG CPC
saturator flow (before the saturator) to prevent the influence of the sample flow relative humidity.
Kangasluoma et al. (2013) performed similar experiments for DEG, finding positive correlation between
the sample flow relative humidity and detection efficiency when conducting the experiments using the
Airmodus All. These effects in the A1l have been studied more in detail by Ahonen et al. (2019), who
modeled the effect of water vapor on the detection efficiency using computation fluid dynamics and
classical nucleation theory. With the TSI 3777, however, the relative humidity does not affect the cut-
off, most probably because the sheath flow is dried and the fraction of humid flow entering the condenser
is relatively smaller than in the A1l (Kangasluoma et al. 2017). Tauber et al. (2019a) characterized the
sample flow humidity effects to the TSI 3776, finding that increase in humidity increased the detection
efficiency for NaCl particles, but did not affect, or at most increased substantially less the detection of
Ag particles.

Cut-off vs. detected particle concentration



Kangasluoma and Kontkanen (2017) carried out numerical simulations on the effect of
uncertain cut-off on the detected particle number concentration. Because of the highly varying particle
number concentration as a function of size in the sub-3 nm size range in systems producing new particles,
fractions of nanometers error in the cut-off can cause significant error in the detected concentration. All
other things being equal, in humid environments the number of detected particles will be higher because
the cut-off is decreased by the higher humidity. When combining the effects caused by the effect of
particle composition and relative humidity on the cut-off and subsequently to the detected concentration,
the comparability of long-term measurements, as well as comparability of independent measurements at
different sites and experiments poses one of the largest challenges for the sub-3 nm measurement
community.

Another aspect of this relation is that particle concentration can affect the cut-off of the
CPC. Lewis and Hering (2013) studied in detail how cut-off of water based CPCs is affected by
increasing particle concentration, showing clear increase in the cut-off mainly due to condensational
heat release and less due to vapor depletion, leading to decreased supersaturation levels inside the growth
tube. The increase in the CPC cut-off was shown to be up to around 5 nm, depending on the CPC
geometry, when the particle concentration increased from 0 to 200 000 cm®,

Vapor adsorption

Comprehensive efforts to tackle the composition dependency problem are lacking. Particle
solubility and wettability to the condensing liquid possibly plays some role in determining the activation
probability, as e.g. NaCl is well detected with water while nonpolar hydrocarbons not as well. On the
other hand, Attoui (2018) showed experiments with three quite similar alkylhalides (Ude and Fernandez
de la Mora 2005), of which detection efficiencies with butanol did not correlate with water solubility.
Winkler et al. (2012) have reported that some butanol molecules adsorb onto the ion surface before
nucleation. Oberreit et al. (2015) and Li and Hogan (2017) have studied the vapor uptake of selected
nanoparticle-vapor systems, finding ion composition dependencies in the uptake. These observations
have not yet been connected to heterogeneous nucleation studies.

9 Cluster generation

We discuss the cluster production methods in the scope of CPC calibrations, limiting the discussion to
reports in which the cluster chemical composition has been directly measured or can be inferred from
the mobility spectrum. This is because the cluster composition plays such a crucial role in determining
the activation efficiency, and the particle composition is not necessarily exactly the same as of the
starting material, can also vary with size or polarity, and is sensitive to impurities present in the system
(Kangasluoma et al. 2013). Some cluster composition measurements exist from industrial or other
sources but not applied to CPC calibrations (Fang et al. 2017; 2018; Wang et al. 2017b), while some
sources have been shown to produce sub-3 nm particles but the cluster composition has not been verified
with direct mass spectrometric measurement (Alanen et al. 2015; Carbone et al. 2016; Feng et al. 2016;
Maisser et al. 2015a). Such efforts or sources are not included in this discussion. Use of charger ions as
test ions are also omitted because of their chemical variability with the trace gases (Maisser et al. 2015b;
Steiner et al. 2014; Steiner and Reischl 2012). In addition, some chamber experiments may be considered
as well characterized cluster sources, such as the CLOUD chamber in CERN (Kirkby et al. 2011, and
many subsequent publications), while generally the particle concentrations in the chambers are too low
for CPC calibrations, which is why also no calibration experiments have been reported using chambers
as particle source (except for Wimmer et al. 2015). As is obvious from the discussion below, not a large
variety of well-characterized cluster sources are currently available for CPC calibrations.



Electrospray

The electrospray (ES) method produces charged droplets by ripping liquid, which is at high potential,
out of a thin capillary needle (Cloupeau and Prunet-Foch 1994). The electrically conductive liquid, to
which the sample is dissolved, forms highly charged volatile droplets. Immediately after formation, the
droplets begin to evaporate, increasing the charge-to-volume ratio until it reaches the Rayleigh limit and
the droplet explodes because of Coulomb repulsion. Unipolar charged gas-phase molecules and clusters
are formed as a result of ion evaporation from the droplet, or as charged residue after series of coulomb
explosions and solvent evaporation (Kebarle and Verkerk 2009). The ES can be used to produce
practically any liquid or solid samples that are soluble in some liquid.

The electrospray was the first source that has been applied in CPC experiments with known
cluster composition (Seto et al. 1997). In the case of the electrospray, it is not always necessary to use
mass spectrometric verification for the cluster composition, as the samples are often clean enough to
generate distinct peaks in the mobility spectrum given by a high resolution DMA, which can be identified
based on their electrical mobility. Such samples that have been, or could be used in CPC calibrations
include for example tetra-alkyl ammonium salts (Ude and Fernandez de la Mora 2005), ionic liquids
(Hogan and Fernandez de la Mora 2009) and proteins (Gamero-Castano and Fernandéz de la Mora
2002). The tetra-alkyl ammonium and ionic liquids form salts in the form of (A'B*),A" and (A B").B™,
and are thus suitable for experiments in which it is necessary to know the exact chemical composition
of the test aerosol (Figure 13). Large variety of salts with different combinations of A and B exist,
making possible very detailed experiments on cluster-vapor interactions.

A standard electrospray cluster production suffers from the generation of highly charged
droplets, of which electrical mobility diameter can be as low as 2 nm, making the use of singly charged
clusters around that mobility size impossible in CPC experiments. One of the most recent advances in
electrospray cluster production is the bipolar electrospray source (Fernandez de la Mora and Barrios-
Collado 2017), in which one positive spray and negative spray are placed close to a grounded grid.
Mixing of the two electrospray clouds produces bipolar cluster populations with minimal fraction of
highly charged big droplets. The bipolar electrospray source gives access to clusters of both polarities
with known composition. The neutralization efficiency of the bipolar electrospray, fraction of singly
charged clusters, as well as its yield of neutral clusters is yet to be determined.

Steiner et al. (2017) used two electrosprays and high resolution DMAs to recombine two
ions of opposite polarity, and studied the neutral recombination products. Such experimental scheme
could be used in the future to study the neutral clusters of known composition, and their activation
behavior in CPCs.
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Figure 13. Electrosprayed tetraheptylammonium bromide clusters detected at various supersaturations
(Gamero-Castano and Fernandéz de la Mora 2002) (Reproduced from Gamero-Castano, M. and
Fernandéz de la Mora, J. (2002). lon-induced nucleation: Measurement of the effect of embryo's size
and charge state on the critical supersaturation. J Chem Phys 117:3345-3353 with the permission of AIP
Publishing).

Tube furnace

The tube furnace as an aerosol source has been introduced by Scheibel and Porstendorfer (1983). Solid
or liquid material is placed onto a ceramic boat inside a furnace, which is heated up. Material from the
sample evaporates or sublimes to the gas stream, which is rapidly cooled down downstream of the
furnace. The vapor becomes supersaturated and forms nanoparticles starting from the molecular clusters.
The clusters and particles are charged usually with a radioactive source prior to size classification with
a DMA.

Kangasluoma et al. (2013) has shown that by operating the furnace at relatively high flow
rates (10-15 L mint), clusters down 1 nm are formed and reach the DMA at high enough concentrations
to be used in CPC calibrations. With mass spectrometric analysis, they showed that in negative polarity
heated ammonium sulfate produces mostly bisulfate clusters with a few ammonia molecules attached to
them, sodium chloride produces NaCl clusters, while atomic silver clusters were contaminated by
hydrocarbons. Some impurities, possibly hydrocarbon, were observed also in the bisulfate and NacCl
clusters, which are easily introduced from either the carrier flow, the furnace tube surfaces or the sample
itself. In the case of ammonium sulfate, clean production of the clusters results in distinct peaks also in
the mobility spectrum, which are separated by one HSO4 molecule (Figure 14). Particle yield in those
experiments was high enough to scavenge all ions generated by the charger, making it possible to use



the clusters for CPC calibrations even at the charger ion mobility range. The furnace has been also shown
to be suitable source for aerosolizing the alkylhalide salts often used in DMA calibrations, and is possibly
suitable for producing many other desired samples (Kangasluoma et al. 2016¢; Ude and Fernandez de la
Mora 2005).
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Figure 14. Mobility size scan overlaid with mass spectrometric measurement of negatively charged
ammonium sulfate produced from with a tube furnace (modified from Kangasluoma et al. 2013)
(Reproduced in modified form with permission of AAAR and AS&T)

Glowing wire generator

Heating of metals has been known to produce aerosol particles for a long time (Nolan and Kennan 1949;
Owen 1903). The glowing wire generator is often constructed so that a coil of a metal wire is placed
inside a small chamber that is flushed with a carrier flow. High current is driven to the wire to resistively
heat it. The metal reacts with oxygen in the carrier gas, forming metal oxides onto the metal surface.
These metal oxides evaporate to the carrier flow, and form nanoparticles starting from the molecular
clusters (Peineke et al. 2009). Some of the formed particles obtain charge during the formation process
either from thermally emitted electrons (negative) or charged impurities that attach to the clusters, such
as potassium (positive) (Peineke and Schmidt-Ott 2008). Thus, external charging of the nanoparticles is
not always necessary when using this generator.

Kangasluoma et al. (2016c; 2015b) have reported that heating of a tungsten wire flushed
with N2 produces negative (WO3)xOH™ cluster series, and in positive similar tungsten trioxide clusters
but which are clustered and charged with unidentified hydrocarbon contaminants. These clusters were
formed without any external charging. Particle production from other wires has also been reported (Boies
et al. 2011), but the cluster composition has not been verified by mass spectrometric measurements.

Flow tube

Even though only one report on cluster production experiment has been reported aiming for a CPC
calibration (Kangasluoma et al. 2014), we discuss this cluster source due to its potential to probe more
accurately the clusters produced by gas-phase chemical reactions, which possibly have the most
relevance to atmospheric measurements. In the mentioned experiments, Kangasluoma and coworkers
run ozonolysis of limonene in a medium sized flow tube, finding products consisting of approximately
10, 20, 30, 40 and so on carbon atoms, and various numbers of hydrogen and oxygen atoms. The
importance of these experiments is that the observed cut-off for the CPCs was in the range of 2-3 nm,
around 1-2 nm larger than for other calibration compounds used in the study. This significantly larger
cut-off sets limitations for the use of CPCs in detecting such species down to 1 nm, mainly that the
supersaturation has to be possibly so high that significant amount of homogeneous nucleation takes
place.

10 Workshops



CPC workshop in Lund

Wiedensohler et al. (1994) report results from an ultrafine CPC workshop organized in Lund
University in which four instruments aimed for sub-10 nm particle size distribution measurements were
compared: The temperature scanning CPC of McDermott and a PHA CPC by Stolzenburg from
University of Minnesota, ultrafine differential mobility particle sizer (DMPS) from University of Lund,
and ultrafine diffusion battery from University of Washington. All four instruments utilized the TSI
3025A (or its prototype) as the detector. Not only was the goal of the workshop an instrumental
comparison with four independent methods for sub-10 nm particle sizing, but to achieve an agreement
in the measured size distributions in the artic on an icebreaker where particle concentrations are
extremely low, which they did with remarkable success. Such efforts on instrumental comparisons for
sub-10 nm particle size distributions are in high demand even today, as shown for example in the Figure
5 of Wiedensohler et al. (2012). They further discuss the statistical uncertainties of a DMPS system due
to randomness in particle counting, which originates from the random distribution of particles in air.
Very low particle charging efficiency for sub-10 nm particles in bipolar chargers and low particle
penetration in the instrument were identified as the main causes for this challenge.

CPC workshop in Helsinki

A CPC workshop was organized in Helsinki in 2016, in which the TSI 3777, ADI vVWCPC and prototype
B3010 were characterized for their cut-off, and the response times of these and several other CPCs were
determined (Enroth et al. 2018; Kangasluoma et al. 2017). The 3777 and vVWCPC exhibited almost
identical cut-off for all experiments conducted with tungsten oxide particles, ranging from 1.3 to 2.4 nm
depending on the AT settings and particle charging state, and from 2.5 to 3.3 nm for positively charged
tetradodecylammonium ions. The cut-off for neutral particles was found 0.1-0.7 nm larger than for
charged particles. The results of the CPC response time experiments are discussed more in detail in the
calibration section.

11 Summary tables

Table 2. Summary of the laminar flow CPCs (reference with * notes the original instrument description)
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Table 3. Summary of the mixing type CPCs (reference with * notes the original instrument description)
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Table 4. Summary of the expansion type CPCs (reference with * notes the original instrument
description)

Instruments cpe . Working  d50  Calibration Brief
. operation . Reference
involved orinciple fluid(s) [nm] compound(s) comment




*Kurten Portable
Proto Expansion Water 3 H2S04, NaCl etal. expansion
2005 CPC
WO3 Winkler Experiments
SANC Expansion Propanol 1 char ’er ions et al. with neutral
g 2008 particles
Field
*Pinterich
. Propanol, WQ03, deployable
VSANC Expansion water (NH4)2504 etal. mixing type
2016 CPC

Table 5. Summary of instrument calibrations including multiple instrument models (reference with *

notes the original instrument description).

Instruments cpe . Working d50 Calibration .
. operation . Reference Brief comment
involved . fluid(s) [nm] compound(s)
principle
. Atmospheric  Wiedensohler
Proto types Laminar Butanol erosol et al. 1994 CPC workshop
. Wiedensohler CPC workshop.
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Ag effects of cutoff
TSI 3786, Ag
3776, 3772, . ! Mordas et al. .
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Airmodus .. DEG 1-3 . .
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(NH4)2504 comparison
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TSI 3788, Laminar Water, 2.2-  NaCl, candle, Kupcetal. Ultrafine CPC
3776 butanol 17.2 emeryail, 2013 characterization

proteins, Ag




Nadl,

(NH4)2504,
TSI 3786, Laminar Butanol, WO03, Kaneasluoma CPC calibrations
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12 Future outlook

Based on the review and discussions above, we have identified the following priorities for improving
measurement accuracy and enabling new applications for CPCs:

CPC cut-off dependency on particle physical and chemical properties of the particle and condensing
vapor. Uncertainties in the physical/chemical factors that determine size-dependent activation
efficiencies are the greatest source of measurement uncertainty for sub-3 nm CPCs. Solutions to



minimize the cut-off dependency on the particle composition would enhance the measurement accuracy
significantly, especially in experiments in which the particle chemical composition is uncertain. Particle
charging state also influences the cut-off, and there is a need to determine the smallest neutral particles
or molecules that can be detected via heterogeneous nucleation for a specified condensing vapor. This
limits understanding on the characterization of processes, such as combustion, in which the fraction of
charged particles is high but unknown, because of the difficulties in interpreting and separating the
signals from neutral and charged particles.

Cut-off dependency on sample air water concentration. Accuracy in long-term atmospheric monitoring
experiments is affected by that the cut-off of butanol and DEG based CPCs is dependent on the sample
air water concentration. Water concentration varies strongly with seasons and measurement locations,
thus methods either adjusting the cut-off with varying water concentration or drying the sample air, as
has been done for the DEG SMPSs (Cai et al. 2017b; Jiang et al. 2011b), would increase the stability of
the cut-off.

Calibrations with atmospherically relevant test aerosols. Currently the two main challenges in this
experiment are that the particle concentration in the atmosphere and the particle charging efficiencies
below 3 nm are too low to obtain sufficient signal for a CPC calibration. Atmospherically relevant
particle production methods, or charging methods with significantly higher charging efficiencies than
the bipolar charge equilibrium, should be developed. These would significantly reduce the cut-off, and
thus concentration related uncertainties in atmospheric measurements.

Easy to use and chemically reproducible cluster sources of singly charged particles for semicontinuous
size distributions production in the size range of 1-5 nm. The challenge with the electrospray is that it
produces also highly charged droplets that overlap in mobility space with the test clusters. The bipolar
electrospray source might resolve this, although this has not yet been demonstrated. For the spark
generator, there are no published results on the cluster chemical composition. Furnace setups are very
slow and sensitive to impurities in the system. The wire generator is the most robust generator to date,
while its cluster yields have not been quantified and seem to vary from day to day, sometimes even down
to levels of insufficient yield when producing tungsten oxides from residue oxygen in N2 gas (author’s
note).

High aerosol flow CPCs to increase DMPS statistics capable for sub-3 nm particle detection. As the
current DMAs can accommodate high aerosol flow rates, correspondingly it will be useful in terms of
the DMPS counting statistics and IT parameter (Cai et al. 2019) to utilize CPCs with high aerosol flow
rate to increase the number of counted particles via reduced losses and dilution.

One stage CPCs. Several reports show that 1 nm CPCs do not necessarily need to have two stages to
grow the particles to optically detectable sizes (Barmpounis et al. 2018; Hering et al. 2017; Kim et al.
2003; Kuang 2018; Sgro and Fernandéz de la Mora 2004). For simplified operation and reduced price,
one stage CPCs capable for 1 nm particle activation should be developed.

Supersaturation scan method for more extended size range. The current available methods for sizing
based on the supersaturation scan method reach only up to 3 nm when the lowest cut-off is set to around
1 nm. For obtaining overlap with instruments measuring size distributions above 3 nm that are more
numerous, the upper cut-off of the supersaturation scan method based sizing should be extended above
3 nm while keeping the low cut-off at 1 nm. Kangasluoma et al. (2016b) has demonstrated one solution
for this by scanning the growth tube temperature of the Airmodus A10, reaching size range of 1 to 6 nm.
Explorations of the PHA technique. The PHA is a promising technique for sizing of transient cluster
distributions. While some reports on the technique exist, more work could be done explore fully the
applicability and usability of the technique.

CPCs specialized for extremely cold or hot environments, such as a CPC built for sampling hot
aerosol(e.g. by Collings et al. 2014). Bringing aerosol particles from an extreme temperature to another
temperature, such as any combustion source, or from stratospheric temperatures to room temperature,
can change the particle properties. The particles should be preferably measured at the temperature of
their environment.
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Lightweight CPCs. No portable sub-3 nm CPCs have been reported, which limits their applicability
mostly to stationary experiments, or moving platforms such as vans or aircrafts.

Low-cost CPCs. The applications for low-cost CPCs are vertical profile measurements for in which risks
of losing the instruments are high, and dense measurement grids to spot nanoparticle formation hot spots
for example in mega city or industrial environments.

Dilution sampling. Coincidence in CPC optics limits the accuracy at high particle concentrations (above
approximately 10* cm®), while sub-3 nm particle concentrations can be extremely high, reaching even
10°to 10" cm. Controlled dilution with characterized size dependent losses would increase the accuracy
of such experiments. Furthermore, dilution with dry air would reduce the variations in the cut-off of a
DEG based CPC.
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