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A B S T R A C T

The detection efficiency of Condensation Particle Counters (CPCs) reduces drastically as particle
size becomes smaller than 2 nm. Increasing the supersaturation in order to enhance the detection
efficiency, has limited applicability because the onset supersaturation value of droplet formation
by homogeneous nucleation is very close to the heterogeneous onset supersaturation for sub-
2 nm particles. In this work we introduce a new method for increasing the detection efficiency of
CPCs for sub-2 nm particles, which relies mainly on controlling the spatial distribution of the
supersaturation profile by simply modifying the operating temperatures of the CPC. We eval-
uated the new method by generating monodisperse particles in the size range of 0.98–4.50 nm
and used them to characterize a TSI 3025 CPC. We achieved significant increase of the detection
efficiency for sub-2 nm particles. Furthermore, we calculated the supersaturation field developed
in the condenser tube with a finite element model and used it to determine the detection effi-
ciency according to heterogeneous nucleation theory. These calculations reveal that the observed
increase of the detection efficiency can be explained by the manipulation of the spatial dis-
tribution of the supersaturation field. The method introduced here can greatly improve the de-
tection efficiency of CPCs and in the meantime further extend their use for particle sizing pur-
poses in the sub-2-nm range.

1. Introduction

Observations of nucleation events in the atmosphere are important for better understanding the physical processes governing the
evolution of the size distribution of aerosol particles, and thus for improving the predictability of climate models. In these ob-
servations, measurements of the concentration of particles smaller than 2 nm are of particular importance for understanding the early
stages of particle formation and their subsequent growth. Due to their highly diffusive nature, however, the detection of particles
having sizes in that range can be challenging, especially in the context of atmospheric observations where their concentrations can be
relatively low (Kulmala et al., 2013).

Condensation Particle Counters (Agarwal & Sem, 1980; Bricard, Delattre, Madelaine, & Pourprix, 1976; McMurry, 2000;
Stolzenburg & McMurry, 1991) have been widely used for measuring the concentration of airborne nanoparticles. Compared to an
aerosol electrometer (Liu, Whitby, & Pui, 1974), CPCs have an extremely high counting sensitivity because, in principle, they have
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the capability of single-particle detection. In addition, CPCs are unique detectors of uncharged particles, a fact that is especially
valuable for studies of the atmospheric aerosol (Kulmala et al., 2004).

One limitation of CPCs is that their detection efficiency decreases substantially when particle size decreases below a threshold
value. Smaller particles require a higher supersaturation in order to initiate condensational growth, because the equilibrium vapor
pressure over a curved surface is higher than that over a flat surface (Kelvin effect). The 50% detection efficiency of standard CPCs is
ca. 10 nm (e.g., for the TSI Model 3010). A recent study has shown that by modifying the operating conditions of the TSI Model 3772,
detection of sub-2 nm particles is possible with surprisingly high detection efficiency (Kangasluoma et al., 2015). In the case of
ultrafine CPCs, the 50% detection efficiency is achieved for particles having sizes close to 2.5 nm e.g. TSI Models 3025 and 3776;
(Kuang, Chen, McMurry, & Wang, 2012; Stolzenburg & McMurry, 1991). Parallel to these developments, state-of-the-art aerosol
classifiers can already size sub-2 nm particles and atomic clusters with extremely high resolution (De Juan, & Fernández de la Mora,
1998; Maisser et al., 2015; Rosser & Fernández de la Mora, 2005; Rus et al., 2010). As a result, CPCs with higher detection efficiencies
than those of commercial systems are needed for integrating them in spectrometers capable of measuring the size distributions of
particles in the sub-2 nm range.

A number of studies have looked into further increasing the detection efficiency of CPCs leading to the development of several
instruments able to detect particles in the sub-2 nm range (Iida, Stolzenburg, & McMurry, 2009; Kulmala et al., 2007; Lehtipalo,
Sipilä, Riipinen, Nieminen, & Kulmala, 2009; Mordas et al., 2005; Saghafifar et al., 2009; Seto, Okuyama, De Juan, & de la Mora,
1997; Sgro & Fernández de la Mora, 2004; Sipilä et al., 2009; Mikko Sipilä et al., 2008; Vanhanen et al., 2011). A common feature in
many studies is that the detection efficiency of a CPC is enhanced by augmenting the temperature difference between the saturator
and the condenser tube (Hermann & Wiedensohler, 2001; Kuang et al., 2012). Increasing the temperature difference increases the
supersaturation in the condenser tube, which in turn increases the activation probability of the smaller particles. Other studies have
focused on the use of working fluids other than butanol, aiming to take advantage of their different physical behavior during
nucleation (Magnusson, Koropchak, Anisimov, Poznjakovskiy, & de la Mora, 2003). Iida et al. (2009) pointed out that an ideal
working fluid for activation of small ions should have a high surface tension and low vapor pressure.

In thermally diffusive laminar flow CPCs, the supersaturation profile developed inside the condenser has a non-uniform spatial
distribution with values ranging from 1 (i.e. saturation) up to some maximum value determined by the operating conditions of the
instrument. Given that particles follow a convective-diffusive trajectory inside the condenser, a certain fraction of their population
will not traverse regions at which the supersaturation is high enough for activation. Controlling the spatial distribution of the
supersaturation profile could increase the fraction of particles traversing regions where they can activate, thereby providing a new
way of increasing the particle activation probability and therefore the detection efficiency of CPCs.

In this article, we introduce a new controlling parameter for increasing the detection efficiency of continuous laminar flow CPCs,
which relies on manipulating the spatial distribution of the supersaturation profile by taking advantage of the nonlinear dependence
of the supersaturation on temperature. We call this new parameter temperature window (TW), defined by the location of the tem-
perature difference between the saturator and condenser (ΔΤ) in the temperature domain. We have identified that for a given
constant ΔΤ, variation of the spatial distribution of the supersaturation profile can be achieved by choosing different TWs. This
variation was found to have significant impact on the detection efficiency of sub-2 nm particles. We tested different TWs on a butanol-
based ultrafine CPC (TSI Model 3025) and report the measured detection efficiency for various particle sizes in the 0.94–4.5 nm
mobility diameter range. In addition, we provide a theoretical explanation of the observed effect, using a simple model of the CPC
detection efficiency.

2. Simulations

2.1. Background

The operating principle of CPCs relies on the exposure of the sampled particles to a supersaturated vapor (e.g. butanol), thereby
initiating condensation of vapors on the surface of the particles. Three methods are used for creating the required supersaturation: 1.
expansion of a saturated flow (Wagner, 1985), 2. mixing of cold and warm saturated flows (Kousaka, Niida, Okuyama, & Tanaka,
1982), and 3. thermally diffusive laminar flow cooling (Bricard et al., 1976; Stolzenburg & McMurry, 1991). The latter is applied in
the majority of commercial CPCs, and thus the following discussion is restricted to this method. In order to create the required
supersaturation, the sampled aerosol gets saturated in vapors by passing it through the saturator tube that contains the working fluid
maintained at a constant temperature. The saturated flow then enters the condenser tube, which is maintained at a lower temperature
than that of the saturator, in order to create the required temperature difference for supersaturation to occur. The condensing vapors
increase the particle diameter to the micron size range, which can then be easily detected by optical methods (light scattering).

The detection efficiency η of a CPC is defined as the ratio of number concentration of the detected particles NCPC over the total
particle number concentration at the inlet of the CPC Ntotal:

=η N N/ ,CPC total (1)

and depends primarily on the activation probability of particles, which is mainly a function of the supersaturation and the particle
diameter. In addition, the chemical composition and the charge state of the particles (i.e. number of charges and polarity) has an
important effect on their activation probability.

Diffusional particle losses inside the tubing of the CPC comprise another important process defining η, especially for particle sizes
smaller than 2 nm. Ntotal is usually measured at the inlet of the CPC. As a result, the number of particles that reach the inlet of the
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condenser tube is smaller than the Ntotal value measured at the inlet of the CPC. Both activation probability and diffusional particle
losses inside the CPC are captured by our model and are discussed in the following subsections.

2.2. Particle activation probability

Particle growth by condensation occurs inside the condenser tube, in which a profile of supersaturated butanol vapor is developed
as a result of the cooling of the incoming saturated flow. The saturation ratio S is defined as the ratio of partial vapor pressure Pvap
over the equilibrium partial pressure Psat,T at any given gas temperature T:

=S P P/ .vap sat T, (2)

Particles passing through the condenser provide the necessary surface energy for heterogeneous nucleation. Vapor molecules then
pass from the gas to the liquid phase via condensation on the surface of the particles, leading to the formation of larger droplets.
Classical nucleation theory can be used to determine the droplet formation rate, resulting from heterogeneous nucleation, as follows
(Fletcher, 1958):

= −J J G k Texp( Δ * / ).het het het b
0 (3)

Here ΔG*het is the formation free energy of the critical droplet size, kb is the Boltzmann constant, T is the gas temperature and
=J πd 10het

0
p
2 29 is a kinetic pre-exponential factor (cf. Fletcher, 1958) , where dp is the dry particle diameter.

The formation free energy is accordingly calculated taking into consideration that the particles are charged. The charge-dipole
interactions between the charged particles and the vapor molecules becomes significant for particle sizes smaller than 2 nm. The
electrostatic attraction reduces the supersaturation required to promote nucleation as compared to heterogeneous nucleation in the
case of a neutral particle. The change in Gibbs free energy during the formation of a droplet on an charged particle or cluster of atoms
is given by (Thomson, 1888):

= − − − −G πr π V r kT S ne ε πε r rΔ 4 (4 /3 ) ln ( ) (1 1/ )(1/8 )(1/ 1/ ),2 3 2
0 0 (4)

where r is the critical droplet radius, V is the molecular volume of the liquid, ε0 is the dielectric constant of the condensing liquid, r0 is
the radius of the seed particle, n is the number of elementary charges carried by the particles, and e is the elementary electron charge.
The first and second term express the Kelvin effect while the third term express the electrostatic interaction between the charged
particle and vapor molecule. Heterogeneous nucleation probability P can then be calculated by:

= − −P exp J t1 ( ),het (5)

where t is the residence time of the particle in the nucleation zone. Particles were considered activated when their nucleation
probability exceeded 50%. Particles were considered fully wettable (i.e. vapor-particle contact angle equal to zero) and surface
tension dependence on temperature was taken into account (Dean, 1999).

2.3. Supersaturation profile

A two dimensional axisymmetric model was developed in COMSOL Multiphysics simulation software, that solves the coupled heat
and mass transfer equations for incompressible flow (Naiver-Stokes) for determining flow, temperature and concentration profiles of
the working fluid (i.e. butanol) within the condenser (Stolzenburg & McMurry, 1991). Vapor concentration at the wall of the con-
denser was set equal to the saturated concentration corresponding to the wall temperature value (i.e. perfectly wetted wall). The tube
walls were treated as temperature boundaries, with thermal insulation at the contact points between the saturator and condenser
tube. The sheath Qs and aerosol flow rate Qa were fixed at 300 cm3/min and 33 cm3/min, respectively, resulting in a total flow rate of
333 cm3/min in the condenser tube. All tubes had cylindrical geometry and fully developed laminar flow was assumed throughout
the calculation domain. In principle, growth of activated particles can lead to a decrease of vapor concentration (vapor depletion by
condensation on the seed particles) if their concentration is high, which in turn can reduce the supersaturation inside the condenser
and thus decrease the detection efficiency. This process was experimentally evaluated and the effect of vapor depletion was found to
be negligible and therefore not included in the model calculations (cf. Supplementary information). Although, latent heat release
during condensation of vapors can reduce locally the value of supersaturation, this effect was not included in the calculations.

Under the assumption that butanol vapor behaves as an ideal gas, the partial pressure of butanol vapors can be determined by the
concentration and the temperature profile calculated numerically. Fig. 1 shows a typical supersaturation profile in the condenser;
only the condenser tube domain is shown here because the flow at its inlet was calculated to be saturated in butanol vapors under the
specific operating conditions. Maximum supersaturation is achieved close to the centerline of the condenser tube. As a result, par-
ticles that deviate from the centerline will not be exposed to the maximum supersaturation, thereby reducing their activation and
detection probability.

2.4. Particle transport losses

In order to calculate the diffusional losses of the particles within the TSI 3025 CPC, we measured the length and diameter of the
five tubes through which the sampled aerosol passes. A simplified schematic layout of the entire aerosol path, along with its di-
mensions, is shown in Fig. 2. The diffusional losses for particles of different sizes passing through each tube were calculated using the
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well-established equation proposed by Gormley and Kennedy (1948) and appropriate values of tube geometry and flow rate.
When particles are activated inside the condenser tube (Tube 1 in Fig. 2), they grow into micron-sized droplets, for which the

diffusional losses can be safely neglected. Diffusional losses in Tube 1 were calculated up to the axial point were supersaturation
becomes critical for particles of a given size to activate.

Fig. 1. Supersaturation profile developed inside the condenser tube of a 3025 TSI CPC, operated at ΔΤ = 32 °C, Tc = 10 °C and Ts = 42 °C.

Fig. 2. Schematic layout of the TSI 3025 CPC, showing the length L and diameter d of the tubing through which the sampled aerosol flows.

Fig. 3. Schematic layout of the experimental setup used for measuring the detection efficiency of the CPC. Key: AEM, Aerosol Electrometer; CPC, Condensation Particle
Counter; ES, Electrospray Source.
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3. Experimental

Fig. 3 shows the experimental setup used to measure the detection efficiency of the TSI 3025 CPC operated under a varying
temperature window scheme. A custom-made electrospray source (ES; Ude & Fernández De la Mora, 2005) designed by one of us
(Attoui@u-pec.fr) was used to produce tetraheptylammonium bromide (THABr; Sigma Aldrich) and tetrabutylammonium bromide
(TBABr; Sigma Aldrich) ionic mobility standards for the tests. The electrospray was operated with a constant nitrogen flow through
the ES chamber, and the applied pressure over the liquid solution was kept constant by using a syringe pump. This generation method
produced a steady concentration of monomobile, positively or negatively charged particles covering a mobility diameter range from
0.94 to 1.73 nm.

Nickel particles larger than 2 nm were generated using a custom-made glowing wire generator GW; (Peineke, Attoui, & Schmidt-
Ott, 2006). In the GW generator, high current was passed through a Ni wire, causing significant resistive heating and material
evaporation from its surface. The resulting metallic vapor cloud was then cooled and diluted by a constant nitrogen flow, forming
aerosol particles by nucleation and subsequent condensation.

The singly self-charged generated particles were then classified based on their electrical mobility by passing them through a high
flow differential mobility analyzer half-mini DMA; (De Juan & Fernández de la Mora, 1998; Fernández de la Mora & Kozlowski, 2013;
Fernández de la Mora, de Juan, Eichler, & Rosell, 1998; Kangasluoma et al., 2014; Maißer et al., 2011; Maißer, Barmpounis, Attoui,
Biskos, & Schmidt-Ott, 2015; Wang et al., 2014). Mobility classification was achieved by operating the half-mini DMA at a high
sheath flow rate in a closed sheath loop configuration. The half-mini DMA was calibrated using the positive monomer of the THAB
particles produced by the ES. These particles have an electrical mobility Z of 0.971 Vs/cm2 in N2 (Ude & Fernández De la Mora,
2005).

Following classification, the concentration of the monodisperse aerosol particles at the outlet of the DMA was measured in parallel
by the CPC and by an aerosol electrometer (AEM), in order to determine respectively Ncpc and Ntotal used in Eq. (1). The AEM consisted
of a custom-made aluminum Faraday cage and a hot electrode that was connected to a sensitive electrometer (Keithley Model
6517B). In order to ensure that the particle transport losses in the tubes leading to the detectors was the same, the two parallel paths
were of identical length and the sampling flow rates of both were set to 2.5 lpm. For each particle size the AEM and CPC con-
centration signals were recorded for a minimum of 2 min in order to monitor the stability of the concentration produced by the ES.

Detection of sub-2 nm particles is not feasible under the default operating conditions of the CPC. Two major modifications were
applied to the instrument in order to increase η. Firstly, ΔΤ was increased from 27 °C (i.e. default operating conditions) to 32 °C in
order to increase the supersaturation in the condenser tube and thus the particle activation probability. Secondly, the sheath and
aerosol flows were set to 300 cm3/min and 33 cm3/min, respectively. Homogeneous nucleation rate at these conditions was below 1
particle per minute, at all temperature settings. In addition, the inlet sampling flow rate of the CPC was increased from its default
value of 1.5 lpm to 2.5 lpm. This was done in order to reduce particle diffusional losses in the tubing from the DMA to the inlet of the
CPC, and to match the flow rate of the AEM thereby ensuring equal transport losses for the two detectors. The detection efficiency of
the CPC for each particle size was determined at 5 different TWs, indicated by the absolute condenser and saturator temperature in
the nomenclature (e.g. TW-2–34 is the temperature window with Tc = 2 °C and Ts = 34 °C). The temperature of the optics was kept
always 1 °C higher than the saturator temperature, in order to avoid vapor condensation inside the optics chamber. Table 1 sum-
marizes the modified operating conditions as well as the experimental measurement scheme in each experiment.

In order to ensure that vapor depletion in the saturator is negligible and thus it does not affect the detection efficiencies measured
at the different TWs, we performed preliminary measurements using positive THA+ monomers (1.47 nm) at various initial con-
centrations. By varying the liquid-solution flow rate through the ES source we produced sample aerosols having particle number
concentrations of 103, 104, and 105 #/cm3, and used them to measure the detection efficiency of the CPC operated at 5 temperature
window settings. At the highest concentration (i.e., 105 #/cm3), the decrease of η ranged from 14.5% to 34.6% when the TW was
varied from TW-2–34 to TW-10–42. When the concentration was fixed to 103 and 104 #/cm3, however, η remained constant (within
experimental uncertainty) for the different TWs (cf. Fig. S1; Supplemental information). Following these tests, all the subsequent
measurements of η reported in the rest of the paper were carried out with an initial particle concentration of 103 #/cc.

Table 1
Summary of the modified operating parameters used for enhancing the detection efficiency of the CPC under different temperature windows. Also shown are the
default operating parameters. Key: Tc, condenser temperature; Ts, saturator temperature; ΔΤ, temperature difference between condenser/saturator; Qa, aerosol flow
rate; Qs, sheath flow rate.

Temperature Window Tc (°C) Ts (°C) ΔΤ (°C) Qa (cm3/min) Qs (cm3/min)

TW-2–34 2 34 32 33 300
TW-4–36 4 36
TW-6–38 6 38
TW-8–40 8 40
TW-10–42 10 42
Default 10 37 27 30 270
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4. Results and discussion

We measured the detection efficiency of the TSI 3025 CPC operated at the TWs shown in Table 1 using particles having mobility
diameters from 0.94 to 4.5 nm. The temperature difference between saturator and condenser was kept constant at 32 °C, while the
temperature window was varied by changing the condenser temperature from 2 to 10 °C and the saturator temperature from 34 to
42 °C (cf. Table 1). Further reduction below 2 °C was not possible due to the limited achievable temperature range of the CPC.

Fig. 4 shows the measured η of the CPC using bromide ions (0.94 nm), positive TBABr particles (1.23, 1.55 and 1.71 nm), and
positively charged Ni particles (2.5–4.5 nm). The detection efficiency clearly increased for sub-2 nm particles when the TW was
shifted to lower values, whereas it remained constant for particles larger than 2.5 nm. Enhancement of η was found to increase with
decreasing particle diameter. Fig. 5 shows the measured n-fold increase of η versus particle size, calculated as the ratio of η measured
at the lowest and highest temperature window (i.e. η at TW-2-34 divided by η at TW-10-42), as a function of particle size. Operating
the CPC at the lowest temperature window resulted in a 7-fold increase of η for the 1.23 nm, a 2.5-fold increase for the 1.55 nm, and a
1.8-fold increase for the 1.74 nm particles. The largest overall increase of η was observed for the case of the bromide ion (0.94 nm),

Fig. 4. Measured detection efficiency of particles having sizes from 0.94 to 4.5 nm. Each data set corresponds to a different temperature window (cf. Table 1 for the
nomenclature). Dashed lines are drawn to aid the eye.

Fig. 5. Measured detection efficiency of the CPC at TW-2-34, normalized with respect to measured detection efficiency at TW-10-42. The different symbols correspond
to particles of different chemical composition and charge polarity. Lines represent polynomial fits through the experimental data points.
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which exhibited a 35-fold increase of η at the lowest temperature window (cf. Fig. 5).
It should be noted that particles of different chemical composition and polarity were used in our experiments. As shown in Fig. 5,

the monomer and dimer of THABr yield detection efficiency values which are larger than those of TBABr particles, even though their
mobility diameters are slightly bigger. This discrepancy can be attributed to differences in the particle chemical composition, and
other physical parameters such as particle solubility, affecting heterogeneous nucleation. Although the temperature window effect
described here can be used to understand differences in the activation probability of particles of similar sizes but of different
composition, this is beyond the scope of this work and not investigated here any further.

Having identified that the temperature window effect becomes significant for sub-2 nm particles, we calculated the detection
efficiency in that particular size range using the model described above. Fig. 6 shows the measured detection efficiency of the CPC
using positively charged TBABr n-mer particles (with n = 1, 2, and 3) at different TWs (using the condenser temperature in the x-
axis), in comparison with predictions from the simulations described in Section 2. Predictions and measurements agree well at TWs
located at the highest temperature investigated here, but start deviating from one another as the condenser temperature is reduced.
Although the differences between measurements and predictions range from 0% to 40%, qualitatively the model predicts the in-
creasing trend of the detection efficiency with decreasing temperature window.

In order to further understand why the detection efficiency increases at lower TWs, in the discussion that follows we investigate
the supersaturation profile within the condenser tube. Fig. 7a shows the supersaturation value along the centerline of the condenser

Fig. 6. Measurements (symbols) and predictions (lines) of the detection efficiency corresponding to the three positive TBABr n-mers used in our experiments. The CPC
was operated at a ΔΤ = 32 °C, with the TW being varied across 5 different positions.

Fig. 7. (a) Supersaturation profile at the centerline of the condenser tube at 3 different temperature windows with ΔΤ= 32 °C and one temperature window with ΔΤ=
33 °C. (b) Tln(S) product calculated at 5 different TWs with ΔΤ = 32 °C. The x-axis represents the distance along the centerline of the condenser tube.
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tube for three different temperature windows (TW-8-40, TW-9-41 and TW-10-42). The peak value of supersaturation increases as the
TW shifts to lower temperatures. Following Eq. (4), higher supersaturation values lower the Gibbs free energy barrier, yielding higher
activation probability. On the other hand, lower temperature would decrease the Tln(S) product resulting in the opposite effect.
Fig. 7b shows the calculated value of the Tln(S) for the full range of TWs used in this study. The counterbalancing effect of the lower
temperature was found to be negligible. As a result, larger fraction of the sampled particles that traverse the condenser tube from the
centerline will be activated at lower TWs.

Fig. 8 shows activation contours of 1.23 nm particles inside the condenser tube at three different temperature windows. The
contours indicate the position at which the supersaturation has the critical value for the activation of these particles. The y-axis
indicates the radial position while the x-axis indicates the axial distance along the centerline of the condenser tube. The condenser
inlet is located at zero axial distance while the outlet at 8.8 cm. It is apparent that the contour area is larger for the case of TW-2-34
compared to the two other cases. Going from TW-2-34 to TW-10-42 results in a 5-fold increase of the surface area under the activation
line. Assuming that the particle trajectories are not significantly influenced by the absolute temperature of the condenser, more
particles will transverse the activation area in the case of the lowest temperature window settings. In addition, the activation contour
for TW-2-34 is extended with respect to the axial distance compared to the TW-10-42 contour. As a result, the residence time of
particles inside the growth zone is increased, leading to an increase of the detection efficiency of the CPC.

Operating the CPC at different temperature windows may prove very useful in cases where the CPC is operated in scanning
temperature mode (Kangasluoma & Attoui, 2015; Kangasluoma et al., 2015). Gallar, Brock, Jimenez, and Simons (2006) and more
recently Wang et al. (2015), have shown that it is possible to extract information of the size of the sampled particles by scanning the
ΔΤ of the CPC. This effectively shifts the detection efficiency curve to large particle and thus information of particle size can be
obtained by comparing differences in the concentration measurements at the different operating conditions. Scanning ΔΤ is usually
achieved by increasing or decreasing the temperature of the saturator or the condenser.

Considering that the temperature control resolution of the 3025 is 1 °C, the user is restricted to operating the instrument with
temperature increments of 1 °C, corresponding to a step in peak supersaturation. Given this limitation in temperature control, the
method of scanning the TW (keeping ΔT constant) is more beneficial for sizing particles compared to scanning the ΔT. As suggested in
the calculations shown in Fig. 7 that were discussed above, the resulting change in the peak supersaturation value is smaller when the
scanning TW mode is used (i.e. TW-8-40, TW-9-41 and TW-10-42) compared to the scanning ΔΤmode (i.e. TW-10-42 and TW-10-43).
The intermediate values of peak supersaturation achieved by scanning the TW can lead to higher resolving power when the CPCs are
used for particle sizing.

5. Conclusions

In this work we introduce a new controlling parameter for enhancing the detection efficiency of continuous flow CPCs. We call
this parameter Temperature Window (TW), defined by the absolute value of the condenser temperature. Summarizing the key results,
our investigations showed that:

• The detection efficiency of CPCs is greatly influenced not only by the temperature difference between the saturator and the
condenser, but also by the absolute values of the condenser and saturator temperature. This effect is expected to influence all
continuous flow CPCs operating with a working fluid whose vapor diffusion coefficient is smaller than the thermal diffusion
coefficient of the carrier gas.

Fig. 8. Activation contours corresponding to 1.23-nm particles at three different temperature windows: TW-2-34 (dash-dotted line), TW-6-38 (dashed line), and TW-
10-42 (dotted line); cf. Table 1 for details of the operating conditions.
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• A significant increase of the detection efficiency of the CPC was achieved for the sub-2 nm particles by shifting the TW to lower
temperatures. The effect becomes stronger with decreasing particles size as also predicted by theory.

• By shifting the TW to lower temperatures, the peak supersaturation at the centerline is increased, while the spatial distribution of
the supersaturation profile is also affected; e.g. at low TWs the effective activation surface area is increased by a factor of 5,
resulting in more particles traversing regions in the saturator where they can activate.

• As the calculations show, scanning the TW could prove beneficial compared to scanning only the ΔΤ when using the CPC as a
particle sizer, due to the finer resolution in defining the peak supersaturation inside the condenser tube.
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